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Preface 

Soybean is one of the most important and valuable agricultural crops. Last decade it 
has risen to the top-traded commodities, with a multitude of uses. The high protein 
content of seeds is of primary importance for human food and animal feed. Fat-free
soybean meal is a main low-cost source of protein for animal feeds and most pre-
packaged meals, as well as a good source of protein for the human diet. Soybean is the 
leading oilseed crop produced and consumed worldwide. The soy vegetable oil is
another valuable product of processing the soybean crop and a biofuel feedstock. This 
book presents new aspects and technologies for the applicability of soybean and
soybean products in industry (human food, livestock feed, oil and biodiesel
production, textile, medicine) as well as for future uses of some soybean sub-products. 
The contributions are organized in two sections considering soybean in aspects of 
food, nutrition and health and modern processing technologies. Each of the sections
covers a wide range of topics. The authors are from many countries all over the world 
and this clearly shows that the soybean research and applications are of global 
significance. I am confident that book chapters contain useful information in many
respects for broad audience and present ideas in help to researchers for advancing
their fields. 

Prof. Dora Krezhova 
Space and Solar-Terrestrial

Research Institute at the 
Bulgarian Academy of Sciences

Bulgaria
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Soybean in the European Union, 
Status and Perspective 

Yves Bertheau1 and John Davison2 

1Inra SPE, route de Saint Cyr, 78 026 Versailles cedex, 
2Inra, route de Saint Cyr, 78 026 Versailles cedex(retired)  

France  

1. Introduction 
Originating from China, soybean is currently the most important agricultural commodity 
traded around the world, both in terms of volumes and money. This crop also shows the 
most important changes over the last decades by the predominance of genetically modified 
(GM) crops, dominated by herbicide tolerance traits, and its worldwide cultivation.  Due to 
its important protein content and the increasing demand for proteins in relation with the 
intensification of livestock production, the soybean surfaces have dramatically increased in 
several South American countries, such as Brazil, Argentina, Paraguay, Uruguay and 
Bolivia when compared to the surfaces of soybean in the USA, and at a less extent in Canada 
(James, 2011). China is still the main (non-GM) soybean producer but the main exporters of 
(GM) soybean are the USA, Brazil and Argentina. China which was, until the 1930s, the 
main worldwide exporter but was dethroned in the 1950s by USA exporting soybean as 
basis of feedstuffs and China is now the main importer with ca 60% of US soy.  
The success of GM soybean can be explained by the ease of cropping due to GM trait in 
countries with large fields, particularly for farmers for whom weed management and soil 
erosion have always been an issue.  
This segmentation of market between food and feed use is still prevalent into the 
international trade: Asia mostly cultivates and uses non-GM soybean as a food component 
while other regions of the world mostly use GM and non-GM soybean as feed component 
(Birthal et al., 2010). However, since a few years, this trend is changing with the 
improvement of the living standards of Asian countries such as China, which now imports 
huge quantities of soybean for livestock feeding due to an increased demand for meat. 
Currently, the soybean daily price is at its second highest peak after the 2007/2008 peak. 
Altogether, the soybean daily price increased of only 83% over the 3 last decades due to the 
current prices’ peak (IndexMundi, International Monetary Fund. April 20, 20111). 
Despite the fact that several other sources of protein are available for livestock, the flexibility 
of soybean in feedstuff preparation, particularly for pork and poultry productions, drives 
the international trade. Its use in bovine production, meat or milk, can be more easily 
replaced by alternative protein sources, or simply be replaced by pasturage. 
                                                                 
1 http://www.indexmundi.com/commodities/?commodity=soybeans&months=360 
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Soybean has been first introduced in Europe during the XVIIth century as high-class food, 
however despite several scientific and popular reports during the XIXth century soybean 
was rarely cropped in Western Europe. The first massive importation of soybean in Europe 
started by the beginning of the XXth century for oil and meal production, declined during 
the 2 world wars, but with increasing imports between them. Since the 1950s, Europe 
dramatically increased its importations of soybean due to a new animal production scheme 
with highly concentrated livestock production. However, new dossiers in the pipeline of 
GMO approvals now consider  cultivation in the EU. We thus examine in more depth this 
forthcoming issue in environmental surveillance. 
Due to this increasing part of GM soybean in the international market and consumers’ 
reluctance of several countries to accept these products, a new segmentation of the market 
appeared between GM and non-GM soybean linked to labeling of GM food, and feed in 
some countries, with an exemption of labeling below a threshold of fortuitous or technically 
unavoidable presence, ranging from 0.9% in the EU-272 and Russia to 3-5% in Korea, Taiwan 
and Japan. Generally speaking, the labeling thresholds are representative of the countries’ 
dependence on feed and food imports. 

2. GMO in the EU 
The development of green biotechnology dates back to the 1970s and led to the development 
of Genetically Modified Organisms (GMOs) in the 1980s. On May 21, 1994, the genetically 
engineered FlavrSavr™ tomato was the first crop approved by the U.S. Food and Drug 
Administration for commercialization. Due to the controversy over GMOs, which started 
with the first arrivals in Europe of soybeans cargoes in 1996, and to its poor organoleptic 
qualities, this tomato was withdrawn from the market in 1998 (Bruening and Lyons, 2000). 

2.1 European consumers 
Today, around 148 million hectares of GM plants are grown and traded around the world 
annually, among which ca. 71% of GM soy according to the ISAAA lobbyist (James, 2011). 
Despite this development, the European public’s perception of GM crops is still very 
negative as demonstrated by the recent results of the Eurobarometer surveys (Bonny, 2008; 
de Cheveigné, 2004; Gaskell et al., 2006; Gaskell et al., 2010; TNS Opinion & Social, 2010). 
However, this consumers’ reluctance seems less pronounced in the eastern part of the EU-27 
(Consumerchoice Consortium, 2008). 
After several scandals in the 1990s’ such as BSE, dioxin contaminations, the reluctance of 
consumers’ and citizens to embrace GMOs has been considered by the EC and European 
Union Member States (EU-MS) which have implemented a legal framework enabling 
consumers to maintain their freedom of choice through both food and feed labeling 
(European Commission, 1997, 2000a, b, 2001, 2002d, 2003c, d). In counterpart, the freedom of 
choice of producers to cultivate GM or non-GM crops is considered through a set of 
coexistence rules to be implemented by EU-MS, according to the European principle of 
subsidiarity as recommended by the EC (European Commission, 2003a, 2010a). However, 
despite numerous requests from NGOs and consumers associations, animals reared with 
GM feed do not require labeling. 
                                                                 
2 Current European Union with 27 Member States 
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2.2 GMO approvals in the EU 
In order to re-assure the European public on food safety and more particularly the question 
of GMOs, the European Community has developed a series of regulations (Table 1) to 
ensure GMO safety, detection, traceability and labeling.  
Food safety assessment is the responsibility of the European Food Safety Authority (EFSA) 
which cooperates with EU-MS national advisory committees and covers food additives, 
animal welfare, plant health, allergies, mycotoxins, biological hazards, chemical and 
biological contaminants. It also assesses the safety of GMOs (seed, food, feed, and 
derivatives). EFSA is an independent scientific body providing advice on all aspects of food 
safety, and a positive EFSA assessment is necessary for authorization to place food on the 
European market. GMO dossiers can be notified to the European Commission either under 
the 2001/18 directive or the (EC) regulation 1829/2003. Although not implied in its name, 
EFSA also provides advice on GMO environmental issues. 
Once a positive EFSA assessment has been obtained, and once validated GMO detection 
methods and control sample and reference materials are available (all being provided by the 
applicant company), the application is then sent to the EC. On the basis of the opinion of 
EFSA, in some instances amended on the basis of national advisory agencies and 
committees, the EC drafts a proposal for granting or refusing the authorization, which it 
submits to the Section on GM Food and Feed of the Standing Committee on the Food Chain 
and Animal Health. If this Standing Committee accepts the proposal, it is finally adopted by 
the EC. Otherwise, it is passed on to the Council of Ministers which has a time limit of 3 
months to reach a qualified majority for, or against, the proposal. In the absence of such a 
decision (which is frequently the case), the EC adopts the proposal. Over the last years, all 
GMO approvals in the EU were accepted on that scheme basis with approvals for a 
renewable 10 years period. 
In contrast to several claims against the “lengthy and costly” approval European procedure, 
it should be noted that the notifiers often use dossiers of previous approvals in third 
countries, such as USA, with thus very few changes and thus very low costs of compliance 
with the EU approval procedure. Secondly, the European theoretical approval duration is 
per se not very long; however dossiers are in numerous instances incomplete. In this case the 
clock of approval is stopped each time details are requested from the notifiers. Due to these 
several stop-and-go steps in such an approval, the effective duration of European approval 
may be rather long. The European procedure of safety assessment of GMOs is currently 
under review, for instance on the statistics to be used in comparing animal cohorts, the 
guidelines about environmental impact assessment, or the more important use of the 
“substantial equivalence” concept in the comparisons between GM and conventional plants. 
Despite the relatively rather strict European approval procedure, several EU-MS introduced 
national bans on GMO, be these for import and transformation such as Austria, for baby 
food in Italy or for cultivation as in France, Austria or Bulgaria. 
However, there are currently ca. 50 GMOs in the pipeline of approval or approved for 
import and transformation, including several stacked GMOs and a few modified flowers. 
For soybean, 11 transformation events or stacked genes are in the European approval 
process with 2 GM soybean as fully approved and the first approved one (MON GTS 40-3-2) 
in the renewal process.  
Due to the rather long European approval process, several reports outlined the possible 
shortage of soybean for the feed industry due to these “asynchronous approvals” (DG AGRI 
European Commission, 2007; Stein and Rodriguez-Cerezo, 2009, 2010a). The EC recently 
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Administration for commercialization. Due to the controversy over GMOs, which started 
with the first arrivals in Europe of soybeans cargoes in 1996, and to its poor organoleptic 
qualities, this tomato was withdrawn from the market in 1998 (Bruening and Lyons, 2000). 
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de Cheveigné, 2004; Gaskell et al., 2006; Gaskell et al., 2010; TNS Opinion & Social, 2010). 
However, this consumers’ reluctance seems less pronounced in the eastern part of the EU-27 
(Consumerchoice Consortium, 2008). 
After several scandals in the 1990s’ such as BSE, dioxin contaminations, the reluctance of 
consumers’ and citizens to embrace GMOs has been considered by the EC and European 
Union Member States (EU-MS) which have implemented a legal framework enabling 
consumers to maintain their freedom of choice through both food and feed labeling 
(European Commission, 1997, 2000a, b, 2001, 2002d, 2003c, d). In counterpart, the freedom of 
choice of producers to cultivate GM or non-GM crops is considered through a set of 
coexistence rules to be implemented by EU-MS, according to the European principle of 
subsidiarity as recommended by the EC (European Commission, 2003a, 2010a). However, 
despite numerous requests from NGOs and consumers associations, animals reared with 
GM feed do not require labeling. 
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2.2 GMO approvals in the EU 
In order to re-assure the European public on food safety and more particularly the question 
of GMOs, the European Community has developed a series of regulations (Table 1) to 
ensure GMO safety, detection, traceability and labeling.  
Food safety assessment is the responsibility of the European Food Safety Authority (EFSA) 
which cooperates with EU-MS national advisory committees and covers food additives, 
animal welfare, plant health, allergies, mycotoxins, biological hazards, chemical and 
biological contaminants. It also assesses the safety of GMOs (seed, food, feed, and 
derivatives). EFSA is an independent scientific body providing advice on all aspects of food 
safety, and a positive EFSA assessment is necessary for authorization to place food on the 
European market. GMO dossiers can be notified to the European Commission either under 
the 2001/18 directive or the (EC) regulation 1829/2003. Although not implied in its name, 
EFSA also provides advice on GMO environmental issues. 
Once a positive EFSA assessment has been obtained, and once validated GMO detection 
methods and control sample and reference materials are available (all being provided by the 
applicant company), the application is then sent to the EC. On the basis of the opinion of 
EFSA, in some instances amended on the basis of national advisory agencies and 
committees, the EC drafts a proposal for granting or refusing the authorization, which it 
submits to the Section on GM Food and Feed of the Standing Committee on the Food Chain 
and Animal Health. If this Standing Committee accepts the proposal, it is finally adopted by 
the EC. Otherwise, it is passed on to the Council of Ministers which has a time limit of 3 
months to reach a qualified majority for, or against, the proposal. In the absence of such a 
decision (which is frequently the case), the EC adopts the proposal. Over the last years, all 
GMO approvals in the EU were accepted on that scheme basis with approvals for a 
renewable 10 years period. 
In contrast to several claims against the “lengthy and costly” approval European procedure, 
it should be noted that the notifiers often use dossiers of previous approvals in third 
countries, such as USA, with thus very few changes and thus very low costs of compliance 
with the EU approval procedure. Secondly, the European theoretical approval duration is 
per se not very long; however dossiers are in numerous instances incomplete. In this case the 
clock of approval is stopped each time details are requested from the notifiers. Due to these 
several stop-and-go steps in such an approval, the effective duration of European approval 
may be rather long. The European procedure of safety assessment of GMOs is currently 
under review, for instance on the statistics to be used in comparing animal cohorts, the 
guidelines about environmental impact assessment, or the more important use of the 
“substantial equivalence” concept in the comparisons between GM and conventional plants. 
Despite the relatively rather strict European approval procedure, several EU-MS introduced 
national bans on GMO, be these for import and transformation such as Austria, for baby 
food in Italy or for cultivation as in France, Austria or Bulgaria. 
However, there are currently ca. 50 GMOs in the pipeline of approval or approved for 
import and transformation, including several stacked GMOs and a few modified flowers. 
For soybean, 11 transformation events or stacked genes are in the European approval 
process with 2 GM soybean as fully approved and the first approved one (MON GTS 40-3-2) 
in the renewal process.  
Due to the rather long European approval process, several reports outlined the possible 
shortage of soybean for the feed industry due to these “asynchronous approvals” (DG AGRI 
European Commission, 2007; Stein and Rodriguez-Cerezo, 2009, 2010a). The EC recently 
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issued a proposal of modification of 2001/18 directive to allow Low Level Presence of EU 
unapproved GMOs, as also discussed in the Codex Alimentarius instance, for GMO already 
approved in a third country and whose dossiers are already under EFSA discussion for at 
least 3 months. 
 
 Directive 1990/219/EEC covered the contained use of genetically modified 

organisms. Directive 1990/220/EEC was modified by Directive 98/81/EEC. 
 Directive 1990/220/EEC covered the notification for a deliberate release and of the 

placing on the market of GMOs. Directive 1990/220/EEC was repealed by Directive 
2001/18/EEC.  

 Regulation (EC) 258/1997 concerning novel foods and novel food ingredients, not 
heavily used in the EU before 1997 and establishing a compulsory labeling for these 
novel foods and ingredients, such as GMO, irradiated food, etc. Part of the current 
revision of food and feed legislation. 

 Regulation (EC) 1139/1998 laid down the compulsory indication on the labeling of 
foods and food ingredients produced from genetically modified soya (Glycine max L.) 
covered by Commission Decision 1996/281/EC and genetically modified maize (Zea 
mays L.) covered by Commission Decision 1997/98/EC, of particulars other than 
those provided for in Directive 1979/112/EEC. 

 Regulation (EC) 49/2000 amended the 1139/1998 EC regulation and established a 1% 
labeling threshold which was further decreased to 0.9% by regulation 1829/2003. 

 Regulation (EC) 50/2000 establishing a mandatory labeling of additives and 
flavorings that have been genetically modified or have been produced from 
genetically modified organisms. 

 Directive 2001/18/EEC covers the deliberate release of GMOs in the environment 
(field trials and cultivation), in the absence of specific containment measures. It also 
regulates commercialization (importation, processing and transformation) of GMOs 
into industrial products. Finally, the Directive requests post-commercialization, case 
specific and general, surveillance plans on unforeseen effects of GMO on both health 
and environment. 

 Regulation (EC) 178/2002 resulted in the creation of EFSA and in a general obligation 
for traceability of at least one step forwards and one step backwards in the food 
chain.  

 Regulation (EC) 1946/2003 is concerned with the trans-boundary movement, and 
accompanying documentation, for LMOs (living modified organisms) destined for 
deliberate release, or for food and feed or for immediate processing, under the terms 
of the Cartagena Protocol on Biosafety.  

 Regulation (EC) 1829/2003 covers mainly the commercialization of food and feed. It 
facilitates GMO detection by obliging the providers of GMO plants to disclose 
methods for their detection (Regulation (EC) 1981/2006 provides for a fee to be paid 
by the applicant to the CRL for this service). These methods are then verified and 
validated by the EURL-GMFF, hosted by the DG JRC laboratory of Ispra (Italy) with 
the support of the ENGL, before being made public. This regulation imposes labeling 
for authorized GMOs above a threshold of 0.9%. Labeling is not required for 
conventional or organic food and feed containing the adventitious, or technically 
unavoidable, presence of authorized GMOs at levels less than 0.9%. Unauthorized 
GMO are not permitted entry in the EU, even at levels less that 0.9% (the so-called 
“zero tolerance”).
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 Regulation (EC) 1830/2003 concerns the traceability and labeling of genetically 
modified organisms and the traceability of food and feed products produced from 
genetically modified organisms and amending Directive 2001/18/EC. It imposes a 
specific traceability requirement on GMOs, over and above that of the general 
traceability regulation 178/2002. Traceability archives must be kept for five years. 

 Regulation (EC) 65/2004 establishes a system for the development and assignment of 
unique identifiers for genetically modified organisms. 

 Regulation (EC) 882/2004 on official controls performed to ensure the verification of 
compliance with feed and food law, animal health and animal welfare rules. 

 Regulation (EC) 1981/2006 establishing a financial contribution on a flat-rate basis in 
order to contribute to supporting the costs incurred by the EURL-GMFF in the 
methods’ validations. 

Table 1. summarized overview of the European legislative frame on GMO. 

After the commercial withdrawal of Event 176 maize, only 2 GM plants are currently 
approved for cultivation in the EU, namely the MON 810 maize and the Amflora® potato. 
However several other GMOs are in the pipeline for cultivation approvals, such as Bt11 
maize or GTS 40-3-2 soybean. In this later case, Romania, which was cultivating GTS 40-3-2 
soybean before its entrance in 2007 in the EU, is pushing hard for this approval. 
In December 2008, the European council of ministries in charge of Environment asked for a 
reform of the EFSA approval process and for integrating socio-economic factors into the 
approval considerations. So far, only the French High Council of Biotechnologies integrates 
such considerations into its advice system through its Economic, Ethical and Social 
Committee3 due to a recent law (République Française, 2008). 

2.3 Labeling and traceability 
According to (EC) 178/2002 regulation, traceability is mandatory in the EU for all food 
items, one step forward - one step backward, with additional specific requirements for GM 
products such as keeping traceability document for at least 5 years as described below and 
in Table 1. 
The operation of GMO food control systems (e.g. detection, labeling and traceability 
methods) are not within EFSA’s remit, and remain the responsibility of the EC, through the 
European Reference Laboratory for Genetically Modified Food and Feed (EURL-GMFF), 
and the Competent Authorities (CA) of individual EU-MS. It should be noted, since it is a 
source of frequent miscomprehension, that EC traceability and labeling regulations are not 
concerned with GMO safety, risk evaluation or risk management, since food that does not 
have a positive EFSA assessment does not reach the market. Traceability data on food and 
feed, including GMOs, may serve, however, to enable the re-call of products from the 
supermarkets in the case of unforeseen mishaps, such as the accidental or deliberate 
contamination of food chains. Traceability is a non-discriminatory and inexpensive 
requirement since most of the companies already have quality assurance protocols in place 
and since numerous analyses are routinely carried-out for multiple purposes, including 
vitamin or toxins contents. Quality assurance procedures offer several advantages to the 
companies such as specific market niches, efficient low-cost withdrawal of products and 
easier implementation of control procedures for future mandatory requirements (e.g. 
                                                                 
3 Comité économique, éthique et social (CEES)  
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 Regulation (EC) 1830/2003 concerns the traceability and labeling of genetically 
modified organisms and the traceability of food and feed products produced from 
genetically modified organisms and amending Directive 2001/18/EC. It imposes a 
specific traceability requirement on GMOs, over and above that of the general 
traceability regulation 178/2002. Traceability archives must be kept for five years. 

 Regulation (EC) 65/2004 establishes a system for the development and assignment of 
unique identifiers for genetically modified organisms. 

 Regulation (EC) 882/2004 on official controls performed to ensure the verification of 
compliance with feed and food law, animal health and animal welfare rules. 

 Regulation (EC) 1981/2006 establishing a financial contribution on a flat-rate basis in 
order to contribute to supporting the costs incurred by the EURL-GMFF in the 
methods’ validations. 

Table 1. summarized overview of the European legislative frame on GMO. 

After the commercial withdrawal of Event 176 maize, only 2 GM plants are currently 
approved for cultivation in the EU, namely the MON 810 maize and the Amflora® potato. 
However several other GMOs are in the pipeline for cultivation approvals, such as Bt11 
maize or GTS 40-3-2 soybean. In this later case, Romania, which was cultivating GTS 40-3-2 
soybean before its entrance in 2007 in the EU, is pushing hard for this approval. 
In December 2008, the European council of ministries in charge of Environment asked for a 
reform of the EFSA approval process and for integrating socio-economic factors into the 
approval considerations. So far, only the French High Council of Biotechnologies integrates 
such considerations into its advice system through its Economic, Ethical and Social 
Committee3 due to a recent law (République Française, 2008). 

2.3 Labeling and traceability 
According to (EC) 178/2002 regulation, traceability is mandatory in the EU for all food 
items, one step forward - one step backward, with additional specific requirements for GM 
products such as keeping traceability document for at least 5 years as described below and 
in Table 1. 
The operation of GMO food control systems (e.g. detection, labeling and traceability 
methods) are not within EFSA’s remit, and remain the responsibility of the EC, through the 
European Reference Laboratory for Genetically Modified Food and Feed (EURL-GMFF), 
and the Competent Authorities (CA) of individual EU-MS. It should be noted, since it is a 
source of frequent miscomprehension, that EC traceability and labeling regulations are not 
concerned with GMO safety, risk evaluation or risk management, since food that does not 
have a positive EFSA assessment does not reach the market. Traceability data on food and 
feed, including GMOs, may serve, however, to enable the re-call of products from the 
supermarkets in the case of unforeseen mishaps, such as the accidental or deliberate 
contamination of food chains. Traceability is a non-discriminatory and inexpensive 
requirement since most of the companies already have quality assurance protocols in place 
and since numerous analyses are routinely carried-out for multiple purposes, including 
vitamin or toxins contents. Quality assurance procedures offer several advantages to the 
companies such as specific market niches, efficient low-cost withdrawal of products and 
easier implementation of control procedures for future mandatory requirements (e.g. 
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traceability and labeling of allergens in food and feed). Fees incurred by the EURL-GMFF, 
for validating the detection methods by inter-laboratory trials, are on a flat-rate covered by a 
financial contribution of the notifying companies while a new network of National 
Reference Laboratories has been established beside the European Network of GMOs 
Laboratories (ENGL) (European Commission, 2004d, 2006a). The EC released several reports 
on traceability experience in the EU-MS (European Commission, 2006d, 2008b). 
So far there is no European obligation of labeling animals, or their derived products, reared 
on GM feed despite several requests of NGOs4 and consumers associations. However, this 
possibility of animal and derived products labeling has been recently introduced in Austria 
and Germany with a threshold of 0.9%. More generally speaking, GMO-free labeling has 
been introduced at 0.9% in Germany and Austria, while France is currently considering a 
definition of GMO-free products at 0.1% according to the recommendation of the Economic, 
Ethical and Social Committee5 of its High Council of Biotechnology6 
(http://agriculture.gouv.fr/remise-de-l-avis-du-haut-conseil). GMO-free labeling is 
currently used by several German companies for e.g. milk which according to some claims 
increased their market shares (http://www.bund.net/bundnet/themen_und_projekte/ 
gentechnik/verbraucherinnenschutz/kennzeichnung/nutzende_unternehmen/).  
Since the first commercialization of GMOs in third countries, the EU has been facing a great 
number of alerts (Davison and Bertheau, 2007, 2008). In most of the cases, these alerts 
resulted from a misappropriate segregation of approved GMO (Starlink™ maize), or the 
seeds’ commercialization of unapproved GMOs (US Bt10 instead of Bt11 maize), or the 
release of unapproved GMOs as in the case of US LL601 rice or Chinese Bt63 and Kefeng 6 
rice. While the issues of presence of unapproved GMO in domestic markets were previously 
considered as an issue for countries with labeling policies, the recent increase of GMOs from 
emerging countries led to the reaction of the US agencies (APHIS News release, 2010; GAO, 
2008). In several ways, it appears that USA will move toward a more surveying attitude 
similar to the EU (Davison, 2010). 
The issue of domestic unapproved GMO in local market is the basis of the current work of 
Codex Alimentarius on the Low Level Presence (Codex Alimentarius, 2003). Asynchronous 
approvals of GMOs has been recently taken into consideration by the EC which proposed a 
0.1% presence in feedstuffs of EU unapproved GMOs after a revision of EU legislative frame 
(Aramyan et al., 2009a; Reuter, 2010; Stein and Rodriguez-Cerezo, 2010b). 
However, the recent results of the European research project Co-Extra (www.coextra.eu) 
show that supply chains operators already use a contractual threshold of ca. 0.1% for the 
0.9% European labeling threshold (European Commission, 2010b). Together with the 
possible labeling of animals reared with GMOs, between 0.9 and 0.1%, and below 0.1%, such 
a situation will drastically impact on the availability of “GMO-free” products. The reaction 
of consumers toward this new European proposal remains currently unknown as ex ante 
studies appear very difficult for providing accurate results. 
Generally speaking, the European traceability greatly improved over the last decade but 
with still several issues such as the sowing of EU unapproved Bt11 in France a few years 
ago. In these circumstances, the recent approval of a GM potato, specifically destined for 
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industrial uses, may lead to the same issue of inappropriate segregation as the US Starlink™ 
maize (Miller, 2010). 

3. European GMO coexistence issues 
3.1 General overview 
The freedom to producers to either produce GM, conventional or organic crops is the 
counterpart and the necessary basis of consumers’ freedom to choose, or not, GMO into 
their food. Accordingly, the EC released in 2003 and updated in 2010 a recommendation on 
the coexistence of GM, conventional and organic farming (European Commission, 2003a, 
2010a). Practical implementation and rules is the responsibility of the EU-MS according to 
the European subsidiarity principle. In parallel, several European regions declared 
themselves as GMO-free (http://www.gmofree-euregions.net:8080/servlet/ae5Ogm) 
despite the fact that some do not have the administrative legality for such a positioning. The 
European Commission reported on implementation of coexistence rules in EU-MS which is 
far from being implemented in a harmonized way in all EU-MS (European Commission, 
2006b, 2009e). COEX-NET is a network established to facilitate the exchange of information 
on coexistence issues between EU-MS CA. 
Different national (French ANR-OGM, British Farm Scale Evaluation, German BMBF 
project, etc.) and European (SIGMEA, Transcontainer, Co-Extra) research programs were 
launched the last decade to establish the scientific bases of coexistence. To aid national 
Competent Authorities, the EC has recently created a new ‘co-existence bureau’ specific for 
co-existence issues, at JRC-IPTS7, Seville, Spain, which recently released its first document 
on maize crops coexistence (Czarnak-Kłos and Rodríguez-Cerezo, 2010). If most of the 
current work focused on maize, currently the only plant sown, several other crops have 
been studied from a coexistence viewpoint, as for instance oilseed rape and sugar beet, two 
crops for which ferals and crossing with wild relatives are important in the EU (Colbach, 
2009; Colbach et al., 2009; Darmency et al., 2009; Darmency et al., 2007; Gruber et al., 2008). 
Up to now 2 trends can be distinguished in the European coexistence schemes, a flexible 
coexistence frame and one based on dedicated production areas, be these GMO or GMO-free.  
Until now, coexistence research has mostly focused on flexible coexistence, that is to say, the 
individual choice of a farmer, with a minimum of ex-ante duties (such as isolation distances, 
buffer and/or discard zones) together with an information system, including, for instance, a 
public register of GM crops to provide information to non-GM growing neighbors coupled 
with some ex-post economic solutions such as compensation schemes for economic losses 
(Demont et al., 2010; Demont et al., 2009; Desquilbet and Bullock, 2010; Devos et al., 2009; 
Messéan et al., 2006; Messéan et al., 2009). Current EU best practice guidelines and 
companies’ stewardships for coexistence measures in maize give effective measures for the 
European 0.9% threshold by requesting separation distances, buffer and discard zones, and 
staggered flowering times, but without taking into consideration the threshold of 0.1%used 
by companies due to measurements and sampling uncertainties (Bartsch et al., 2009; Bock et 
al., 2002; European Commission, 2010b). 
Generally speaking, the proposed flexible coexistence solutions are based on the assumption 
that individual choices should prevail, but information systems need to be available to allow 
other producers to know what is being produced and where, such as those already 
                                                                 
7 European Commission’s Joint Research Centre, Institute for Prospective and Technological Studies 



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 8 

traceability and labeling of allergens in food and feed). Fees incurred by the EURL-GMFF, 
for validating the detection methods by inter-laboratory trials, are on a flat-rate covered by a 
financial contribution of the notifying companies while a new network of National 
Reference Laboratories has been established beside the European Network of GMOs 
Laboratories (ENGL) (European Commission, 2004d, 2006a). The EC released several reports 
on traceability experience in the EU-MS (European Commission, 2006d, 2008b). 
So far there is no European obligation of labeling animals, or their derived products, reared 
on GM feed despite several requests of NGOs4 and consumers associations. However, this 
possibility of animal and derived products labeling has been recently introduced in Austria 
and Germany with a threshold of 0.9%. More generally speaking, GMO-free labeling has 
been introduced at 0.9% in Germany and Austria, while France is currently considering a 
definition of GMO-free products at 0.1% according to the recommendation of the Economic, 
Ethical and Social Committee5 of its High Council of Biotechnology6 
(http://agriculture.gouv.fr/remise-de-l-avis-du-haut-conseil). GMO-free labeling is 
currently used by several German companies for e.g. milk which according to some claims 
increased their market shares (http://www.bund.net/bundnet/themen_und_projekte/ 
gentechnik/verbraucherinnenschutz/kennzeichnung/nutzende_unternehmen/).  
Since the first commercialization of GMOs in third countries, the EU has been facing a great 
number of alerts (Davison and Bertheau, 2007, 2008). In most of the cases, these alerts 
resulted from a misappropriate segregation of approved GMO (Starlink™ maize), or the 
seeds’ commercialization of unapproved GMOs (US Bt10 instead of Bt11 maize), or the 
release of unapproved GMOs as in the case of US LL601 rice or Chinese Bt63 and Kefeng 6 
rice. While the issues of presence of unapproved GMO in domestic markets were previously 
considered as an issue for countries with labeling policies, the recent increase of GMOs from 
emerging countries led to the reaction of the US agencies (APHIS News release, 2010; GAO, 
2008). In several ways, it appears that USA will move toward a more surveying attitude 
similar to the EU (Davison, 2010). 
The issue of domestic unapproved GMO in local market is the basis of the current work of 
Codex Alimentarius on the Low Level Presence (Codex Alimentarius, 2003). Asynchronous 
approvals of GMOs has been recently taken into consideration by the EC which proposed a 
0.1% presence in feedstuffs of EU unapproved GMOs after a revision of EU legislative frame 
(Aramyan et al., 2009a; Reuter, 2010; Stein and Rodriguez-Cerezo, 2010b). 
However, the recent results of the European research project Co-Extra (www.coextra.eu) 
show that supply chains operators already use a contractual threshold of ca. 0.1% for the 
0.9% European labeling threshold (European Commission, 2010b). Together with the 
possible labeling of animals reared with GMOs, between 0.9 and 0.1%, and below 0.1%, such 
a situation will drastically impact on the availability of “GMO-free” products. The reaction 
of consumers toward this new European proposal remains currently unknown as ex ante 
studies appear very difficult for providing accurate results. 
Generally speaking, the European traceability greatly improved over the last decade but 
with still several issues such as the sowing of EU unapproved Bt11 in France a few years 
ago. In these circumstances, the recent approval of a GM potato, specifically destined for 
                                                                 
4 Non Governmental Organization 
5 Comité économique, éthique et social 
6 Haut Conseil des Biotechnologies (HCB) 

 
Soybean in the European Union, Status and Perspective 9 

industrial uses, may lead to the same issue of inappropriate segregation as the US Starlink™ 
maize (Miller, 2010). 
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counterpart and the necessary basis of consumers’ freedom to choose, or not, GMO into 
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the coexistence of GM, conventional and organic farming (European Commission, 2003a, 
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deployed in Portugal. However, at the same time territory / landscape multi-functionality is 
requested by the EU, and there is a growing call from consumers, and society as a whole, for 
both more sustainable production and so called quality-oriented produce as shown by the 
current yearly increase of ca. 20% of organic and other signs-of-quality based farming 
(Laisney, 2011). This leads to a conflict as GM produce is not seen as organic, even if it can 
be produced without, or with less pesticide, although it can definitely be more sustainable 
with yield increases over conventional farming (Cardwell, 2003; Grossman, 2003; Laurent et 
al., 2010; Marsden, 2008). Moreover, territory organization, with Natura 2000 areas 
(protected environmental areas, for example), is not taken into account by the flexible 
coexistence scheme while their domino impact is highly recognized (Demont et al., 2008). 
This dichotomy needs to be addressed. Finally, the landscape is highly structured by 
downstream supply chains (Coléno, 2008; Hannachi et al., 2009; Le Bail et al., 2010; Petit, 
2009). 
Due to the several requests of EU-MS to take into consideration socio-economic aspects into 
GMO approval, the 2010 updated EC recommendation considers more favorably the 
possibility of GMO-free areas. However the EC would not accept that requests by EU-MS be 
based on scientific or environmental grounds which are already assessed by EFSA. This last 
restriction is currently actively fought at the European Parliament. As a first demonstration 
of EU policy change, the Portuguese Madeira archipelago was established as the first GMO-
free area, though cultivation of maize is relatively scarce in Madeira (Kanter, 2010).  
On the opposite side, dissemination over long distance of pollen as well as the practical 
effect of the contractual threshold of operators militates in favor of dedicated production 
areas (Brunet et al., 2011; European Commission, 2010b). However, the research work on 
technical, economic and societal issues raised by this solution are drastically missing and the 
subject of strong opposition (DEFRA, 2006; Devos, 2008; Dobbs, 2011; European Economic 
and Social Committee, 2011; Jank et al., 2006; Sabalza et al. 2011). 
As soybean is mostly an autogamous plant, numerous issues raised by pollen dissemination 
should not hamper the soybean cultivation in the EU. Similarly, the absence of out-crossing 
to wild-relatives, ferals and volunteers should facilitate the cultivation of GM soybean into a 
coexistence frame. However, the predominant herbicide trait would probably cause the 
same problems of resistant weeds as observed in the USA (Brasher, 2010; Cerdeira and 
Duke, 2006, 2007; Roberson, 2010). Transportation of GMO was identified as the cause of 
several incidental releases in the EU and third countries, including the growth of GM plants 
around harbors (Kawata et al., 2009; Kim et al., 2006; Lee et al., 2009). 
Thus, due to its biological properties and despite the different structure of European farms 
and territories, the coexistence in the EU of GM and non-GM soybeans should be one of the 
easiest to implement; as it is in several third countries exporting non-GM soybean despite 
important GM soybean cropping. 

4. Surveillance plans 
Post-market release monitoring of GMOs approved both for import and cultivation 
(European Commission, 2001, 2003c) is one of several requests included in European GMO 
approval. According to the pre-market risk assessment (RA), this monitoring can be divided 
into case-specific monitoring (CSM), which covers any identified risk, and general 
surveillance (GS) for all risks that might not have been identified during the RA. EFSA 
published a series of documents about RA, CSM, and GS (Bartsch et al., 2006a; EFSA GMO 
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Panel, 2004, 2006a, b, 2010). Several guidance documents and reports on implementation of 
the monitoring were then published (Bartsch et al., 2006b; Bartsch et al., 2007; EU working 
group, 2003; European Commission, 2002a, b, c, 2004b, 2008b, 2009a). 
Monitoring of the GMOs post-market release should include both health and environmental 
effects, should be carried out by the GMO consent holders, i.e. the companies having 
received a grant for a commercial release of a GMO, and may be supported by additional 
independent actions of EU-MS. The CSM and GS shall cover both GMO and non-GMO 
cultivated areas (EFSA, 2008; EFSA GMO Panel, 2004, 2006a).  
Up to now, most of the surveillance activities of GMOs approved for import and processing 
have been delegated by the consent holders to European professional unions of importers, 
transporters, and processors, namely COCERAL, UNISTOCK and FEDIOL. However, the 
content of agreements between consent holders and such unions remains unknown. Due to 
the lack of precision, in particular about the methodology used for monitoring imported 
GMOs, the accuracy of such monitoring plans remains undetermined for the EFSA, GMO 
national advisory committees, and CA in charge of GMOs (Beissner et al., 2006).  
As noted above, health and environmental monitoring, which also means animal health, of 
predictable and unexpected effects of GMO cultivation is mandatory in the EU on both 
GMO and non-GMO cropped areas (European Commission, 2001, 2002a, b, 2003c).  

4.1 Specific surveillance 
In the EU, several GMO CSM protocols have been pursued by notifiers, scientists, and 
enforcement authorities. A decade after the first GMO cultivation in the EU, a number of 
guidelines, conceptual frameworks, and reports are available for GMO CSM (Bartsch et al., 
2007; Bontemps et al., 2004; Bourguet, 2004; Chaufaux et al., 2002; EU working group, 2003; 
European Commission, 2009b; Monsanto Co., 2006, 2009a, b). The consent holders8 
published results of insect resistance monitoring, but only from GMO cropped areas despite 
the European rules (Monsanto Co., 2006, 2009a, b). 

4.2 General surveillance 
This part of the chapter focuses on the monitoring activities of unexpected effects of GMO 
cultivation, i.e. general surveillance.  
GMO GS frameworks proposed by GMO consent holders in relation to EFSA guidelines 
include literature survey, development and /or use of existing monitoring surveillance, and 
specific trials as necessary (EFSA GMO panel, 2006b, 2010).  
General surveillance is designed to detect unanticipated effects on general safeguarded 
subjects such as natural resources, which must not be adversely affected by human activities 
like GMO cultivation. Monitoring has to be appropriate for detecting direct and indirect 
effects, immediate and long-term effects, as well as unforeseen effects. In its 2006 opinion, 
the EFSA GMO panel outlined that: “general surveillance cannot be hypothesis driven, but 
should, when possible, make use of existing monitoring systems in addition to more focused 
monitoring systems (e.g. farm questionnaires). Data quality, management and statistical analysis are 
of high importance in the design of general surveillance plans and comparison should be made with 
baseline data” (EFSA GMO panel, 2006b). A public consultation on the 2010 version of EFSA 
GMO panel opinion on GS is currently ongoing. 
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The 2010 draft version of EFSA guidelines shows a drastic change of paradigm in the 
principle of environment GS and still does not establish guidelines for health effects 
surveillance. This draft version particularly outlines the importance of baselines, use and 
assessment of indicators after field trials, less oriented biodiversity studies without a priori, 
etc. This difference between 2006 and 2010 version may represent both the change into the 
EFSA GMO panel composition as well as an attempt of EU-MS, of their enforcement 
agencies and of the EC to master and retrieve the leadership in a scientific, but also highly 
political, issue. 
For several years now, important scientific conceptual and practical works have indeed been 
developed in several EU-MS along with reports from national committees in charge of GMO 
approvals (ACRE, 2004; Breckling and Reuter, 2006; Garcia-Alonso et al., 2006; Graef et al., 
2005; Monkemeyer et al., 2006; Wilhelm et al., 2009; Wolt et al., 2010; Zughart et al., 2008).  
Most of these scientific works focused on environmental effects, while the effects on human 
health are roughly “delegated” by the consent holders to national health monitoring 
networks (Bakshi, 2003; Cellini et al., 2004; Covelli and Hohots, 2003; D'Agnolo, 2005; EFSA 
GMO panel, 2006b; Filip et al., 2004; Hepburn et al., 2008; Wal et al., 2003). To provide an 
example of EU-MS, in France, the “Sentinelles” network, ANSES9, and InVS10 might form 
parts of such a general surveillance plan on human health in application of the WHO and 
European rules, directives, and regulations. Animal health is relevant to the OIE11 and 
European rules, directives, and regulations. As for GMO CSM and GS, the French Ministry 
of Agriculture (DGAl directorate) is in charge of animal health surveillance. However, no 
GMO-related GS activities in human and animal health are clearly identified in the 
European activity reports.  
Indeed, GS of human and animal health is also particularly important given that GMOs not 
dedicated to food and feed purposes will rapidly arrive on the market as exemplified by the 
recent European approval of Amflora® potato for cultivation. For this kind of split 
approval, we must remember the first such issue raised by the incorrect segregation 
between food and feed/ industry storage facilities of the USA-approved Starlink™ maize 
(Alderborn et al., 2010; Beckie et al., 2010; Miller, 2010). Despite the past European 
experience of segregating crops dedicated to industrial uses as part of a specific derogatory 
cultivar list, the additional recent request Modena GM potato cultivation approval in the EU 
can lead us expect that more and more GMO dedicated to industrial use will enter the food 
chain and raise new controversies about human health. 
From a decade of GMO cultivation in the EU, several remarks can be made about 
environmental GS reported by consent holders, scientists, and enforcement authorities. 
 The consent holders include a literature survey and questionnaires to GMO cropping 

farmers and collaboration with existing networks in their environmental GS, as was 
done in Germany after the German Competent Authorities (CA) approval. However, 
in that latter case, a great deal of imprecision remains about the content of 
agreements with existing networks, the network’s possible training, and the surveyed 
locations, i.e. representativeness and accuracy of the GS, particularly in non-GMO 
areas. Moreover, no statistics are provided which might alert the CA to start more in 
depth monitoring. 
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 Despite the positive EFSA assessment of the consent holders’ monitoring reports, we 
can observe that, to date, the consent holders do not include non-GMO areas that are in 
practice delegated to the responsibility of the EU-MS (Alacalde et al., 2007; Lecoq et al., 
2007; Monsanto Co., 2006, 2009a, b; Tinland, 2008; Tinland et al., 2007; Wandelt, 2007; 
Windels et al., 2009). Accordingly, several EU-MS have already, or are planning to, 
launched GS research projects and networks even in those EU-MS with bans on GMOs 
(Bartsch et al., 2009; Breckling and Reuter, 2006; de Jong, 2010; Gathmann, 2009; 
Gathmann and Bartsch, 2006; Pascher et al., 2009). This survey of non-GM cropped 
areas is however of utmost importance as recently shown in China (Lu et al., 2010). 
Unfortunately, we can again observe that private interests and benefits are supported 
by public funding when general goods are concerned, as usual in the “Tragedy of 
Commons” frame (Hardin, 1968; Hardin, 1998). 

Most current environmental GS plans focus on changes in ex ante baseline and / or 
biodiversity assessments, sometimes along with a general approach looking at the effect of 
agricultural practices (Hintermann et al., 2002; Monkemeyer et al., 2006; Sanvido et al., 
2007a; Sanvido et al., 2007b, 2009a; Sanvido et al., 2009b; Schmidt et al., 2009). However, the 
conceptual framework for environmental GS is far from being both a consensus and a 
reality. This situation motivated the European Commission to launch a call for proposals in 
2010 (KBBE.2011.3.5-01) that address environmental GS and possible standardization 
(ACRE, 2004; Beismann et al., 2007; EFSA GMO panel, 2006b; Finck et al., 2006; Ostergard et 
al., 2009; Pascher et al., 2009; Sanvido et al., 2005; Schiemann, 2007; Seitz et al., 2010; Wilhelm 
et al., 2003; Wilhelm et al., 2009; Wilhelm and Schiemann, 2006). 
The main conclusion that can be drawn from the current situation is that, despite the 
mandatory involvement of GMO consent holders into GMO GS and the monitoring of non-
GMO areas, the main effort appears to be supplied by the EU-MS.  
However, a number of environmental monitoring procedures are already in place in the EU, 
several of which partly embrace – episodically or on a longer term - biodiversity, GMO 
CSM, “epidemio-surveillance”, or more general effects of agricultural practices on agro-
environment. In several instances, these monitoring schemes are carried out by citizens in a 
so-called participatory science. These trends might be correlated with another trend for 
observing territory from societal and economic viewpoints (Barzman et al., 2005; Bodiguel, 
2003; Cardwell and Bodiguel, 2005; Henle et al., 2008). Networks of citizens and/or 
scientists, as well as enforcement authorities already working on these issues, all have in 
common (i) a need for long-term studies, (ii) different demands on space and changes over 
time, (iii) different indicators which (iv) generally have to be reported to national CA and 
EC, sometimes according to international treaties. But up until now, results appear 
fragmented, collated in different databases generally without quality assessment or direct 
connection through a unique Web-based portal or automatic novelty detection capacity 
(Haggett, 2008).  
Nonetheless the environmental liability directive and the right of European citizens to have 
access to environmental information reinforce the need for gathering these fragmented data 
(Cardwell, 2010; Ebert and Lahnstein, 2008; European Commission, 1985, 2003b, 2004a, c, 
2006c, 2007b). 
In the case that GM soybean cultivation would be allowed in the future, there are thus 
numerous issues that should be fulfilled by consent holders, particularly for herbicide 
tolerant crops whose uncontrolled use in third countries leads to numerous herbicide 
resistant weeds and costly companies’ based eradication programs (Adams, 2011; Brasher, 
2010; Cerdeira and Duke, 2006, 2007). 
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5. Soybean in the EU 
5.1 A rapid historic overview of the last decades 
In the Dillon round of GATT negotiations (1960-62), the EEC12 negotiated zero duties on 
soybeans and several other agricultural products. At the time, soybean was of little 
importance in international trade with ca 4 MT traded in 1961. Furthermore, there were no 
varieties of soy available at this time that could be grown in this EU-6. Thus the EU-6 had no 
producers to protect and found in their interest to keep borders open to soybeans and their 
products. At that time, pasturages, cereal and some domestic protein rich crops provided 
most of the necessary feed. That period was the beginning of a drastic change into the 
European livestock production. 
However, the high European internal costs of feed grains forced livestock producers to 
substitute cheaper soybean meal. In addition to the competition between European feed 
grains and imported soybean meal, soybean oil competed with domestic vegetable oils such 
as sunflower oil, olive oil or rapeseed oil, and, when used in margarine, competes with 
butter. To compete with cheap soybean oil, local oils were subsidized, which was attacked 
under GATT in 1987. In 1973, a shortage in US soybean exports impacted most of the current 
EU-MS, including France which was considered as the least soybean dependent EU-MS 
(Berlan et al., 1977; Hasha, 2002). As maize and soybean compete for both feeding and 
surface, this kind of shortage is expected to come back with the growing use of maize for 
bio-ethanol production (Headey, 2011). Several EU-MS attempted to reduce their growing 
dependence from soybean by national protein plans – but up to now unsuccessfully.  
The European cropping of soybean was, up to 2007, restricted to some EU-MS and aimed at 
food or a few feed specialties (e.g. organic) with most of the production being based in Italy. 
Among the several reasons why EU is not a soybean producer we can distinguish a 
relatively unfavorable climate with cool spring and drought early summer, with a Northern 
predominance, in the EU compared to third countries producing soybean and a relatively 
high population density with rather small farms and fields. However, several soy varieties 
are cultivated in Canada and thus soy cropping in the EU-27 would now be possible after 
appropriate selection of cultivars, provided the seed companies could find some benefit in 
that selection. This would be probably the case after GM soybean approval for European 
cultivation. 
The EU was in 2007 still under construction and two new countries coming from the 
implosion of the former soviet bloc entered the EU-25. At its entrance into the EU, Romania 
officially stopped cropping GM soybean and came back to old varieties of non-GM soybean 
whose cropping was also not favored by the current European Common Agricultural Policy 
(CAP; Badea and Pamfil, 2009; Dinu et al., 2010). However, the interest in GM soybean was 
declining from 1996 to 2002 (Brookes, 2005). 

5.2 Soybean use in the EU 
As most of the crops choices made by farmers over the last decades, soybean cultivation is 
highly linked to the several changes in CAP. Among those more related to soy cultivation 
(i.e. linked to oilseed and protein rich crops) we can notice the changes due the Blair House 
agreement, in 1992, for duty free soybean importation and the Berlin agreement, in 1999, for 
decreasing aids to oilseeds and open widely the European market to global trade.  
                                                                 
12 Economic European Communities or EU-6 
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With an important increase since 2006 due to the food crisis. 

Table 2. 2008 figures of soybeans, oil fats and meals’ import, production and processing 
(sources: Fediol, 2011 and FEFAC, 2011). BE: Belgium; DE: Germany; FR: France; IT: Italy; 
NL: The Netherlands; PT: Portugal; SP: Spain; SL: Slovenia; UK: United Kingdom. 
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In 2006, the EU imported mostly soy beans and also meal. Crushing capacities have been 
developed in the Netherlands and Germany. As The Netherlands, Germany and Belgium 
have important harbors to where the most important part of EU imports of soybeans and 
meals are discharged, a large part of their imports are re-exported either as beans or more 
generally as meals and oils. Indeed, The Netherlands are currently a net exporter of soy 
meal toward other EU-MS. However, other European oilseeds compete with soybean. 
Generally speaking the proportion of rapeseed crushing is in constant increase over the last 
years, rapeseed crushing having overtaken soy crushing in 2005 due to the use of oilseed 
rape in European bio-fuels production. The table 2 provides the figures in 2008 of the soy 
beans, oil, fats and meals production imports and exports for the first top 5 EU-MS.  
The table 3 provides a figure of soy beans and meals imports in the EU from 1980 to 2008. As 
it can be seen, European soy beans and meals imports are relatively stable, when compared 
to prices and yearly weather variations, since 2004, i.e. with the integration of 10 and then 2 
new Member States into the EU in 2004 and 2007, respectively. 
 

 2008 
EU-27 

2007 
EU-27

2006 
EU-25

2005 
EU-25

2004 
EU-25

2003 
EU-15

2002 
EU-15

2001 
EU-15

2000 
EU-15

1990 
EU-12 

1980 
EU-9 

Soy 
beans 15,298 15,064 14,127 14,670 14,732 17,353 18,239 17,922 14,779 13,301 11,760 

Soy 
meals 23,227 24,321 23,405 23,029 22,632 20,352 19,605 17,870 15,840 10,471 7,226 

Table 3. Imports (× 1,000 T) of soy beans and meals in the EU (source: Fediol, 2011). 

5.2.1 Non-food non-feed use 
Compared to the other uses of soybean the use of soybean, with or without chemical 
changes, in printer inks, as antifoam agent to bio-fuels and cosmetics are currently rather 
anecdotic (Gelder et al., 2008; Roebroeck, 2002). For instance most of the European sources 
of bio-fuel rely on oilseed rape. This part will probably increase with the new CAP reform 
favoring sustainable and environment friendly agriculture and supporting renewable, low 
carbon emitting energies sources. 

5.2.2 Food use 
Only a few percent of soybean is used for food purposes (Gelder et al., 2008). Lecithin and 
oil are the main products used in food, the latter being also used in margarine production, 
together with some specialties such as some kind of yogurts, vegetarian steaks, or the usual 
Asian specialties such as Tofu, nato (Roebroeck, 2002). Soy milk is mostly imported from 
Canada, by some worldwide companies.  

5.2.3 Feed use 
Soybean is mostly imported in the EU-27 for compound feedstuffs production (Popp, 2008). 
With the end, in the 1990’s, of European intervention on cereals, which were used with some 
soy meal for compound feedstuff production, together with the ban of meat-and-bone meal 
from most of the feedstuffs (in fact meat-and-bone meal, despite being mostly destroyed, 
continues to be used in feeding short-living animals such as chickens and fish), the 
European feedstuff industry was looking for another source of cheap source of protein. 
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However, despite the end of European aids on cereals the proportion of cereals into 
compound feed increased since 1995, while the proportion of meals of all origins fluctuated 
between 30 Mt and 40 Mt.  
Compound feed consumption in the EU-27 represents ca. 147.6 Mt, a quantity thus similar 
to the US consumption of 149 Mt, with a nearly constant percentage of the global 
consumption over the past decade. This compound feed consumption was accompanied by 
an increasing production of pig meat and poultry to be compared to a constant beef and veal 
production, a difference which is mostly due to the entrance of new EU-MS in 2004 and 2007 
(FEFAC, 2010; European Commission DG-Agri, 2010). However, the increase in European 
meat production is parallel to a general trend of decrease (beef, veal, pig) or stagnation 
(poultry) of European meat consumption. In 2009, the proportion of compound feed for 
animal rearing again decreased to ca. 30% of the total feedstuffs quantity which corresponds 
to a general change into the European livestock production schemes. 
The soybean meal is used for all animal feeding, particularly since the ban in 2001 of meat-
and-bone meals due to the mad-cow / BSE disease, with an exception for organic 
production or some animals growing under specific signs-of-quality. This important source 
of protein cannot be fully replaced by fish meal which was another reason for increasing the 
imports of protein rich commodities. Due to its high content of protein and relative poorness 
in fat, the soy meal is relatively difficult to replace in poultry, piglets and calves feeding. 
Alternative sources of protein such as sweet lupine, field pea or rapeseed meal are generally 
less palatable until the animals reach maturity. This explains the figure of compound feed 
mostly used for poultry and pig production (FEFAC, 2011). The issue of protein source is of 
less importance for mature animals and more particularly for cattle.  
The origin of imported soybean may depend on EU-MS, for instance France mostly imports 
soy from Brazil while The Netherlands and Portugal are the top 2 importers of the US 
exports of soybean (Dahl and House, 2008). Up to 2008, EU was the first destination of 
exported soybean from USA, Brazil and Argentina. The European protein crops imports 
represented in 2009 ca. 20 Mha cultivated outside Europe.  
However, the development of GM crops in the 3 main exporting countries definitely 
impeded exports, particularly in the US. Brazil, up to now, took into account the undesirable 
effect of asynchronous approvals of GM crops on its exports toward the EU (Aramyan et al., 
2009a; Aramyan et al., 2009b; Boshnakova et al., 2009; DG AGRI European Commission, 
2007; Dobrescu et al., 2009; Konduru, 2008; Stein and Rodriguez-Cerezo, 2009; Stein and 
Rodriguez-Cerezo, 2010b). 

5.2.4 The animal labeling issue 
As the animals fed with GMOs do not have to be labeled in the EU, most of the feedstuffs in 
the EU-27 is produced from GM soybean. However several NGO and consumers 
associations are requesting such animal labeling, a request supported by polls and 
experimental auctions studies (Kontoleon and Yabe, 2006; Noussair et al., 2004). The EU 
organic farming threshold of labeling is also of 0.9% (European Commission, 2007a, 2008a). 
However, this EU threshold can be superseded by national measures. More generally 
speaking the EU has numerous signs-of-quality, based, not only on brands as in third 
countries, but mostly on EC-approved processes or origins. The consumers’ reluctance was 
thus taken into account in production procedures of most of these quality signs by 
eliminating GMO use into feedstuffs. 
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Germany and Austria recently introduced a legislative frame for GMO-free labeling. In 
these countries the GMO-free threshold complies with the European 0.9% threshold of 
fortuitous or technically unavoidable presence of GMO. This labeling is applicable to both 
vegetal produce and animals reared with “GMO-free” feed. 
In another hand, several French producers, such as Poulets de Loué, or retailers, such as 
Carrefour, or quality signs producers such as Comté cheese, used non-GM (Identity 
Preserved, at 0.9%) soybean since the beginning of the XXIst century but without the 
possibility of retrieving profits of their efforts (Milanesi, 2008, 2009). In 2009, the French 
Conseil de la Consommation as well as the Haut Conseil des Biotechnologies (HCB) released 
recommendations for the creation of a GMO-free supply chain at 0.1%, with, in the latter 
advice, animal labeling according to 2 thresholds: below 0.1% and between 0.1 and 0.9%. 
Despite the fact that the French decree related to GMO-free labeling is so far not published, 
several producers and retailers took this opportunity, and the further policy change of the 
French Repression of Fraud services, to label their animals as being reared with less than 
0.9%. If the latest HCB recommendation is followed up by the French government, 2 kinds 
of GMO-free animal labeling would thus prevail in France: “reared with GMO-free 
feedstuffs below 0.9%” and “reared with GMO-free feedstuffs below 0.1%”. The HCB also 
requested into its recommendation that the French government should precede the 
implementation by an ex ante socio-economic analysis of the viability of such a GMO-free 
supply chain at 0.1%. A feasibility study on this request for a ex ante socio-economic analysis 
is currently ongoing. 
However, the availability of non-GM (including GMO content below 0.9%, IP, and “GMO-
free” at 0.1% or “hard IP”) soybean is far from being sustainable. Up to 2008, Brazil was the 
most important exporter of non-GM and GMO-free soy toward EU with negotiated 
premiums. But the breeding of new soy GM varieties more appropriate to Brazilian climate 
induced a new increase of GM surfaces in Brazil, particularly in Matto-Grosso with the 
largest farms and fields (Fok, 2010). Despite the fact that Parana state dedicated a whole 
harbor to non-GM soy, this state also moved, toward GM soy, particularly for the most 
weedy fields and by the farmers the less experienced into weed management. The main 
source of European non-GM soy could thus disappear unless operators facilitate the 
maintenance of non-GM cropping. 
One of the first issues, for maintaining the interest of non-GM cropping, is the rather low 
level of premium (ca 1/4th of the final one paid by final buyers) received by the Brazilian 
farmers. The second is that this non-GMO related premium is not discerned by the buyers, 
such as cooperatives, from other premiums, all premiums being thus provided into a non 
transparent package of several premiums. The incentive of producing non-GM soy is thus 
rather low in Brazil despite the fact that the tech fees imposed by the traits’ providers may 
be ca 40% of the seeds prices (Bonny, 2009; Fok, 2010). According to ABRANGE, a Brazilian 
association of non-GM farmers, Brazil would be however currently providing 53% of non-
GM soybean while India and China would be providing 18 and 17%, respectively (Milanesi, 
2011). However, these claims are not in line with the observation of the 2009 increase of non-
GM soybean in USA, after a decade-long decrease of non-GM soybean areas, due to both 
more incentive premiums for non-GM beans and increased production costs of GMOs 
(prices of seeds and herbicide) (Milanesi, 2011).  
With premiums, long-term contracts are the second driving force for farmers for 
maintaining what several authors call market niches (Foster, 2007, 2010). Long-term 
contracts have thus been established by European producers, such as Poulets de Loué, with or 
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without the support of the European GMO-Free regions and Brazilian producers such as the 
Brazilian ABRANGE association. Generally speaking, the European GMO-free regions’ 
network supports their producers into their search for long-term supply of “cheap” non-GM 
soy.  
The premiums ranged from an average of 16 US$ in 2004 to ca. 70 US$ in 2009 for US 
farmers (Foster, 2010; Milanesi, 2011). While it is generally difficult to determine the 
premiums fluctuations over the year due to the confidentiality of the contracts, the changes 
observed into the non-GM soybean market of Tokyo show a general trend of a 10% 
premium over the GM soybean, with of course important peaks up to 40% in 2008 due to 
both the food crisis and an decrease of US 2007/08 soybean cropped surface in that year 
(Foster, 2010; Headey, 2011). Compared to the “only” 83% of soybean price increase over 30 
years, such premiums could thus be very incentive, particularly when linked to long-term 
contracts. 
The increase of price of compound feed due to this non-GM soy would be of less than 3% 
(Gryson and Eeckhout, 2011). Since feed cost represents ca. 77% of price of chickens, this 
would induce a final small increase of some cents per chickens’ kilo (Milanesi, 2008, 2009). 
Most of the European imports of both GM and non-GM soy are through the main 
commodities traders namely ADM, Bunge, Cargill and Louis Dreyfus (Green and Hervé, 
2006). However, as these traders advertised they were facing a shortage of non-GM soy, 
several new SMEs, such as Solteam, are currently developing their own import network to 
provide European feed producers with non-GM commodities. With the growing surfaces of 
GM soybean in Brazil, alternative sources of non-GM soy are actively looked for beside long-
term contracts and premiums use for sustaining the availability of American non-GM soy.  
However, the main forthcoming issue might be the availability of low cost non-GM soybean 
varieties both in third countries and EU-MS (Milanesi, 2011; Then and Stolze, 2010). As 
currently observed, the availability of non-GM seeds is decreasing with a few new varieties 
being commercially released. Accordingly, old non-GM seeds cannot compete with new GM 
varieties what can explain, together with a lack of support of oilseeds by the European CAP, 
the dramatic decrease in yields and total production observed in Romania at its entrance in 
2007 in the EU-27 (Dinu et al., 2010). Despite the fact that new but small plant breeder and 
seeds sellers (such as eMerge a Cargill subsidiary) are appearing, their ability to access to 
soybean germplams is questionable as private sector is focusing on GM varieties and public 
research is focused on germplasms (Heisey et al., 2005; Heisey et al., 2001; Naeve et al., 2010; 
Orf, 2004). The availability by the big seeds companies of non-GM soy varieties will highly 
depend on their forward or backward breeding strategies (Milanesi, 2011). 
It may worth noting that while traders such as Cargill are developing such seeds companies 
which will help them to maintain the non-GM flows towards several importing countries: 
competing on global commodities trade does not mean, for such companies, excluding 
higher added value market niches. In the meantime, participatory breeding of non-GM soy 
varieties is also developing as observed for numerous other crops (Bellon and Morris, 2002; 
Desclaux et al., 2008; Smale, 1998). As noted by several authors, this availability of several 
kind of varieties is necessary for developing the segmented markets requested by farmers, 
retailers and consumers (Elbehri, 2007). 

5.3 Soybean cultivation in the EU-27 
As noticed by a recent motion of the European parliament, protein rich crop production 
occupies only 3% of EU-27 arable land and supplies only ca 30% of protein crops consumed 
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feedstuffs below 0.9%” and “reared with GMO-free feedstuffs below 0.1%”. The HCB also 
requested into its recommendation that the French government should precede the 
implementation by an ex ante socio-economic analysis of the viability of such a GMO-free 
supply chain at 0.1%. A feasibility study on this request for a ex ante socio-economic analysis 
is currently ongoing. 
However, the availability of non-GM (including GMO content below 0.9%, IP, and “GMO-
free” at 0.1% or “hard IP”) soybean is far from being sustainable. Up to 2008, Brazil was the 
most important exporter of non-GM and GMO-free soy toward EU with negotiated 
premiums. But the breeding of new soy GM varieties more appropriate to Brazilian climate 
induced a new increase of GM surfaces in Brazil, particularly in Matto-Grosso with the 
largest farms and fields (Fok, 2010). Despite the fact that Parana state dedicated a whole 
harbor to non-GM soy, this state also moved, toward GM soy, particularly for the most 
weedy fields and by the farmers the less experienced into weed management. The main 
source of European non-GM soy could thus disappear unless operators facilitate the 
maintenance of non-GM cropping. 
One of the first issues, for maintaining the interest of non-GM cropping, is the rather low 
level of premium (ca 1/4th of the final one paid by final buyers) received by the Brazilian 
farmers. The second is that this non-GMO related premium is not discerned by the buyers, 
such as cooperatives, from other premiums, all premiums being thus provided into a non 
transparent package of several premiums. The incentive of producing non-GM soy is thus 
rather low in Brazil despite the fact that the tech fees imposed by the traits’ providers may 
be ca 40% of the seeds prices (Bonny, 2009; Fok, 2010). According to ABRANGE, a Brazilian 
association of non-GM farmers, Brazil would be however currently providing 53% of non-
GM soybean while India and China would be providing 18 and 17%, respectively (Milanesi, 
2011). However, these claims are not in line with the observation of the 2009 increase of non-
GM soybean in USA, after a decade-long decrease of non-GM soybean areas, due to both 
more incentive premiums for non-GM beans and increased production costs of GMOs 
(prices of seeds and herbicide) (Milanesi, 2011).  
With premiums, long-term contracts are the second driving force for farmers for 
maintaining what several authors call market niches (Foster, 2007, 2010). Long-term 
contracts have thus been established by European producers, such as Poulets de Loué, with or 
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without the support of the European GMO-Free regions and Brazilian producers such as the 
Brazilian ABRANGE association. Generally speaking, the European GMO-free regions’ 
network supports their producers into their search for long-term supply of “cheap” non-GM 
soy.  
The premiums ranged from an average of 16 US$ in 2004 to ca. 70 US$ in 2009 for US 
farmers (Foster, 2010; Milanesi, 2011). While it is generally difficult to determine the 
premiums fluctuations over the year due to the confidentiality of the contracts, the changes 
observed into the non-GM soybean market of Tokyo show a general trend of a 10% 
premium over the GM soybean, with of course important peaks up to 40% in 2008 due to 
both the food crisis and an decrease of US 2007/08 soybean cropped surface in that year 
(Foster, 2010; Headey, 2011). Compared to the “only” 83% of soybean price increase over 30 
years, such premiums could thus be very incentive, particularly when linked to long-term 
contracts. 
The increase of price of compound feed due to this non-GM soy would be of less than 3% 
(Gryson and Eeckhout, 2011). Since feed cost represents ca. 77% of price of chickens, this 
would induce a final small increase of some cents per chickens’ kilo (Milanesi, 2008, 2009). 
Most of the European imports of both GM and non-GM soy are through the main 
commodities traders namely ADM, Bunge, Cargill and Louis Dreyfus (Green and Hervé, 
2006). However, as these traders advertised they were facing a shortage of non-GM soy, 
several new SMEs, such as Solteam, are currently developing their own import network to 
provide European feed producers with non-GM commodities. With the growing surfaces of 
GM soybean in Brazil, alternative sources of non-GM soy are actively looked for beside long-
term contracts and premiums use for sustaining the availability of American non-GM soy.  
However, the main forthcoming issue might be the availability of low cost non-GM soybean 
varieties both in third countries and EU-MS (Milanesi, 2011; Then and Stolze, 2010). As 
currently observed, the availability of non-GM seeds is decreasing with a few new varieties 
being commercially released. Accordingly, old non-GM seeds cannot compete with new GM 
varieties what can explain, together with a lack of support of oilseeds by the European CAP, 
the dramatic decrease in yields and total production observed in Romania at its entrance in 
2007 in the EU-27 (Dinu et al., 2010). Despite the fact that new but small plant breeder and 
seeds sellers (such as eMerge a Cargill subsidiary) are appearing, their ability to access to 
soybean germplams is questionable as private sector is focusing on GM varieties and public 
research is focused on germplasms (Heisey et al., 2005; Heisey et al., 2001; Naeve et al., 2010; 
Orf, 2004). The availability by the big seeds companies of non-GM soy varieties will highly 
depend on their forward or backward breeding strategies (Milanesi, 2011). 
It may worth noting that while traders such as Cargill are developing such seeds companies 
which will help them to maintain the non-GM flows towards several importing countries: 
competing on global commodities trade does not mean, for such companies, excluding 
higher added value market niches. In the meantime, participatory breeding of non-GM soy 
varieties is also developing as observed for numerous other crops (Bellon and Morris, 2002; 
Desclaux et al., 2008; Smale, 1998). As noted by several authors, this availability of several 
kind of varieties is necessary for developing the segmented markets requested by farmers, 
retailers and consumers (Elbehri, 2007). 

5.3 Soybean cultivation in the EU-27 
As noticed by a recent motion of the European parliament, protein rich crop production 
occupies only 3% of EU-27 arable land and supplies only ca 30% of protein crops consumed 
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as animal feed (LMC International, 2009a, b; Häusling, 2011). Table 4 provides figures on 
some EU-MS surfaces of soy cultivation (Eurostat, 2011).  
With the Agenda 2000 CAP reform, aid to European farmers became decoupled, i.e. aid were 
no longer received for oilseeds production, nor related to yields. There is thus no more 
European intervention for buying, export subsidizing or other market support available for 
oilseeds in the EU-27. Moreover, agricultural aid is now rather linked to environment 
preservation and sustainable agriculture, the second pillar of the new CAP, together with 
social criteria (Krautgartner et al., 2010b). These drastic changes into the European CAP 
could lead to drastic changes during the next years in the European cultivations’ schemes. 
 
 2010 2009 2008 2007 2006 2005 2004 2003 2002 2001 2000 1999 
Italy 159 134.7 107.8 130.3 177.9 152.3 150.4 152.1 152 233.5 252.6 246.5 
Romania 65.2 48.8 49.9 133.213 190.8 143.1 121.3 128.8 71.8 44.8 117. 99.8 
France 50.9 43.7 21.8 32.4 45.3 57.4 58.6 80.7 74.8 120.9 77.7 98.2 
Austria 34.4 25.3 18.4 20.2 25 21.4 17.9 15.5 14 16.3 15.5 18.5 
Hungary 33.5 31.5 29 32.9 35.9 33.6 27.314 30.3 25 20.6 22.2 32.2 

Table 4. Surface (× 1,000 ha) of soybean cultivation in the top 5 EU-MS (Eurostat, 2011). 

In the Western part of the EU-27, soy cultivation attempts to satisfy the needs of high added 
values supplies such as food and meat production under signs-of-quality. However, in spite 
of several “protein plans”, soy is still not considered as an important European crop. 
While Western Europe was poorly considering soybean cultivation yet started to import 
soybean since ca. the second decade of the XXth century, the former USSR developed a 
soybean breeding institute since the beginning of this last century. As a result of Russian 
research, several soybean varieties were developed for the former Soviet bloc. An important 
area of soybean cropping is thus done in the eastern part of Europe, around the southern 
Danube basin, in particular in Romania, but also in Bulgaria and Hungary. As another 
example of such Soviet soybean production, and thus of varieties adapted to the European 
climate, Ukraine and Russia were cropping in 2006 725,000 and 810,100 ha, respectively 
(Otiman et al., 2008). However, Romania was the only country to extensively grow GM 
soybean over ca 137,000 ha for feedstuff production but with yield per ha nearly 2/3rd of the 
ones of USA, Brazil and Argentine. While irrigation is important for increasing the yield, it 
is also highly probable that the GM varieties were not fully adapted to the European eastern 
conditions. 
Since its entrance in the EU in 2007, Romania stopped cultivating of GM soybean, but 
started with the MON 810 GM maize (Badea and Pamfil, 2009). Since that time Romanian 
farmers claim that after a period of self-sufficiency in feed, they had to import again soybean 
for livestock (Otiman et al., 2008). However, the decrease in soybean cultivation is more 
probably linked to the absence of European subsidies to soybean cultivation and a return to 
old, less productive, non-GM soy varieties. Romanian farmers are thus among those 
pushing to force the European approval of GM soybean cultivation, whose dossier is 
currently in the European approval pipeline. This may also be explained by the existence, in 
several Central and Eastern European Countries (CEEC), of large, corporate, farms up to 
20,000 ha, inherited from the reforms after the Soviet bloc implosion, which face the same  
                                                                 
13 Integration into the EU 
14 Integration into the EU 
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weed management issue as the large farms of third countries (Csaki and Lerman, 1997; 
Eurostat. European Commission, 2010; Pouliquen, 2001). 
Coexistence between GM and non-GM soy would probably not be an issue as soy is mostly 
autogamous as soon as the European seeds’ threshold for non-GM seeds is defined 
(Roebroeck, 2002). However, case specific monitoring will be an important and costly 
workload for herbicide tolerant soybean cropping in order to avoid the issues of herbicide 
resistant weeds observed in the USA and eradication programs paid by companies (Brasher, 
2010; Owen et al., 2010; Owen, 2009; Roberson, 2010). 
As observed by most of the scholars and policy makers, European farming is highly 
dependent on CAP (Carlier et al., 2010; Cavaillès, 2009). Accordingly, European soybean 
cropping is currently only driven by global market prices. As finally observed by a recent 
EC sponsored study, a soybean shortage, such as the last US one in 2007, and thus an 
increase into soybean prices might induce reallocation of European arable surfaces toward 
soybean cultivation and probably allow several EU-MS to become self-sufficient. In this 
way, soybean might be considered as an opportunistic crop by European farmers driven by 
global soy prices, particularly for its non-GM counterpart. However, the European farmers 
have to “internalize” soybean cultivation into their agricultural practices and productions 
particularly in the EU-MS of Western Europe where soybean is not a familiar crop. For 
instance, farmers of Alsace region in France recently introduced a maize / soybean rotation 
as a tool to fighting Western corn rootworm. This “internalization” of rotation with soybean 
into maize culture may be rapid as the French government recently issued a decree making 
rotation mandatory. 
Several recent changes in the CAP have to be kept in mind. In particular due to substantial 
reductions of aid in several agricultural sectors, European farmers have a closer look on the 
impact of the global commodities market on their sales prices with an increased trend 
toward crops’ futures markets. In the meantime, farmers need to have new considerations 
toward the environment; the reduction into available chemicals for pest fighting, the carbon 
footprint, the multi-functionality of agriculture, etc. (Commission, 2006; European 
Commission, 2009d; Kaditi and Swinnen, 2006).  
It is thus predictable that soybean cropping will differ from East to West among the EU-27, 
with probably GM crops in the eastern part, which is comparable to the gradient of 
sensitivity to GMO issues as observed for consumers (Consumerchoice Consortium, 2008). 

5.4 Alternatives to imported soybean 
Two considerations structure the soy importation issue: the first considering feedstuff 
production with GM soy and the second considering the use of non-GM soybean. Indeed 
alternative protein-rich crops did not succeed in the previous national or European “protein 
plans” and are less palatable to poultry and young pigs.  

5.4.1 The issue of asynchronous approvals 
As previously said, EU generally takes more time for approving GMO than several third 
countries, in part due to incomplete dossiers but probably also because of the EU-MS 
unclear economic interest of GM crops (European Commission, 2011).  
The import of GM soybean is thus affected by this approval status as reported by numerous 
reports (ADAS ltd (for DEFRA feed import project), 2008; Aramyan et al., 2009a; Aramyan et 
al., 2009b; DG AGRI European Commission, 2007; Nowicki et al., 2010; Stein and Rodriguez-
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as animal feed (LMC International, 2009a, b; Häusling, 2011). Table 4 provides figures on 
some EU-MS surfaces of soy cultivation (Eurostat, 2011).  
With the Agenda 2000 CAP reform, aid to European farmers became decoupled, i.e. aid were 
no longer received for oilseeds production, nor related to yields. There is thus no more 
European intervention for buying, export subsidizing or other market support available for 
oilseeds in the EU-27. Moreover, agricultural aid is now rather linked to environment 
preservation and sustainable agriculture, the second pillar of the new CAP, together with 
social criteria (Krautgartner et al., 2010b). These drastic changes into the European CAP 
could lead to drastic changes during the next years in the European cultivations’ schemes. 
 
 2010 2009 2008 2007 2006 2005 2004 2003 2002 2001 2000 1999 
Italy 159 134.7 107.8 130.3 177.9 152.3 150.4 152.1 152 233.5 252.6 246.5 
Romania 65.2 48.8 49.9 133.213 190.8 143.1 121.3 128.8 71.8 44.8 117. 99.8 
France 50.9 43.7 21.8 32.4 45.3 57.4 58.6 80.7 74.8 120.9 77.7 98.2 
Austria 34.4 25.3 18.4 20.2 25 21.4 17.9 15.5 14 16.3 15.5 18.5 
Hungary 33.5 31.5 29 32.9 35.9 33.6 27.314 30.3 25 20.6 22.2 32.2 

Table 4. Surface (× 1,000 ha) of soybean cultivation in the top 5 EU-MS (Eurostat, 2011). 

In the Western part of the EU-27, soy cultivation attempts to satisfy the needs of high added 
values supplies such as food and meat production under signs-of-quality. However, in spite 
of several “protein plans”, soy is still not considered as an important European crop. 
While Western Europe was poorly considering soybean cultivation yet started to import 
soybean since ca. the second decade of the XXth century, the former USSR developed a 
soybean breeding institute since the beginning of this last century. As a result of Russian 
research, several soybean varieties were developed for the former Soviet bloc. An important 
area of soybean cropping is thus done in the eastern part of Europe, around the southern 
Danube basin, in particular in Romania, but also in Bulgaria and Hungary. As another 
example of such Soviet soybean production, and thus of varieties adapted to the European 
climate, Ukraine and Russia were cropping in 2006 725,000 and 810,100 ha, respectively 
(Otiman et al., 2008). However, Romania was the only country to extensively grow GM 
soybean over ca 137,000 ha for feedstuff production but with yield per ha nearly 2/3rd of the 
ones of USA, Brazil and Argentine. While irrigation is important for increasing the yield, it 
is also highly probable that the GM varieties were not fully adapted to the European eastern 
conditions. 
Since its entrance in the EU in 2007, Romania stopped cultivating of GM soybean, but 
started with the MON 810 GM maize (Badea and Pamfil, 2009). Since that time Romanian 
farmers claim that after a period of self-sufficiency in feed, they had to import again soybean 
for livestock (Otiman et al., 2008). However, the decrease in soybean cultivation is more 
probably linked to the absence of European subsidies to soybean cultivation and a return to 
old, less productive, non-GM soy varieties. Romanian farmers are thus among those 
pushing to force the European approval of GM soybean cultivation, whose dossier is 
currently in the European approval pipeline. This may also be explained by the existence, in 
several Central and Eastern European Countries (CEEC), of large, corporate, farms up to 
20,000 ha, inherited from the reforms after the Soviet bloc implosion, which face the same  
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weed management issue as the large farms of third countries (Csaki and Lerman, 1997; 
Eurostat. European Commission, 2010; Pouliquen, 2001). 
Coexistence between GM and non-GM soy would probably not be an issue as soy is mostly 
autogamous as soon as the European seeds’ threshold for non-GM seeds is defined 
(Roebroeck, 2002). However, case specific monitoring will be an important and costly 
workload for herbicide tolerant soybean cropping in order to avoid the issues of herbicide 
resistant weeds observed in the USA and eradication programs paid by companies (Brasher, 
2010; Owen et al., 2010; Owen, 2009; Roberson, 2010). 
As observed by most of the scholars and policy makers, European farming is highly 
dependent on CAP (Carlier et al., 2010; Cavaillès, 2009). Accordingly, European soybean 
cropping is currently only driven by global market prices. As finally observed by a recent 
EC sponsored study, a soybean shortage, such as the last US one in 2007, and thus an 
increase into soybean prices might induce reallocation of European arable surfaces toward 
soybean cultivation and probably allow several EU-MS to become self-sufficient. In this 
way, soybean might be considered as an opportunistic crop by European farmers driven by 
global soy prices, particularly for its non-GM counterpart. However, the European farmers 
have to “internalize” soybean cultivation into their agricultural practices and productions 
particularly in the EU-MS of Western Europe where soybean is not a familiar crop. For 
instance, farmers of Alsace region in France recently introduced a maize / soybean rotation 
as a tool to fighting Western corn rootworm. This “internalization” of rotation with soybean 
into maize culture may be rapid as the French government recently issued a decree making 
rotation mandatory. 
Several recent changes in the CAP have to be kept in mind. In particular due to substantial 
reductions of aid in several agricultural sectors, European farmers have a closer look on the 
impact of the global commodities market on their sales prices with an increased trend 
toward crops’ futures markets. In the meantime, farmers need to have new considerations 
toward the environment; the reduction into available chemicals for pest fighting, the carbon 
footprint, the multi-functionality of agriculture, etc. (Commission, 2006; European 
Commission, 2009d; Kaditi and Swinnen, 2006).  
It is thus predictable that soybean cropping will differ from East to West among the EU-27, 
with probably GM crops in the eastern part, which is comparable to the gradient of 
sensitivity to GMO issues as observed for consumers (Consumerchoice Consortium, 2008). 

5.4 Alternatives to imported soybean 
Two considerations structure the soy importation issue: the first considering feedstuff 
production with GM soy and the second considering the use of non-GM soybean. Indeed 
alternative protein-rich crops did not succeed in the previous national or European “protein 
plans” and are less palatable to poultry and young pigs.  

5.4.1 The issue of asynchronous approvals 
As previously said, EU generally takes more time for approving GMO than several third 
countries, in part due to incomplete dossiers but probably also because of the EU-MS 
unclear economic interest of GM crops (European Commission, 2011).  
The import of GM soybean is thus affected by this approval status as reported by numerous 
reports (ADAS ltd (for DEFRA feed import project), 2008; Aramyan et al., 2009a; Aramyan et 
al., 2009b; DG AGRI European Commission, 2007; Nowicki et al., 2010; Stein and Rodriguez-



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 22

Cerezo, 2009; Stein and Rodriguez-Cerezo, 2010b; Stein and Rodríguez-Cerezo, 2009; 
Tallage, 2010). All these reports concluded there is no alternatives to imported soybeans and 
meals, and thus recommended establishing a specific Low Level Presence threshold for EU 
unapproved GMOs to avoid any shortage in soybean which could hamper European 
livestock competitiveness, a recommendation recently officially taken in consideration by 
the EC by establishing a LLP threshold for EU unapproved GMOs dedicated to feed.  
However, how reliable are these converging predictions? It might be helpful to have some 
insights on some recent reports on such issues of feed shortage in the EU-27. Are there some 
biases in those studies which are almost all based on modeling of feed use?  
Models are clearly needed for simplifying complex situation and decision taking. In that 
way, it is thus understandable that models are used for forecasting international trade and 
soybean use in feedstuff production. However the choice of model or postulates, such as 
linear regression and “general equilibrium” instead of alternative is not neutral. Besides this 
essential questioning, common to all modeling issues, we will just examine some contextual 
questions. 
 The first observation we can make is that those studies were carried out with limited 

funding in short time; thus impeding long studies and collective, contradictory 
expertise. Another problem is the use of very recently developed models, used by the 
EC without having been clearly in depth validated, or used out their scope, e.g. to 
foresee future trends while developed to analyze the past (Harrell, 2001). Some of these 
models were “validated” by discarding some crops in some parts of the evaluation but 
taking them into account into other evaluation parts. As these crops are used as 
adjustment variables in substitution strategies for low-price compound feedstuffs 
production, the validity of such models is highly questionable. The same issue of 
validating models applies to models attempting to merge ecological and CAP issues. It 
is finally rather surprising to read in a report about the development of a model, that 
one of the main goals was to simplify the yearly feeding of the model due to some lack 
of personal in the corresponding European Commission service. Avoiding complexity 
and simplifying the life of European personal does not help make sound policy. 

 The large use of modeling is the expression of a general disinterest of economists for 
empirical studies and a preference toward modeling. This disinterest of economist 
scholars or consultants is due to (i) the difficulties to retrieve accurate information from 
companies and interviews, (ii) the duration necessary for establishing their own data-
bases, together with (iii) a higher ranking in peer-reviewed journals for models, rather 
than for empirical data. There is thus a fundamental lack of sound, scholarly-
established empirical data, i.e. not provided only by the companies in charge of feed 
production, before founding policy on models. 

 A “business-as-usual” trend, i.e. a relative poorness in investigated scenarios and 
generally speaking in perspectives and alternatives. All considered scenarios take as 
read the requests of feed producers, i.e. the need for soybean and more generally 
proteins imports; just as previously cereals and then meat-and-bone were supposed to 
supply all needed proteins. This “business-as-usual” trend may in great part be 
explained by the power of lobbies, some kind of blindness, i.e. lack of prospective. 
However, it is generally recognized that a mass market is always turning into a market 
of niches and that EU is among the largest provider of market niches (Anderson, 2006). 
Such models are thus inter-alia not referring to market differentiation, European 
landscape use, consumers welfare, region competitiveness and ecological issues as 
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requested by the second pillar of the new CAP (Hermans et al., 2010; Kissinger and 
Rees, 2010; Konefal and Busch, 2010; van Delden et al., 2010). As outlined by Konefal 
and Bush, maize and soybean market standardization also introduced a multiplicity of 
segmented markets which were not taken into these models.  

 Short and over-simplified studies, as generally the policy makers need rapid results and 
the academic community is rather slow to mobilize for participating in such applied 
work. Thus calls for this type of studies are generally awarded by consultants’ cabinets 
or by the few scientists having already worked on that issue and thus able to “reinvest” 
their initial work. Work is thus mostly desk-search with several biases, such as a more 
difficult access to the scientific literature, a large use of “Google” which highlights URL 
according to a Google ranking algorithm mostly based on the number of external links 
or sponsorship, thus a way of working which favors industry and lobbies reports and 
sites. 

 Group “consanguinity”: such a strong relationship between sponsors, for instance a 
technical officer in charge of supervising an European study, originating from a 
European institute, whose recent reports all biased in the same way the effect of EU 
unapproved GMOs on feed availability. This first type of consanguinity is then 
reinforced by the tenders who have been chosen after a call for tenders. In most of the 
instances, the scientists have published reports in the same way, e.g. the dramatic effect 
of EU unapproved GMOs on feed availability. Reinvesting initial work is clearly not the 
best way for sound prospective in comparison of a collective and contradictory 
expertise. 

 Influence of working environment. Indeed several studies were carried out in an EU 
country highly depending on feedstuffs ingredients importations, and further re-
exportations, which may hamper the independence of viewpoint of the scientists and 
criteria retained for the scenarios. This may also be linked to previous studies funded 
by the feed industry which may influence the viewpoints and future results. Again, it 
would be necessary to amplify the panel of viewpoints, e.g. with scientists from 
countries with different production schemes. By not taking into consideration the socio-
economic context and history of some scientists, the EU is decreasing its chances to find 
a systemic and long-term solution. 

Taken altogether, these considerations of the studies and modeling context show the limits 
of the available data and predictions. This militates for more scholar-driven, long-term, 
multidisciplinary and with people sharing different viewpoints about futures of agriculture 
into collective expertise using also different modeling and postulates bases. Rapid, biased 
studies for a very complex matter highly influenced by both uncontrolled events, (such as 
seasonal incidents, or policy controlled issues, such as the disappearance of fallows in the 
new CAP, further cultivable areas reallocations and integration of new players), are not the 
best conditions for forecasting the future of European agriculture needs.  
The users, i.e. policy makers, should be aware of the strengths and weaknesses of models 
used by the technical officers, what is generally not the case in the reports provided to the 
policy makers or media (van Tongeren et al., 2001). To conclude, the over-simplified models, 
developed moreover under detrimental contextual influences, have drastic limitations for 
forecasting trade and supply chains trends but are routinely used and dramatically impact 
the European policy without sound “scientific” ground-bases. These observations together 
with other not reported in this paper show that the EC was in fact over the last years 
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Cerezo, 2009; Stein and Rodriguez-Cerezo, 2010b; Stein and Rodríguez-Cerezo, 2009; 
Tallage, 2010). All these reports concluded there is no alternatives to imported soybeans and 
meals, and thus recommended establishing a specific Low Level Presence threshold for EU 
unapproved GMOs to avoid any shortage in soybean which could hamper European 
livestock competitiveness, a recommendation recently officially taken in consideration by 
the EC by establishing a LLP threshold for EU unapproved GMOs dedicated to feed.  
However, how reliable are these converging predictions? It might be helpful to have some 
insights on some recent reports on such issues of feed shortage in the EU-27. Are there some 
biases in those studies which are almost all based on modeling of feed use?  
Models are clearly needed for simplifying complex situation and decision taking. In that 
way, it is thus understandable that models are used for forecasting international trade and 
soybean use in feedstuff production. However the choice of model or postulates, such as 
linear regression and “general equilibrium” instead of alternative is not neutral. Besides this 
essential questioning, common to all modeling issues, we will just examine some contextual 
questions. 
 The first observation we can make is that those studies were carried out with limited 

funding in short time; thus impeding long studies and collective, contradictory 
expertise. Another problem is the use of very recently developed models, used by the 
EC without having been clearly in depth validated, or used out their scope, e.g. to 
foresee future trends while developed to analyze the past (Harrell, 2001). Some of these 
models were “validated” by discarding some crops in some parts of the evaluation but 
taking them into account into other evaluation parts. As these crops are used as 
adjustment variables in substitution strategies for low-price compound feedstuffs 
production, the validity of such models is highly questionable. The same issue of 
validating models applies to models attempting to merge ecological and CAP issues. It 
is finally rather surprising to read in a report about the development of a model, that 
one of the main goals was to simplify the yearly feeding of the model due to some lack 
of personal in the corresponding European Commission service. Avoiding complexity 
and simplifying the life of European personal does not help make sound policy. 

 The large use of modeling is the expression of a general disinterest of economists for 
empirical studies and a preference toward modeling. This disinterest of economist 
scholars or consultants is due to (i) the difficulties to retrieve accurate information from 
companies and interviews, (ii) the duration necessary for establishing their own data-
bases, together with (iii) a higher ranking in peer-reviewed journals for models, rather 
than for empirical data. There is thus a fundamental lack of sound, scholarly-
established empirical data, i.e. not provided only by the companies in charge of feed 
production, before founding policy on models. 

 A “business-as-usual” trend, i.e. a relative poorness in investigated scenarios and 
generally speaking in perspectives and alternatives. All considered scenarios take as 
read the requests of feed producers, i.e. the need for soybean and more generally 
proteins imports; just as previously cereals and then meat-and-bone were supposed to 
supply all needed proteins. This “business-as-usual” trend may in great part be 
explained by the power of lobbies, some kind of blindness, i.e. lack of prospective. 
However, it is generally recognized that a mass market is always turning into a market 
of niches and that EU is among the largest provider of market niches (Anderson, 2006). 
Such models are thus inter-alia not referring to market differentiation, European 
landscape use, consumers welfare, region competitiveness and ecological issues as 
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requested by the second pillar of the new CAP (Hermans et al., 2010; Kissinger and 
Rees, 2010; Konefal and Busch, 2010; van Delden et al., 2010). As outlined by Konefal 
and Bush, maize and soybean market standardization also introduced a multiplicity of 
segmented markets which were not taken into these models.  
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attempting to “scientifically” legitimate previous political decisions for “smoothing” global 
trade issues. 

5.4.2 Perspectives 
In spite of a careful survey of European scientific and grey literature on alternatives to GM 
soy, almost no one Western EU stakeholder involved into meat production is currently 
considering soybean cultivation in the EU as a solution. Beside some recommendations to 
come back to pasturage for cattle, the general trend in compound feedstuff production is a 
larger incorporation of European non-GM rapeseed meal as it can be seen in the statistics of 
Fediol as a by-product of European bio-fuel production. Substitution is thus generally 
retained in national schemes for non-GM soy use. However new Eastern EU-MS have a long 
tradition of soy cultivation with some very large farms which might, in the ‘business-as-
usual” trend benefit from GM, or non-GM, soy cultivation. 
5.4.2.1 Domestic substitution to imported soybean 
Two ways of substitution of imported soybean have to be considered: firstly, the European 
cultivation of soy, as this protein-rich feed is difficult to substitute in feedstuff of several 
young animals and, secondly, the replacement of soybean by some other protein-rich crop 
for adults or some young animals. 
As observed in several studies the trend over the last decade to use low-price soybean and 
soy meal induced a clear disaffection of plant breeding companies for leguminous fodder 
crops (alfalfa, clover, etc.) and several protein-rich crops (field pea, sweet lupine, etc.) due to 
their small volumes and a constant decrease of cultivation over the last decade (European 
Parliament. Directorate-General for Internal Policies, 2010; LMC International, 2009a, b; 
Häusling, 2011). Moreover, public research programs on such European substitutes to 
soybean declined over the 3 last decades. As a example of such general decline, domestic 
leguminous crops to be incorporated into feed dropped in France from 11% in 1991 toward 
2.5% in 2006, despite CAP subsidies of field pea, field bean and lupine (European 
Commission, 2009c). If some studies are currently ongoing, for instance on the use of lupine 
and pea for poultry, there is a lack of European research on substituting soybean by 
domestic protein-rich crops which however present the interest of currently being non-GM 
(Laudadio et al., 2009; Häusling, 2011).  
Several changes in the CAP such as the “20-20-20 in 2020” objectives (reduction of 20% of 
emissions from 1990, 20% share of energy consumption from renewable sources and 20% 
improvement in energy efficiency by 2020) conducted to an increase of rapeseed oil 
production for bio-fuels and thus of alternative meal, at least for some livestock.  
Under the Blair House agreement, oilseeds plantings were limited to an adjusted Maximum 
Guaranteed Area for producers benefiting from crop specific oilseeds payments. This 
limited the EU oilseeds production area and penalized overproduction till the 2003 
renegotiation of Blair House agreement. Finally, with the Agenda 2000, the CAP relies on 2 
pillars: the market and income policy (first pillar) and the sustainable development of rural 
areas (second pillar). Since 2010, the producers are free of the hectare limits set out by Blair 
House agreement. Additionally, the disappearance of European mandatory fallows is 
freeing new arable surfaces for, current or new, long-term or opportunistic cultivations.  
As the 2003 CAP reform (linked to renegotiation of Blair House agreement) brings greater 
consideration to environmental integration we may expect several changes, in particular 
about soybean whose production in Brazil is criticized due to deforestation, an important 
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use of chemicals and social impacts (Carlier et al., 2010). The recent reduced European 
interest for biofuels production in the EU due to a contrasted carbon footprint, as well as a 
possible effect on food prices could also free agricultural surfaces for soy opportunistic 
cultivation. However, studies on soybean use in cow feeding show that soy might have less 
environment impacting than rapeseed (Lehuger et al., 2009). The new CAP which embraces 
more environmental considerations may thus face new issues in the balance of 
environmental footprint and might let European prefer importing soy. 
After a ban of about a decade, several lobbyists are pushing the reintroduction of meat-and-
bone meal, probably the richest protein source. For instance in 2002, 220,000T were 
estimated equivalent to 503,000 T of soy meal. The European dependence onto imported soy 
could thus be dramatically decreased if meat-and-bone is safely re-incorporated into 
feedstuffs. However, the acceptance of European consumers of such a reintroduction is far 
from being obvious following the 1990s’ mad-cow disease scandal.  
CAP Health check in 2008 reduced again aids to cereals opening the opportunity to grow 
more oilseeds including soybean despite a previous EU support to protein-rich crops such 
as field pea, field bean and lupine.  
Surprisingly, in all alternatives to soybean imports even though by NGO or organic farmers, 
no one proposed cultivation of soybean as protein sources alternatives, at least for 
conventional livestock (Billon et al., 2009; Confédération paysanne, 2002). However, 
production of European soybean showed in 2009 a 12.4% increase which demonstrates the 
opportunism of European farmers in front of high trade prices of the 2008/2009 food crisis 
(Krautgartner et al., 2010a). Such an alternative of soy cropping instead of imports should be 
more effectively considered in EU-MS, even though it looks difficult to dedicate ca. 20 
Millions of European hectares to soy, the equivalent in surfaces of currently imported soy 
(see above). 
The recent entrance of several new EU-MS, with a past of soybean crops and some very large 
corporate farms, could also accompany this trend of growing more soybean in the EU. 
Interviewed Spanish representatives agreed that Spain could grow soybean, be these GM or 
not, as soon as the prices would be of interest. Additionally, the fight against the Western corn 
rootworm (Diabrotica virgifera virgifera) in French maize monocultures was successful when 
introducing soybean into a newly implemented rotation, a choice of crop made in function of 
cropping practices and apparatus compatibility. Together with the environmental and 
economic interest of introducing a leguminous plant into rotations and the more general 
European request of reducing chemicals in cultivation, the interest of maize monoculture is 
questionable when we consider that the infected area15 covers most of the Central and Eastern 
European Countries. Finally, the current trend of increase of petrol and thus of nitrogen 
fertilizer prices also favors reintroduction of leguminous crops into rotation. 
In addition to an increasing part of local, pasture based and on-farm production for both 
“conventional” and under signs-of-quality meat production, the European soybean 
dependence might thus drastically decrease at least for bovine animals. Soybean imports 
would then mostly depend on intensive livestock production such as poultry and probably 
pig.  
Altogether, these several observations show a balanced approach of European farmers 
toward the global market and an important dependence of EU farmers to CAP. As long as 
soybean and soy meal prices are low, there is no interest for European farmers to enter the 
                                                                 
15 http://extension.entm.purdue.edu/wcr/images/pdf/2010/EUROPEMap2010.pdf  
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use of chemicals and social impacts (Carlier et al., 2010). The recent reduced European 
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from being obvious following the 1990s’ mad-cow disease scandal.  
CAP Health check in 2008 reduced again aids to cereals opening the opportunity to grow 
more oilseeds including soybean despite a previous EU support to protein-rich crops such 
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no one proposed cultivation of soybean as protein sources alternatives, at least for 
conventional livestock (Billon et al., 2009; Confédération paysanne, 2002). However, 
production of European soybean showed in 2009 a 12.4% increase which demonstrates the 
opportunism of European farmers in front of high trade prices of the 2008/2009 food crisis 
(Krautgartner et al., 2010a). Such an alternative of soy cropping instead of imports should be 
more effectively considered in EU-MS, even though it looks difficult to dedicate ca. 20 
Millions of European hectares to soy, the equivalent in surfaces of currently imported soy 
(see above). 
The recent entrance of several new EU-MS, with a past of soybean crops and some very large 
corporate farms, could also accompany this trend of growing more soybean in the EU. 
Interviewed Spanish representatives agreed that Spain could grow soybean, be these GM or 
not, as soon as the prices would be of interest. Additionally, the fight against the Western corn 
rootworm (Diabrotica virgifera virgifera) in French maize monocultures was successful when 
introducing soybean into a newly implemented rotation, a choice of crop made in function of 
cropping practices and apparatus compatibility. Together with the environmental and 
economic interest of introducing a leguminous plant into rotations and the more general 
European request of reducing chemicals in cultivation, the interest of maize monoculture is 
questionable when we consider that the infected area15 covers most of the Central and Eastern 
European Countries. Finally, the current trend of increase of petrol and thus of nitrogen 
fertilizer prices also favors reintroduction of leguminous crops into rotation. 
In addition to an increasing part of local, pasture based and on-farm production for both 
“conventional” and under signs-of-quality meat production, the European soybean 
dependence might thus drastically decrease at least for bovine animals. Soybean imports 
would then mostly depend on intensive livestock production such as poultry and probably 
pig.  
Altogether, these several observations show a balanced approach of European farmers 
toward the global market and an important dependence of EU farmers to CAP. As long as 
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very competitive commodities market. But all occasions can be taken to improve their niche 
markets of soy be this GM or non-GM.  
5.4.2.2 Alternative sources of non-GM soy 
With the growing trend to label animals reared on non-GM feed, availability of non-GM soy 
is of a growing interest for livestock producers. With the increased cropping of GM soy in 
exporting countries, alternative sources of non-GM soy are thus actively looked for by 
European importers. 
Since the 2008 issue of Chinese organic soy meal spiked with melamine, The Peoples’ 
Republic of China is no longer considered as a reliable source of non-GM soy despite recent 
claims of its interest for this country (Anonymous, 2010; Hansen et al., 2007; Takada, 2010). 
China is the most important importer of soybean and this expected to continue (Taylor and 
Koo, 2010). As numerous GM crops are under development in China together with a 
growing request of soy for livestock production, we may expect this country may rapidly 
cease to be a putative exporter of non-GM soybean. Indeed, India is currently a new source 
of non-GM soy for certain European traders and has been identified as such by US surveys 
(Ash, 2011).  
This current relative shortage of non-GM (<0.9%) or GMO-free (<0.1%) soybean could be an 
opportunity for European soy producers, provided they find more incentives to grow soy. 
The new CAP trend considering more environmental issues might favor such changes into 
the European farmers practices. Integrating crops rotations with leguminous crops, for 
decreasing the use of costly fertilizers and fighting some pests such as the expending 
Western corn root worm, would be additional causes of such practices’ changes with 
premiums and long-term contracts for non-GM productions,.  
Beside a new consideration of soybean into crop rotation in Western EU or an increase of 
soy surfaces in EU-MS cultivating soy for market niches, the European soy status may also 
change by the integration in 2007 of Central and Eastern European countries such as 
Romania with a past and a future wish of soybean cultivation. The move of these countries, 
some cases having very large corporate farms, toward GM or non-GM soy cultivation will 
greatly depend on non-GM demand, premiums and long-term contracts as well as the 
volatility of GM soy commodities’ prices. 

6. Conclusion 
Europe is so far highly dependent on protein importations for compound feedstuffs 
production particularly of soy for young animal production, poultry and pigs. However, 
several factors may lead to an increased soybean production in the EU over the next decade.  
Among the several reasons for such an increase are societal considerations such as carbon 
footprint of imported soybean, development of market niches - be these or not GMO-free 
due to animal labeling - entrance of new EU-MS with a past of soybean cropping as well as a 
general increase of American exports toward China inducing tensions on prices particularly 
for poultry and pig feeding.  
Soybean cropping would however probably be considered as an opportunistic European 
crop due to e.g. rotation for fighting corn rootworm which is prevalent in Central and 
Eastern EU and extending into the Western area, continuous rises in nitrogen fertilizer 
prices, a persistent ban of meat-and-bones meal as well as an absence of alternative 
European protein-rich crops.  
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As the cultivations are rapidly adjusted to the market requests, there is thus not an issue of 
soybean supply per se but an issue of importation of soybean at the lowest prices for 
intensive livestock production. Such issue of competitiveness of European livestock drove 
the EC to introduce a “technical solution” to EU unapproved GMOs, i.e. a LLP threshold, for 
feed, which might impact food supply chains since segregating of food and feed is difficult.  
At the same time, the need for a larger use of bio-fuels increased the production of oilseed 
rape in Europe which in counterpart decreased the imports of soybeans. It is currently 
difficult to determine what would be the future of such by-products of bio-fuels as the 
European policy bio-fuels appears to be changing due to new calculations of their carbon 
footprint and the need for “feeding the world”. Such trend to develop domestic bio-fuels 
will probably impact European soy imports and cultivations. 
After several shortages in the 1970s and 2000s, the current increases in feed and food 
commodities’ prices after the 2007-2008 food crisis militates for an European alimentary 
sovereignty due in particular to the impact of the increasing living standards of emerging 
countries and thus of protein-rich feedstuffs.  
Environmental, sustainability and social criteria newly incorporated into the European 
agricultural aids frame will probably push domestic oilseed production, including soybean 
and jeopardize oilseeds imports. The main driver of European livestock production and soy 
imports will also depend on the possible extension among EU-MS of the labeling of animals 
reared with GMO-free feed. 
By the different past histories of Western and Eastern parts of the EU-27, it is also to be 
expected that the soy cropping strategies, i.e. the choice between GM and non-GM soy 
cultivation, will differ between the two. The lowest sensitivity of Eastern consumers to GM 
food and cultivation could facilitate the implementation of GM soy in the Eastern part of the 
EU, while non-GM soy might develop in the Western part of the EU. Such search for a 
European “sovereignty” is in line with the development of numerous markets niches, a 
usual counterpart to a more and more standardized and global trade. 
Generally speaking, the recent initiative of the EC for establishing a LLP threshold for feed 
did not take into consideration the change of paradigm i.e. the European move from an 
“economy of offer” toward an “economy of demand” nor the difficulties to segregate food 
and feed commodities.  

7. Note added in proof 
As this chapter was in proof reading, EFSA published its final version of PMEM (EFSA 
GMO Panel, 2011) and the EC published the LLP related regulation (European Commission, 
2011). 
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1. Introduction 
World soybean production in the 2009/2010 harvest was roughly 260 million tons, and the 
major producers were the United States, Brazil and Argentina, producing 91.4, 69.0 and 57.0 
million tons, respectively (USDA, 2011). Given the significant world production of soybeans, 
quality is essential for the sectors involved in production and/or processing of this 
commodity. Quality is an important parameter for commercialization and processing of the 
grains and can affect the value of the product and its derivatives. 
During post-harvest stages, soybeans are subjected to qualitative and quantitative losses due 
to several external factors. These factors may be physical, such as temperature and 
humidity; chemical, such as oxygen supply; and biological, such as bacteria, fungi, insects 
and rodents (BROOKER et al., 1992). According to BAILEY (1974), secure storage retains the 
qualitative and quantitative aspects of the grains, creating conditions unfavorable to the 
development of insects, rodents and microorganisms. Grain storage in the natural 
environment of tropical regions, according to ABBA & LOVATO (1999), presents major 
problems as a result of the temperature and relative humidity when compared with 
temperate or cold climates. 
Soybeans are composed of roughly 20% lipids and are susceptible to qualitative 
deterioration processes via degradation of these compounds when stored improperly and 
can result in serious damage to the food industry. According to NARAYAN et al. (1988a), 
physical, chemical and biochemical alterations may occur in soybeans, depending on 
conditions and storage time. The qualitative changes of soybeans during storage contribute 
to the loss of oil and meal quality (ORTHOEFER, 1978), as well as other derivatives such as 
tofu and soymilk (NARAYAN et al. 1988b; LIU, 1997; HOU & CHANG, 1998; KONG et al., 
2008). 

2. Soybean storage 
The objective of storage is to preserve the characteristics that grains present after harvest, 
therefore it is possible to obtain and market sub-products with satisfactory quality. Vitality 
of the grains can be preserved and the grinding quality and nutritive properties of the food 
can be maintained (BROOKER et al., 1992). 
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2.1 Soybean quality during storage 
The pursuit of quality grain and sub-products should be a priority for producers, processors 
and for distributors of these products. According to BROOKER et al. (1992), the main 
characteristics that determine soybean quality are: low and uniform moisture content; low 
percentage of foreign material, discoloration, susceptibility to breakage, damage by heat 
(internal cracks), insect and fungal damage, elevated values of density, oils and protein 
concentration, and seed viability. Some factors can affect these characteristics such as the 
environmental conditions during grain formation on plants, season and harvesting system, 
drying system, techniques of storage, transport and characteristics of the species, and the 
variety. 
The grain mass is an ecological system in which deterioration is the result of interaction 
between physical, chemical and biological variables (internal and external). The rate of 
deterioration during storage depends on the rates of change of these variables, which are 
directly affected by temperature and water content, and also by their inter-relationship with 
the grain and the storage structure (SINHA & MUIR, 1973). Insects, mites, rodents and fungi 
are the main biological factors responsible for qualitative and quantitative losses in stored 
grains, where development of these organisms is influenced by environmental factors such 
as temperature and relative humidity (PADIN et al., 2002). 

2.2 Principal variations which affect quality of stored grains 
Among the many variables that affect the storability of grains and their sub-products, 
moisture content and temperature are highlighted, associated with the storage time. 
Moisture content can be considered the most important factor on the quality of stored grain. 
ACASIO (1997) suggested that grains with moisture contents greater than 13% w.b. must be 
dried to reduce risk of deterioration in the form of dry matter loss by respiration, fungi 
attack, spontaneous heat production and reduction of germination percentage. Table 1 
shows periods of safe storage for soybean with different moisture contents (BARRE, 1976 as 
cited in ACASIO, 1997). 
 

Moisture content (%) w.b. Safe storage period 
10.0 – 11.0 4 years 
10.0 –12.5 1-3 years 
12.5 – 14.0 6-9 months 
14.0 – 15.0 6 months 

Source: BARRE (1976) as cited in ACASIO (1997) 

Table 1. Safe storage period for soybeans. 

Another determinant variable in the quality of stored products is temperature. When it 
comes to storage of soybeans, temperature not only affects the development of fungi but can 
promote chemical changes such as hydrolytic and oxidative rancidity. This physical variable 
also affects the development and reproduction of insect pests, where the optimum 
temperature for most species is between 27 and 35 ºC. Soybeans with water contents 
between 14 and 14.3% w.b. and maintained at a temperature of between 5 and 8 °C can be 
stored for two years without development of fungi, while grain stored at 30 °C can be 
infected by fungi within a few weeks and severely damaged after six months of storage 
(ACASIO, 1997). It is emphasized that decision making must take into consideration the 

 
Storage of Soybeans and its Effects on Quality of Soybean Sub-Products 

 

49 

ideal conditions for grain storage, analyzing the combination of the variables of moisture 
and temperature, and not each one separately. 

2.3 Qualitative parameters of soybeans and alterations during storage 
2.3.1 Bulk density 
Bulk density of grains is defined as the ratio between mass and volume (kg m-3). This 
parameter generally increases with the decrease in moisture content of the product, except 
for coffee, paddy rice and barley (SILVA et al. 2009). It is emphasized that this trend 
depends on the percentage of damaged grains, initial moisture content, temperature reached 
during drying, final moisture content and the grain variety (BROOKER et al., 1992). Bulk 
density can be used as a qualitative indicator and the decrease in its value during storage 
may be associated with quality losses. 
ALENCAR et al. (2009) studied the effect of different combinations of moisture contents and 
temperatures on the quality of stored soybeans (Fig. 1). The authors observed that the bulk 
density remained almost constant at different combinations of moisture content and 
temperature, except for grains stored with 12.8 and 14.8% moisture content and temperature 
of 30 and 40 °C, respectively. According to the authors, the decrease in bulk density of 
stored grain with 12.8% moisture content at the temperature of 30 °C (Fig. 1A), was due to 
infestation by Plodia interpunctela and Sitotroga cerealella whose optimum conditions of 
temperature and relative humidity are 30 ºC and 75%, respectively (MBATA & OSUJI, 1983, 
MASON, 2006, HANSEN et al., 2004). On the other hand, the decrease in grains stored at 
14.8% moisture content and temperature of 40 °C (Fig. 1B), was attributed to the 
development of fungi, where a high incidence (87%) of Aspergillus glaucus was verified. 

2.3.2 Germination 
Germination can be defined as the appearance of the first visible signs of growth or root 
protrusion, and is affected by several factors, including attack by insects, fungal infection, 
temperature, moisture and damage to the grains or seeds (BLACK, 1970, as cited in AL-
YAHYA, 2001). The germination percentage has been used as an indicator of deterioration 
in different types of grains during storage. 
HUMMIL et al. (1954) studied the qualitative deterioration of wheat grain stored with 
different moisture contents and inoculated or not with fungi at different temperatures. 
These authors observed a rapid deterioration of the wheat grains stored at 18% w.b. They 
verified that the process was more pronounced at a temperature of 35 ºC. KARUNAKARAN 
et al. (2001) stored wheat with moisture contents between 15 and 19% w.b. at different 
temperatures in order to verify the time of safe storage, using the germination percentage as 
a quality standard. Results obtained for the water content of 17% w.b. at temperatures of 25, 
30 and 35 °C were equal to 15, 7 and 5 days, respectively. Qualitative deterioration of 
soybeans stored with initial moisture contents between 9.8 and 13.8% w.b. in tropical 
conditions (30 ºC and 82% RH) was simulated by Locher & Bucheli (1998). These authors 
confirmed a marked decrease in the germination percentage between 5 and 9 months of 
storage, where this behavior was more pronounced in seeds with greater initial moisture 
contents. Bhattacharya & Raha (2002) studied alterations in soybeans stored with moisture 
content of 14.0%, in the presence of different fungi species. The germination percentage of 
soybeans after 10 months of storage was zero. GUNGADURDOSS (2003), when studying the 
viability of soybean seeds under different storage conditions concluded that temperature 
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2.1 Soybean quality during storage 
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Among the many variables that affect the storability of grains and their sub-products, 
moisture content and temperature are highlighted, associated with the storage time. 
Moisture content can be considered the most important factor on the quality of stored grain. 
ACASIO (1997) suggested that grains with moisture contents greater than 13% w.b. must be 
dried to reduce risk of deterioration in the form of dry matter loss by respiration, fungi 
attack, spontaneous heat production and reduction of germination percentage. Table 1 
shows periods of safe storage for soybean with different moisture contents (BARRE, 1976 as 
cited in ACASIO, 1997). 
 

Moisture content (%) w.b. Safe storage period 
10.0 – 11.0 4 years 
10.0 –12.5 1-3 years 
12.5 – 14.0 6-9 months 
14.0 – 15.0 6 months 

Source: BARRE (1976) as cited in ACASIO (1997) 

Table 1. Safe storage period for soybeans. 

Another determinant variable in the quality of stored products is temperature. When it 
comes to storage of soybeans, temperature not only affects the development of fungi but can 
promote chemical changes such as hydrolytic and oxidative rancidity. This physical variable 
also affects the development and reproduction of insect pests, where the optimum 
temperature for most species is between 27 and 35 ºC. Soybeans with water contents 
between 14 and 14.3% w.b. and maintained at a temperature of between 5 and 8 °C can be 
stored for two years without development of fungi, while grain stored at 30 °C can be 
infected by fungi within a few weeks and severely damaged after six months of storage 
(ACASIO, 1997). It is emphasized that decision making must take into consideration the 
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ideal conditions for grain storage, analyzing the combination of the variables of moisture 
and temperature, and not each one separately. 

2.3 Qualitative parameters of soybeans and alterations during storage 
2.3.1 Bulk density 
Bulk density of grains is defined as the ratio between mass and volume (kg m-3). This 
parameter generally increases with the decrease in moisture content of the product, except 
for coffee, paddy rice and barley (SILVA et al. 2009). It is emphasized that this trend 
depends on the percentage of damaged grains, initial moisture content, temperature reached 
during drying, final moisture content and the grain variety (BROOKER et al., 1992). Bulk 
density can be used as a qualitative indicator and the decrease in its value during storage 
may be associated with quality losses. 
ALENCAR et al. (2009) studied the effect of different combinations of moisture contents and 
temperatures on the quality of stored soybeans (Fig. 1). The authors observed that the bulk 
density remained almost constant at different combinations of moisture content and 
temperature, except for grains stored with 12.8 and 14.8% moisture content and temperature 
of 30 and 40 °C, respectively. According to the authors, the decrease in bulk density of 
stored grain with 12.8% moisture content at the temperature of 30 °C (Fig. 1A), was due to 
infestation by Plodia interpunctela and Sitotroga cerealella whose optimum conditions of 
temperature and relative humidity are 30 ºC and 75%, respectively (MBATA & OSUJI, 1983, 
MASON, 2006, HANSEN et al., 2004). On the other hand, the decrease in grains stored at 
14.8% moisture content and temperature of 40 °C (Fig. 1B), was attributed to the 
development of fungi, where a high incidence (87%) of Aspergillus glaucus was verified. 

2.3.2 Germination 
Germination can be defined as the appearance of the first visible signs of growth or root 
protrusion, and is affected by several factors, including attack by insects, fungal infection, 
temperature, moisture and damage to the grains or seeds (BLACK, 1970, as cited in AL-
YAHYA, 2001). The germination percentage has been used as an indicator of deterioration 
in different types of grains during storage. 
HUMMIL et al. (1954) studied the qualitative deterioration of wheat grain stored with 
different moisture contents and inoculated or not with fungi at different temperatures. 
These authors observed a rapid deterioration of the wheat grains stored at 18% w.b. They 
verified that the process was more pronounced at a temperature of 35 ºC. KARUNAKARAN 
et al. (2001) stored wheat with moisture contents between 15 and 19% w.b. at different 
temperatures in order to verify the time of safe storage, using the germination percentage as 
a quality standard. Results obtained for the water content of 17% w.b. at temperatures of 25, 
30 and 35 °C were equal to 15, 7 and 5 days, respectively. Qualitative deterioration of 
soybeans stored with initial moisture contents between 9.8 and 13.8% w.b. in tropical 
conditions (30 ºC and 82% RH) was simulated by Locher & Bucheli (1998). These authors 
confirmed a marked decrease in the germination percentage between 5 and 9 months of 
storage, where this behavior was more pronounced in seeds with greater initial moisture 
contents. Bhattacharya & Raha (2002) studied alterations in soybeans stored with moisture 
content of 14.0%, in the presence of different fungi species. The germination percentage of 
soybeans after 10 months of storage was zero. GUNGADURDOSS (2003), when studying the 
viability of soybean seeds under different storage conditions concluded that temperature 
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Source: ALENCAR et al. (2009) 

Fig. 1. Average measurements of bulk density for soybeans stored with moisture contents of 
11.2, 12.8 and 14.8% (w.b.) at the temperatures of 20, 30 and 40 ºC. 
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was the predominant factor in maintaining the viability of soybean seeds. The effect of 
different combinations of moisture content and temperature on germination percentage of 
soybeans was evaluated by ALENCAR et al. (2008), during 180 days of storage (Fig. 2). It 
was verified that there was a decrease in the percentage of germinated grains, where this 
trend was less pronounced in grains stored with 11.2 and 12.8% moisture contents and 
temperatures of 20 °C (Fig. 2B). 
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Fig. 2. Average values of germination percentage of the soybeans with moisture contents of 
11.2, 12.8 and 14.8% (w.b.) at the temperature of 20 and 30 ºC, along the period of storage. 

2.3.3 Electrical conductivity 
According to SANTOS et al. (2004), the deterioration of grain is considered all and any 
degenerative change after the grain has reached its maximum quality, as evidenced by 
genetic damage, loss of integrity of system membranes, selective reduction of capacity, lipid 
peroxidation, leaching of solutes, changes in respiratory activity of the grains and seeds, 
changes in enzyme activity and protein synthesis, the inability to maintain the 



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

50

Storage period (days)
0 45 90 135 180

Bu
lk

 d
en

si
ty

 (k
g 

m
-3

)

580

590

600

610

620

630

640

650

660

11.2%
12.8%
14.8%

A 20 ºC

 

Storage period (days)
0 45 90 135 180

Bu
lk

 d
en

si
ty

 (k
g 

m
-3

)

580

590

600

610

620

630

640

650

660

11.2%
12.8%
14.8%

B 30 ºC

 

Storage period (days)
0 45 90 135 180

Bu
lk

 d
en

si
ty

 (k
g 

m
-3

)

580

590

600

610

620

630

640

650

660

11.2%
12.8%
14.8%

C 40 ºC

 
Source: ALENCAR et al. (2009) 

Fig. 1. Average measurements of bulk density for soybeans stored with moisture contents of 
11.2, 12.8 and 14.8% (w.b.) at the temperatures of 20, 30 and 40 ºC. 
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was the predominant factor in maintaining the viability of soybean seeds. The effect of 
different combinations of moisture content and temperature on germination percentage of 
soybeans was evaluated by ALENCAR et al. (2008), during 180 days of storage (Fig. 2). It 
was verified that there was a decrease in the percentage of germinated grains, where this 
trend was less pronounced in grains stored with 11.2 and 12.8% moisture contents and 
temperatures of 20 °C (Fig. 2B). 
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Fig. 2. Average values of germination percentage of the soybeans with moisture contents of 
11.2, 12.8 and 14.8% (w.b.) at the temperature of 20 and 30 ºC, along the period of storage. 

2.3.3 Electrical conductivity 
According to SANTOS et al. (2004), the deterioration of grain is considered all and any 
degenerative change after the grain has reached its maximum quality, as evidenced by 
genetic damage, loss of integrity of system membranes, selective reduction of capacity, lipid 
peroxidation, leaching of solutes, changes in respiratory activity of the grains and seeds, 
changes in enzyme activity and protein synthesis, the inability to maintain the 
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electrochemical gradient and loss of cellular compartmentalization and accumulation of 
toxic substances. Membrane damage is the initial event of degenerative changes in grains 
and seeds (DELOUCHE, 2006). According to HESLEHURST (1988), determination of 
electrical conductivity can be used to evaluate vigor, since the value of the conductivity is 
related to the amount of ions leached into solution, which is directly associated with cell 
membrane integrity. Poorly structured membranes and damaged cells are usually 
associated with the deterioration process of grains and seeds. Losses in germination and 
vigor in aged grains and seeds, according to LIN (1990), are correlated with increased 
electrolyte leaching, which increases with the decrease of membrane phospholipids. The 
lowest values corresponding to the lower release of exudates, indicate a high physiological 
potential (greater vigor), revealing a lower intensity of disorganization of cell membrane 
systems (VIEIRA et al., 2002).  
ALENCAR et al. (2008) used electrical conductivity as a qualitative parameter for soybeans 
stored with moisture contents of 11.2, 12.8 and 14.8%, at temperatures of 20, 30 and 40 °C for 
180 days (Table 2 and Fig. 3). In general, the authors observed a tendency for increased 
electrical conductivity during storage, where this trend was more pronounced as the 
moisture content and temperature were increased. It is reinforced that for the soybeans 
stored with 11.2 and 12.8% moisture content and temperature of 20 °C, electrical 
conductivity remained almost constant. 
 

Temperature (ºC) Moisture content 
(%) Regression equation adjusted R2 

 11.2 ŷ = 153.4  
20 12.8 ŷ = 147.1  
 14.8 ŷ = 149.4 - 0.2029X + 0.0087X2 0.89 
 11.2 ŷ = 145.4  - 0.0403X 0.91 

30 12.8 ŷ = 145.5 - 0.1477 + 0.0045X2 0.87 
 14.8 ŷ = 143.7 + 2.8360X - 0.0056X2 0.94 
 11.2 ŷ = 159.6  - 0.4581X + 0.0053X2 0.97 

40 12.8 ŷ = 175.5 +  3.768X - 1.002X2 0.88 
 14.8 ŷ = 194.2 + 4.403X - 1.530X2 0.84 

Source: ALENCAR et al. (2008) 

Table 2. Regression equations adjusted for electrical conductivity of the solution containing 
the soybeans with moisture contents of 11.2, 12.8 and 14.8% (w.b.) at temperatures of 20, 30 
and 40 ºC along the storage period (X), and respective coefficients of determination. 

2.3.4 Color of the grains 
Appearance of the grains is considered a critical and decisive factor in the 
commercialization process. The color of soybeans, according to SINCLAIR (1992), has been 
used as an indicator of quality, and discoloration is indicative of physical or chemical 
alterations, presence of metabolites or other unfavorable characteristics. According to this 
author, changes in color of the soybeans are caused mainly by microorganisms, although 
changes in climatic conditions can enhance or affect color of the grain, but is not the main 
cause of the problem. In the United States upper limits are established for the classification 
of soybeans with distinct colors of yellow that is predominant, but may be green, black,  
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Source: ALENCAR et al. (2008) 

Fig. 3. Regression curves of electrical conductivity (S cm-1 g-1) of the solution which 
contains soybeans stored with moisture contents of 11.2, 12.8 and 14.8% w.b. at the 
temperatures of 20, 30 and 40 ºC. 
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electrochemical gradient and loss of cellular compartmentalization and accumulation of 
toxic substances. Membrane damage is the initial event of degenerative changes in grains 
and seeds (DELOUCHE, 2006). According to HESLEHURST (1988), determination of 
electrical conductivity can be used to evaluate vigor, since the value of the conductivity is 
related to the amount of ions leached into solution, which is directly associated with cell 
membrane integrity. Poorly structured membranes and damaged cells are usually 
associated with the deterioration process of grains and seeds. Losses in germination and 
vigor in aged grains and seeds, according to LIN (1990), are correlated with increased 
electrolyte leaching, which increases with the decrease of membrane phospholipids. The 
lowest values corresponding to the lower release of exudates, indicate a high physiological 
potential (greater vigor), revealing a lower intensity of disorganization of cell membrane 
systems (VIEIRA et al., 2002).  
ALENCAR et al. (2008) used electrical conductivity as a qualitative parameter for soybeans 
stored with moisture contents of 11.2, 12.8 and 14.8%, at temperatures of 20, 30 and 40 °C for 
180 days (Table 2 and Fig. 3). In general, the authors observed a tendency for increased 
electrical conductivity during storage, where this trend was more pronounced as the 
moisture content and temperature were increased. It is reinforced that for the soybeans 
stored with 11.2 and 12.8% moisture content and temperature of 20 °C, electrical 
conductivity remained almost constant. 
 

Temperature (ºC) Moisture content 
(%) Regression equation adjusted R2 

 11.2 ŷ = 153.4  
20 12.8 ŷ = 147.1  
 14.8 ŷ = 149.4 - 0.2029X + 0.0087X2 0.89 
 11.2 ŷ = 145.4  - 0.0403X 0.91 

30 12.8 ŷ = 145.5 - 0.1477 + 0.0045X2 0.87 
 14.8 ŷ = 143.7 + 2.8360X - 0.0056X2 0.94 
 11.2 ŷ = 159.6  - 0.4581X + 0.0053X2 0.97 

40 12.8 ŷ = 175.5 +  3.768X - 1.002X2 0.88 
 14.8 ŷ = 194.2 + 4.403X - 1.530X2 0.84 

Source: ALENCAR et al. (2008) 

Table 2. Regression equations adjusted for electrical conductivity of the solution containing 
the soybeans with moisture contents of 11.2, 12.8 and 14.8% (w.b.) at temperatures of 20, 30 
and 40 ºC along the storage period (X), and respective coefficients of determination. 

2.3.4 Color of the grains 
Appearance of the grains is considered a critical and decisive factor in the 
commercialization process. The color of soybeans, according to SINCLAIR (1992), has been 
used as an indicator of quality, and discoloration is indicative of physical or chemical 
alterations, presence of metabolites or other unfavorable characteristics. According to this 
author, changes in color of the soybeans are caused mainly by microorganisms, although 
changes in climatic conditions can enhance or affect color of the grain, but is not the main 
cause of the problem. In the United States upper limits are established for the classification 
of soybeans with distinct colors of yellow that is predominant, but may be green, black,  
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Fig. 3. Regression curves of electrical conductivity (S cm-1 g-1) of the solution which 
contains soybeans stored with moisture contents of 11.2, 12.8 and 14.8% w.b. at the 
temperatures of 20, 30 and 40 ºC. 
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brown or bicolored (USDA, 2006). The percentage limits of grain characterized as other 
colors for soybeans in types 1, 2, 3 and 4 are 1.0, 2.0, 5.0 and 10.0%, respectively. These 
values indicate that product is of very poor quality. 
The darkening of soybeans, according to SAIO et al. (1980), is an important qualitative 
indicator of deterioration during storage, and for LIU (1997), the variation in color 
characterizes the aging of the grains and is associated with qualitative changes such as 
reducing the germination percentage. HOU & CHANG (2004) evaluated alterations in the 
color of soybeans stored with 5.4% moisture content in different conditions of temperature 
and relative humidity. These authors observed a significant darkening, according to 
variation of the Hunter coordinates, for the soybeans only when stored at 30 °C and 84% 
relative humidity (Table 3). ALENCAR et al. (2009) studied the change in color of the 
soybeans stored with moisture contents of 11.2, 12.8 and 14.8% at temperatures of 20, 30 and 
40 °C for 180 days. The authors evaluated the color difference (E), from values of Hunter L, 
a and b coordinates, and found a significant increase, where this increase is more 
pronounced when grains are stored with elevated moisture content and under increased 
temperature (Fig. 4 and Table 4). This trend of increasing color difference is directly related 
to the increase in the percentage of damaged grains, which are considered by Brazilian law 
as serious defects. The damaged grains are defined as grains or pieces of grain that present 
visible damage and have an accentuated dark brown color, affecting the cotyledon (MAPA, 
2007). Alterations in the color of soybeans can also be viewed from the aspect of soybean 
flour obtained from these grains (Fig. 5). 
 

Period (month) Hunter L value Hunter a value Hunter b value 
0 51.04±0.51ª 4.05±0.04g 15.58±0.09ª 
1 49.56±0.55c 4.22±0.15f 15.33±0.11ª 
2 50.34±0.37b 4.58±0.06e 15.38±0.11ª 
3 48.67±0.40d 4.83±0.16d 14.59±0.25 b 
4 48.38±0.09d 5.19±0.06b 14.76±0.03 b 
5 45.14±0.44e 5.53±0.07ª 12.87±0.13 c 
6 43.37±0.18f 4.81±0.07d 11.19±0.13 e 
7 45.37±0.59e 5.05±0.15c 12.53±0.22 d 
8 41.99±0.55g 4.28±0.09f 10.57±0.28 f 
9 38.97±0.94h 3.87±0.18h 8.75±0.58 g 

Values followed by the same letter in the column are not statistically different at 5% probability 
Source: HOU & CHANG (2004) 

Table 3. Color of soybeans stored at 30 ºC and 84% relative humidity. 

2.4 Soybean oil 
Soybean oil has emerged as one of the products obtained from processing of the grain, being 
one of the major products of this nature in the world market. It is most utilized to prepare 
food for humans and pets. Because of its properties it is suitable for a wide range of 
applications including use in margarines, salad oil, mayonnaise, and other food products 
(MORETTO & FETT, 1998). Virtually all soybean oil is extracted by solvent and commercial 
extraction techniques have remained unaltered since the early nineteenth century 
(ERICKSON & WIEDERMANN, 2006). Table 5 shows the main components of crude and 
refined soy oil, according to ERICKSON & WIEDERMANN (2006). 
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Fig. 4. Regression curves of the color difference of the soybeans stored with moisture 
contents of 11.2. 12.8 and 14.8% (w.b.) at the temperatures of 20, 30 and 40 ºC. 
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brown or bicolored (USDA, 2006). The percentage limits of grain characterized as other 
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Period (month) Hunter L value Hunter a value Hunter b value 
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1 49.56±0.55c 4.22±0.15f 15.33±0.11ª 
2 50.34±0.37b 4.58±0.06e 15.38±0.11ª 
3 48.67±0.40d 4.83±0.16d 14.59±0.25 b 
4 48.38±0.09d 5.19±0.06b 14.76±0.03 b 
5 45.14±0.44e 5.53±0.07ª 12.87±0.13 c 
6 43.37±0.18f 4.81±0.07d 11.19±0.13 e 
7 45.37±0.59e 5.05±0.15c 12.53±0.22 d 
8 41.99±0.55g 4.28±0.09f 10.57±0.28 f 
9 38.97±0.94h 3.87±0.18h 8.75±0.58 g 

Values followed by the same letter in the column are not statistically different at 5% probability 
Source: HOU & CHANG (2004) 

Table 3. Color of soybeans stored at 30 ºC and 84% relative humidity. 

2.4 Soybean oil 
Soybean oil has emerged as one of the products obtained from processing of the grain, being 
one of the major products of this nature in the world market. It is most utilized to prepare 
food for humans and pets. Because of its properties it is suitable for a wide range of 
applications including use in margarines, salad oil, mayonnaise, and other food products 
(MORETTO & FETT, 1998). Virtually all soybean oil is extracted by solvent and commercial 
extraction techniques have remained unaltered since the early nineteenth century 
(ERICKSON & WIEDERMANN, 2006). Table 5 shows the main components of crude and 
refined soy oil, according to ERICKSON & WIEDERMANN (2006). 
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Fig. 4. Regression curves of the color difference of the soybeans stored with moisture 
contents of 11.2. 12.8 and 14.8% (w.b.) at the temperatures of 20, 30 and 40 ºC. 
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Source: ALENCAR (2006) 

Fig. 5. Visual aspect of whole soybean flour obtained from soybeans with moisture contents 
of 11.2, 12.8 and 14.8% (w.b.) at the temperatures of 20, 30 and 40 ºC, during storage. 
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Temperature (ºC) Moisture content 
(%) Regression equation adjusted R2 

 11.2 ŷ = -0.358 + 0.0663X – 0.0002X2 0.91 
20 12.8 ŷ = -0.031 + 0.0639X – 0.0002X2 0.78 
 14.8 ŷ = 0.227 + 0.0852X – 0.0003X2 0.78 
 11.2 ŷ = -0.329 + 0.0753X – 0.0003X2 0.86 

30 12.8 ŷ = -0.202 + 0.0627X – 0.0002X2 0.91 
 14.8 ŷ = -0.619 + 0.0759X – 0.0001X2 0.92 
 11.2 ŷ = -0.169 + 0.0864X – 0.0003X2 0.95 

40 12.8 ŷ = -0.330 + 0.1020X – 0.0002X2 0.96 
 14.8 ŷ = -1.488 + 0.1972X – 0.0007X2 0.82 

Source: ALENCAR et al. (2009) 

Table 4. Regression equations adjusted for the color difference of the soybeans with 
moisture contents of 11.2, 12.8 and 14.8% (w.b.) at 20, 30 and 40 ºC during the storage period 
(X), and respective coefficients of determination. 

 
Component Crude oil Refined oil 

Triglycerides (%) 95.0 – 97.0 99.0 
Phosphatides (%) 1.5 – 2.5 0.003 – 0.045 

Unsaponifiable matter (%) 1.6 0.3 
Sterols (%) 0.33 0.13 

Tocopherols (%) 0.15 – 0.21 0.11 – 0.18 
Hydrocarbons (squalene) (%) 0.014 0.01 

Free fatty acids (%) 0.3 – 0.7 < 0.05 
Trace metals   
Iron (ppm) 1.0 – 3.0 0.1 – 0.3 

Copper (ppm) 0.03 – 0.05 0.02 – 0.06 
Source: ERICKSON & WIEDERMANN (1989) 

Table 5. Principal components of crude and refined soy oil. 

2.4.1 Qualitative parameters of oils and alterations resulting from storage conditions 
of the grains 
In all stages of oil and fat processing various analysis are needed for quality control. In the 
refining process, for example, determining the percentage of free fatty acids is necessary in 
the neutralization step, or as a qualitative indicator (O'BRIEN, 2004). Other widely used 
analyses as quantitative indices of oils and fats are: peroxide value, iodine value, color, 
saponification number, water content and others. 

2.4.1.1 Free fatty acids 

During the storage of grains, the lipid fraction is slowly hydrolyzed by water at high 
temperature (physical process) or by natural lipolytic enzymes or those produced by 
bacteria and/or fungi, contributing to the hydrolytic rancidity of the product (ARAÚJO, 
2004). Increase in the content of free fatty acids from lipids occurs by the action of lipase and 
phospholipase enzymes present in the soybeans or produced by the associated microflora, 
which contribute to the breaking of ester linkages of triglycerides (ZADERNOWSKI et al., 
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Table 5. Principal components of crude and refined soy oil. 

2.4.1 Qualitative parameters of oils and alterations resulting from storage conditions 
of the grains 
In all stages of oil and fat processing various analysis are needed for quality control. In the 
refining process, for example, determining the percentage of free fatty acids is necessary in 
the neutralization step, or as a qualitative indicator (O'BRIEN, 2004). Other widely used 
analyses as quantitative indices of oils and fats are: peroxide value, iodine value, color, 
saponification number, water content and others. 

2.4.1.1 Free fatty acids 

During the storage of grains, the lipid fraction is slowly hydrolyzed by water at high 
temperature (physical process) or by natural lipolytic enzymes or those produced by 
bacteria and/or fungi, contributing to the hydrolytic rancidity of the product (ARAÚJO, 
2004). Increase in the content of free fatty acids from lipids occurs by the action of lipase and 
phospholipase enzymes present in the soybeans or produced by the associated microflora, 
which contribute to the breaking of ester linkages of triglycerides (ZADERNOWSKI et al., 
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1999). Thus, the percentage of free fatty acids is an important indicator of quality 
throughout the processing of oils and fats. O'BRIEN (2004) stated that hydrolytic rancidity 
can affect taste, odor and other characteristics of oil. This author stresses that vegetable oils 
may present relatively high contents of free fatty acids if the grains or seeds present 
damages due to procedures in the field or incorrect storage practices, being that high values 
of free fatty acids can cause excessive losses in refining. WILSON et al. (1995) claimed the 
refining losses between 1 and 1.5% are considered normal; however, such losses may reach 
4% or more for greater levels of free fatty acids. 
Many authors have related the increase in free fatty acid percentages to storage conditions. 
The variation in percent free fatty acids in crude oil extracted from soybeans stored with 
different moisture contents was observed by FRANKEL et al. (1987). Soybeans stored with 
13% (w.b.) resulted in lower increases in the percentage of free fatty acids when compared 
with the values obtained by grains stored with 16 and 20% (w.b.) moisture content. With 
regards to the crude oil extracted from the soybeans stored at 13% (w.b.), it was verified that 
the increase in the free fatty acid percentage was from 0.2 to 1.25% after 49 days of storage; 
in the crude oil obtained from the grains stored with moisture contents of 16 and 20% w.b., 
increase was from 0.5 to 2.0% after 27 days and from 0.6 to 2.3% after 28 days, respectively. 
NARAYAN et al. (1988a) verified the increase in free fatty acid percentage in soybeans 
stored at different temperature conditions (between 16 and 40 ºC) and relative humidity 
(between 50 and 90%), obtaining average values equal to 0.69, 4.32, 5.37 and 9.85% after 12, 
24, 36 and 108 months of storage. ALENCAR et al. (2010) evaluated the effect of different 
combinations of temperature and moisture content on the percentage of free fatty acids of 
crude oil extracted from soybeans stored for 180 days. The authors adopted the grain 
moisture contents of 11.2, 12.8 and 14.8% and temperatures of 20, 30 and 40 °C (Fig. 6 and 
Table 6), and generally observed a significant increase in free fatty acid content of crude oil, 
except for the grains with moisture content of 11.2% at 20 ºC. The increasing trend in the 
percentage of free fatty acids was more pronounced as water content and temperature 
increased, and the greatest percentage of free fatty acids from crude oil was 12.5% for grain 
stored at 14 8% moisture content after 180 days. 
 

Temperature (ºC) Moisture content 
(%) Regression equation adjusted R2 

 11.2 ŷ = 0.41  
20 12.8 ŷ = 0.370 + 0.0012X 0.85 
 14.8 ŷ = 0.438 + 0.0069X 0.80 
 11.2 ŷ = 0.352 + 0.025X 0.82 

30 12.8 ŷ = 0.332 + 0.035X 0.72 
 14.8 ŷ = 0.307+ 0.0251X 0.86 
 11.2 ŷ = 0.277 + 0.0066X 0.96 

40 12.8 ŷ = 0.440 + 0.0121X 0.87 
 14.8 ŷ = -0.294 + 0.0692X 0.84 

Source: ALENCAR et al. (2010) 

Table 6. Regression equations adjusted for free fatty acids of oil extracted from soybeans 
with moisture contents of 11.2, 12.8 and 14.8% (w.b.) at the temperatures of 20, 30 and 40 ºC 
along the storage period (X), and respective coefficients of determination. 
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Source: ALENCAR et al. (2010) 

Fig. 6. Regression curves of the percentage of free fatty acids (%) of crude oil extracted from 
soybeans stored with moisture contents of 11.2, 12.8 and 14.8% (w.b.) at temperatures of 20, 
30 and 40 ºC. 
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except for the grains with moisture content of 11.2% at 20 ºC. The increasing trend in the 
percentage of free fatty acids was more pronounced as water content and temperature 
increased, and the greatest percentage of free fatty acids from crude oil was 12.5% for grain 
stored at 14 8% moisture content after 180 days. 
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Fig. 6. Regression curves of the percentage of free fatty acids (%) of crude oil extracted from 
soybeans stored with moisture contents of 11.2, 12.8 and 14.8% (w.b.) at temperatures of 20, 
30 and 40 ºC. 
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2.4.1.2 Peroxide index 

Lipid oxidation is a spontaneous and inevitable phenomenon, according to SILVA et al. 
(1999), with direct implications on the market value of either the fatty bodies, or of all the 
products formulated from them, and peroxidation is the main cause of deterioration of fatty 
bodies (lipid materials and greases). It is the main cause of deterioration of oils and fats, and 
the hydroperoxides formed from the reaction between oxygen and unsaturated fatty acids 
are the primary products. Although these compounds do not exhibit taste or odor, they are 
rapidly decomposed even at room temperature into aldehydes, ketones, alcohols, 
hydrocarbons, esters, lactones and furans, causing unpleasant taste and odor in oils and fats 
(O'BRIEN, 2004; EYS et al., 2006). Other consequences of lipid oxidation in foods are changes 
in nutritional value, functionality, and also in the integrity and safety of the product via the 
formation of potentially toxic polymer compounds (SILVA et al., 1999; ARAÚJO, 2004; NAZ 
et al., 2004; RAMALHO & JORGE, 2006). According to HOU & CHANG (2004), the 
appearance of off-flavors (unpleasant aroma and taste) in soybean products can be partially 
attributed to lipid peroxidation. 
One of the methods used to determine the degree of oxidation in fats and oils is the peroxide 
index. The peroxide index  (PI) is a measure of oxidation or rancidity in its initial phase, as 
shown in Table 7 and measures the concentration of substances (in terms of milliequivalents 
of peroxide per thousand grams of sample) which oxidize potassium iodide to iodine is 
widely used in determining the quality of oils and fats, showing good correlation with taste 
(O'BRIEN, 2004). 
 

Range Degree of oxidation 
<1 Freshness 

1< PI<5 Low oxidation 
5<PI<10 Moderate oxidation 
10<PI<20 High oxidation 

>20 Poor flavor 
Source: O'BRIEN (2004) 

Table 7. Classification of the degree of oxidation of soybean oil in accordance with the 
peroxide index (PI, meq kg-1). 

Works are encountered in literature that report the effect of different soybean storage 
conditions on the peroxide index of crude oil. NARAYAN et al. (1988a) studied the 
evolution of the peroxide index of crude oil extracted from soybeans stored at different 
temperatures and humidities. Average values observed for the peroxide index were 18, 40, 
65 and 98 meq kg-1 after 12, 24, 36 and 108 months. ALENCAR et al. (2010) evaluated the 
peroxide value in crude oil obtained from soybeans stored with moisture contents of 11.2, 
12.8 and 14.8%, at the temperatures of 20, 30 and 40 °C for 180 days. The authors verified an 
increase for all combinations of water content and temperature, where the highest values 
were obtained as the water content and temperature were increased (Table 8). 

2.4.1.3 Color of the oil 

The color and appearance of oils and fats, according to O'BRIEN (2004), are not monitored 
only due to the visual character, but also because they are related to the cost of processing 
and quality of the final product. Most oils present a reddish-yellow color as the result of the 
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Temperature 
(ºC) 

Moisture 
content (%) 

Storage period (days) 
0 45 90 135 180 

 11.2 1.51 2.17 2.87 2.81 2.68 
20 12.8 1.45 2.09 3.29 3.57 2.76 
 14.8 1.52 3.58 4.33 3.62 7.84 
 11.2 1.34 2.57 2.80 3.14 2.79 
30 12.8 1.52 2.66 2.75 3.52 2.96 
 14.8 1.48 4.25 3.51 5.89 8.09 
 11.2 1.87 2.73 3.64 6.60 7.64 
40 12.8 1.48 2.58 8.37 9.85 14.54 
 14.8 1.30 4.47 11.77 13.88 14.76 

Source: ALENCAR (2006) 

Table 8. Average values of the peroxide index of crude oil extracted from soybeans stored at 
20, 30 and 40 ºC and moisture contents of 11.2, 12.8 and 14.8% (w.b.) during storage. 

presence of carotenoids and chlorophyll. However, some crude oils may present a relatively 
high pigmentation due to damage of the raw material in the field, storage or processing 
failures; alterations in color indicate qualitative deterioration of the oil. 
Alterations in color of the crude oil obtained from soybeans stored under different 
conditions were evaluated by ALENCAR et al. (2010). In this study different combinations 
of water content (11.2, 12.8 and 14.8%) and temperature (20, 30 and 40 ºC) were obtained for 
the grains stored for 180 days, and the qualitative photometric index of the oil was analyzed. 
The authors observed a significant increase in the photometric color index for all 
combinations of water content and temperature, as for the temperature of 30 °C (Fig. 7 and 
Table 9). WILSON et al. (1995) associated an increase in the photometric color index to the 
percentage of grains damaged by fungi. It is emphasized that the degumming of crude oil 
extracted from seriously damaged grains is hampered and the refined oil is darker than that 
obtained from healthy kernels, as well as greater losses in refining (LIST et al., 1977). 
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Source: ALENCAR et al. (2010) 

Fig. 7. Regression curve of the photometric color index of crude oil extracted from soybeans 
stored with moisture contents of 11.2, 12.8 and 14.8% (w.b.) at the temperature of 30 ºC. 
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shown in Table 7 and measures the concentration of substances (in terms of milliequivalents 
of peroxide per thousand grams of sample) which oxidize potassium iodide to iodine is 
widely used in determining the quality of oils and fats, showing good correlation with taste 
(O'BRIEN, 2004). 
 

Range Degree of oxidation 
<1 Freshness 

1< PI<5 Low oxidation 
5<PI<10 Moderate oxidation 
10<PI<20 High oxidation 

>20 Poor flavor 
Source: O'BRIEN (2004) 

Table 7. Classification of the degree of oxidation of soybean oil in accordance with the 
peroxide index (PI, meq kg-1). 

Works are encountered in literature that report the effect of different soybean storage 
conditions on the peroxide index of crude oil. NARAYAN et al. (1988a) studied the 
evolution of the peroxide index of crude oil extracted from soybeans stored at different 
temperatures and humidities. Average values observed for the peroxide index were 18, 40, 
65 and 98 meq kg-1 after 12, 24, 36 and 108 months. ALENCAR et al. (2010) evaluated the 
peroxide value in crude oil obtained from soybeans stored with moisture contents of 11.2, 
12.8 and 14.8%, at the temperatures of 20, 30 and 40 °C for 180 days. The authors verified an 
increase for all combinations of water content and temperature, where the highest values 
were obtained as the water content and temperature were increased (Table 8). 

2.4.1.3 Color of the oil 

The color and appearance of oils and fats, according to O'BRIEN (2004), are not monitored 
only due to the visual character, but also because they are related to the cost of processing 
and quality of the final product. Most oils present a reddish-yellow color as the result of the 
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Temperature 
(ºC) 

Moisture 
content (%) 

Storage period (days) 
0 45 90 135 180 

 11.2 1.51 2.17 2.87 2.81 2.68 
20 12.8 1.45 2.09 3.29 3.57 2.76 
 14.8 1.52 3.58 4.33 3.62 7.84 
 11.2 1.34 2.57 2.80 3.14 2.79 
30 12.8 1.52 2.66 2.75 3.52 2.96 
 14.8 1.48 4.25 3.51 5.89 8.09 
 11.2 1.87 2.73 3.64 6.60 7.64 
40 12.8 1.48 2.58 8.37 9.85 14.54 
 14.8 1.30 4.47 11.77 13.88 14.76 

Source: ALENCAR (2006) 

Table 8. Average values of the peroxide index of crude oil extracted from soybeans stored at 
20, 30 and 40 ºC and moisture contents of 11.2, 12.8 and 14.8% (w.b.) during storage. 

presence of carotenoids and chlorophyll. However, some crude oils may present a relatively 
high pigmentation due to damage of the raw material in the field, storage or processing 
failures; alterations in color indicate qualitative deterioration of the oil. 
Alterations in color of the crude oil obtained from soybeans stored under different 
conditions were evaluated by ALENCAR et al. (2010). In this study different combinations 
of water content (11.2, 12.8 and 14.8%) and temperature (20, 30 and 40 ºC) were obtained for 
the grains stored for 180 days, and the qualitative photometric index of the oil was analyzed. 
The authors observed a significant increase in the photometric color index for all 
combinations of water content and temperature, as for the temperature of 30 °C (Fig. 7 and 
Table 9). WILSON et al. (1995) associated an increase in the photometric color index to the 
percentage of grains damaged by fungi. It is emphasized that the degumming of crude oil 
extracted from seriously damaged grains is hampered and the refined oil is darker than that 
obtained from healthy kernels, as well as greater losses in refining (LIST et al., 1977). 
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Fig. 7. Regression curve of the photometric color index of crude oil extracted from soybeans 
stored with moisture contents of 11.2, 12.8 and 14.8% (w.b.) at the temperature of 30 ºC. 
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Temperature (ºC) Moisture content 
(%) Regression equation adjusted R2 

 11.2 ŷ = 1.41 + 0.0138X 0.46 
30 12.8 ŷ = 1.46 – 0.0067X + 0.00024X2 0.74 

 14.8 ŷ = 2.40 – 0.0007X + 0.00033X2 0.85 
Source: ALENCAR et al. (2010) 

Table 9. Regression equations adjusted for the photometric color index of the oil extracted 
from the soybeans with moisture contents of 11.2, 12.8 and 14.8% (w.b.) at the temperature 
of 30 ºC during the storage period (X), and respective coefficients of determination. 

2.5 Effects of different storage conditions on the quality of other sub-products 
derived from soybeans 
The quality of soybeans can also influence the qualitative parameters of other sub-products, 
including soymilk and tofu. SAIO et al. (1980) evaluated qualitative parameters of soymilk 
and tofu made from soybeans stored with a moisture content of 10.61%, and different 
combinations of temperature (15, 25 and 35 ºC) and relative humidity (60 and 90%) during 
180 days. The authors verified, resulting from the storage conditions adopted, significant 
changes in color and pH of the soymilk and hardness of tofu. The physicochemical quality 
of tofu, obtained from soybeans stored at temperatures of 3-4, 20 and 30 ºC and relative 
humidities of 86.0, 57.0 and 84.0%, respectively, was assessed by HOU & CHANG (2004). 
For grains stored at 30 ºC and relative humidity of 84.0%, the authors observed a reduction 
in yield (512g/100g of grains at time zero to 71g/100 g of grains after 7 months of storage) 
and alterations in texture with increasing hardness and color (Table 10). ACHOURI et al. 
(2008) evaluated the quality of the soymilk obtained from soybeans stored for 10 months at 
18 ºC and 50% relative humidity. Under these storage conditions the authors observed no 
significant change in the water uptake factor and pH of the soymilk, but there was 
significant variation in color and total volatiles. KONG et al. (2008) evaluated the 
physicochemical quality of soymilk and tofu made from soybeans stored with moisture 
contents between 6 and 14% in different combinations of temperature (40 to 50 °C) and 
humidity (55 to 80%). For the soymilk a decrease in pH and protein content was verified, 
this tendency being more accentuated as temperature and relative humidity increased. 
Reduction in the pH of the soymilk was observed for the soybeans stored under 
temperatures between 22 and 50 ºC and relative humidity between 55.0 and 80.0%. It is 
highlighted that the protein content of the soymilk reduced by 24.0% in grains stored for 10 
months at 40 ºC. With regards to tofu, KONG et al. (2008) observed a significant reduction in 
yield for grains stored at 30 and 40 °C, as well as alterations in texture and color of the 
product. Also according to these authors, there is a strong relationship between the color of 
the grains and tofu, with respect to the Hunter (L, a and b) coordinates, as shown in  
Table 11. 

3. Conclusion 
The combination of high grain moisture and temperature during soybean storage 
accelerates the deterioration process of the sub-products of soybean. Proposed preventive 
measures of post-harvest handling to reduce risks of quality loss in soybean grains and sub-
products are: store soybean grains with moisture content up to 15% (w.b.) at 20 ºC without 
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Period (month) Hunter L value Hunter a value Hunter b value 
0 87.13±0.37ª -0.50±0.17e 13.57±0.26b 
1 87.30±0.05a -0.31±0.03e 13.57±0.09b 
2 85.20±0.18b 0.50±0.25d 13.36±0.09b 
3 85.13±0.12b 0.71±0.10d 13.95±0.13b 
4 84.09±0.41c 1.06±0.17c 13.11±0.23b 
5 83.60±0.41d 1.04±0.04c 12.63±0.25c 
6 82.30±0.22e 1.71±0.06b 12.97±0.23bc 
7 70.14±0.49f 4.56±0.12a 15.90±0.04a 

Values followed by the same letter in the column do not differ statistically at 5% probability 
Source: HOU & CHANG (2004) 

Table 10. Tofu color obtained from soybeans stored at 30 ºC and 84% relative humidity. 

 
Coordinate Adjusted equations R2 

L ŷ = 19.275 + 1.1084X 0.623 
a ŷ = 9.0894 + 1.3217X 0.546 
b ŷ = 9.929 + 0.4453X 0.125 

Source: KONG et al. (2008) 

Table 11. Regression equations which relate the Hunter L, a and b coordinates of tofu (y) 
and soybean grains (X). 

risk of deterioration up to 180 days; in regions with temperatures around 30 ºC, store 
soybean with moisture content up to 13% (w.b.); do not store soybean with moisture content 
above 11% (w.b.) in regions where the grain mass temperature can reach 40 ºC with the risk 
of accelerating deterioration of grains and sub-products. 
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1. Introduction 
Soybean (Glycine max) is an industrial crop extensively cultivated for its oil and protein 
content. The global demand for soybean has increased dramatically over the last few years. 
Since the application of high hydrostatic pressure (HHP) to different food systems in the late 
1800s (Bridgman, 1914), many researchers today are again applying this promising 
technology to the processing of foods. There is increasing worldwide interest in the use of 
HHP because of the advantages of this technology over other methods of processing and 
preservation. HHP offers homogeneity of treatment at every point in the product due to the 
fact the applied pressure is instantaneously and uniformly distributed within the HHP 
chamber. Therefore, processing time is not a function of sample size. Important advantages 
in using this technology are (1) significant or total inactivation of microorganisms (Knorr, 
1993), and (2) better functional and nutritional retention of ingredients in the processed 
products, with improved food quality parameters (Hayashi, 1989). In addition, there is 
significant energy economy in comparison to thermal stabilization techniques, because once 
the desired pressure is reached, it can be maintained without the need for further energy 
input. Recently, processing of foods with HHP and low to moderate temperatures (less than 
70 °C) was introduced as an alternative to thermal preservation. However, it was not until 
the late 1980s that researchers began investigating ways to commercialize high pressure 
treatment of foods (Hayashi, 1989).  
The main uses of soybeans can be categorized into three groups: industrial, human food and 
livestock feed. Soybeans for human consumption are processed in many forms. Of major 
importance in Asian countries are soy foods such as tofu, soy sauce, miso, soy sprouts, and 
soymilk. These soy foods were recently introduced to the American market as were soy 
flour and soymilk previously. Soy flour is often mixed with other flours to increase the 
protein content, and soymilk provides an alternative source of protein for people allergic to 
the protein in cow’s milk (Riaz, 1988). In addition to its versatility, the soybean is a 
commodity of unique chemical composition. On a mean dry matter basis, soybeans contain 
about 40% protein and 20% oil. Soybeans contains the highest protein content among food 
crops, and are second highest with respect to oil content among all the food legumes. Thus, 
the composition of soy products range in protein content from about 40% for full-fat flours 
to 95% or more for protein isolates (Wolf & Cowan, 1975). 
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protein content, and soymilk provides an alternative source of protein for people allergic to 
the protein in cow’s milk (Riaz, 1988). In addition to its versatility, the soybean is a 
commodity of unique chemical composition. On a mean dry matter basis, soybeans contain 
about 40% protein and 20% oil. Soybeans contains the highest protein content among food 
crops, and are second highest with respect to oil content among all the food legumes. Thus, 
the composition of soy products range in protein content from about 40% for full-fat flours 
to 95% or more for protein isolates (Wolf & Cowan, 1975). 
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2. High pressure processing of soybean 
Due to the great variety of foods obtained from soybeans, different processing methods are 
required. Traditional methods include two types of processes: (1) fermentation, which uses 
fungi to produce fermented products; and (2) soaking and grinding of the soybeans to make 
bean curd and soymilk. During fermentation, protein is digested into peptides and later into 
amino acids for increasing digestibility of protein by the human body. Soaking and grinding 
are usually combined with thermal treatment to inactivate biologically active compounds 
such as trypsin inhibitors, lipoxygenase, and hemagglutinins, while increasing digestibility 
of proteins. In addition, thermal treatment (continued steaming) helps to diminish the 
characteristic beany flavor of raw soy products due to the volatilization of monocarbonyl 
compounds, which results from oxidation of fatty acids by the enzyme lipoxygenase. 
However, excessive heating may destroy certain amino acids that are sensitive to heat such 
as lysine, with losses of possibly more than 50% (Estrada-Giron et al., 2005). 
 Until recently, little research was being done on the effects of HHP on soybean grains and 
their sub-products. This is because of the recent interest in the use of HHP as a potential 
technology to improve the quality of cereals and textured products. These studies include 
reduction in the microbial population of soymilk curd, commonly known as tofu, to obtain a 
product with longer shelf life and to avoid secondary contamination. The solubilization of 
protein from whole soybean grains subjected to different treatments of pressure, time, and 
temperature was also reported. Additional information is available in a more extensive 
context about the effects of this technology on the inactivation of pure soybean lipoxygenase 
and lipoxygenase from some legumes (Estrada-Giron et al., 2005). 

2.1 Microbial inactivation 
The effects of high hydrostatic pressure on microbial inactivation depend on several factors 
such as type of microorganism, extent and duration of the high pressure treatment, 
temperature, and composition of suspension media or food. Therefore, suitable pressure 
treatment should be applied taking into account these factors to assure microbial 
inactivation of pathogenic, spoilage, and vegetative cells present in foods. Prestamo et al. 
(2000) reported that the microbial population of tofu pressurized at 400 MPa and 5 °C for 5, 
30, and 45 min decreases from an initial microorganism count of 5.54104 cfu/g to 0.31, 1.56, 
or 2.38 log units, respectively. Prestamo et al. (2000) also postulated that the effectiveness of 
HHP treatment to reduce microbial population at 400 MPa largely depends on the exposure 
time (Fig. 1). In the same study, after HHP  treatment of tofu, psycrotrophs were reduced 2 
log units from an initial population of 1103 cfu/g. Mesophilic microorganisms were 
reduced 1 log unit from an initial number of 1.6103 cfu/g, whereas yeast and molds 
decreased from an initial population of 2.64103 cfu/g to 1102 cfu/g. Other microorganisms 
such as Pseudomonadaceae, Salmonella, and Gram-negative bacteria (confirmed before HHP 
treatment) were not detected after HHP treatment of tofu. Yersenia enterocolitica and Listeria 
monocytogenes, which are more resistant to high pressure, were not found before and after 
HHP treatment. Hafnia halvei and Bacillus cereus remained active after high pressure 
treatment of tofu. 
In addition to temperature and the extent and duration of high pressure treatment, a factor 
that significantly influences the effectiveness of HHP treatment on the inactivation and 
consequently the reduction in microbial population is the medium composition in which 
microorganisms are dispersed. 

 
High Pressure Treatments of Soybean and Soybean Products 69 

 
Fig. 1. Viable aerobic mesophilic population in tofu after treatment at 400 MPa and 5 °C for 
5, 30, and 45 min (from Prestamo et al., 2000). 

Food constituents such as sucrose, fructose, glucose, and salts affect the baro-resistance of 
microorganisms present in food (Oxen & Knorr, 1993). This effect is often observed since 
food constituents appear to protect microorganisms from the effects of high pressure. 
Therefore, a non-nutritive solution can reduce the microorganism’s baro-tolerance. The 
presence of microorganisms such as Hafnia halvei and Bacillus cereus that remained active 
after HHP treatment could explain the baro-protective effect that food components exert 
over the extent on microbial reduction (Prestamo et al., 2000). 

2.2 Proteins 
Unlike allergenic proteins in cereals such as rice, soybeans contain a large number of 
proteins with important functional properties (Wolf & Cowan, 1975). Eighty percent of the 
proteins in soybeans are glycinin and β- and γ-conglycinin, which are globular salt-soluble 
proteins. On the basis of their sedimentation constants at pH 7.6 and ionic strength buffer of 
0.5, the globulins are characterized as 11S or glycinin and 7S or β- and γ-conglycinin 
(Fukushima, 1991), with other less abundant globulins including 2S or α-conglycinin, 9S 
globulins, and 15S globulins. Functional properties associated with these kinds of soybean 
proteins: 
1. Hydration properties such as swelling, solubility, and viscosity. 
2. Protein–protein interactions resulting in precipitation and gelling. 
3. Interfacial properties identified as surface tension and related foam/emulsion stability 

(Utsumi et al., 1998). 
Therefore, the method of processing intact soybeans is important since the retention of 
proteins in the soybean seed is of special interest because of the high-quality vegetable 
protein, which also contains most of the essential amino acids (Steinke et al., 1992). When 
soybeans are immersed in hot water at 50–60 °C for 1 h, a considerable amount of protein 
solubilized from the soybean seeds is released to the surrounding water (Asano et al., 1989). 
Later studies identified these solubilized proteins as 7S globulins, which accounted for 
about 3% of the total protein in mature soybean seeds (Hirano et al., 1992). 
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Fig. 1. Viable aerobic mesophilic population in tofu after treatment at 400 MPa and 5 °C for 
5, 30, and 45 min (from Prestamo et al., 2000). 

Food constituents such as sucrose, fructose, glucose, and salts affect the baro-resistance of 
microorganisms present in food (Oxen & Knorr, 1993). This effect is often observed since 
food constituents appear to protect microorganisms from the effects of high pressure. 
Therefore, a non-nutritive solution can reduce the microorganism’s baro-tolerance. The 
presence of microorganisms such as Hafnia halvei and Bacillus cereus that remained active 
after HHP treatment could explain the baro-protective effect that food components exert 
over the extent on microbial reduction (Prestamo et al., 2000). 

2.2 Proteins 
Unlike allergenic proteins in cereals such as rice, soybeans contain a large number of 
proteins with important functional properties (Wolf & Cowan, 1975). Eighty percent of the 
proteins in soybeans are glycinin and β- and γ-conglycinin, which are globular salt-soluble 
proteins. On the basis of their sedimentation constants at pH 7.6 and ionic strength buffer of 
0.5, the globulins are characterized as 11S or glycinin and 7S or β- and γ-conglycinin 
(Fukushima, 1991), with other less abundant globulins including 2S or α-conglycinin, 9S 
globulins, and 15S globulins. Functional properties associated with these kinds of soybean 
proteins: 
1. Hydration properties such as swelling, solubility, and viscosity. 
2. Protein–protein interactions resulting in precipitation and gelling. 
3. Interfacial properties identified as surface tension and related foam/emulsion stability 

(Utsumi et al., 1998). 
Therefore, the method of processing intact soybeans is important since the retention of 
proteins in the soybean seed is of special interest because of the high-quality vegetable 
protein, which also contains most of the essential amino acids (Steinke et al., 1992). When 
soybeans are immersed in hot water at 50–60 °C for 1 h, a considerable amount of protein 
solubilized from the soybean seeds is released to the surrounding water (Asano et al., 1989). 
Later studies identified these solubilized proteins as 7S globulins, which accounted for 
about 3% of the total protein in mature soybean seeds (Hirano et al., 1992). 
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In soybean seeds immersed in distilled water and treated at 300 MPa and 20 °C for 0–180 
min, the solubilized proteins accounted for 0.5–2.5% of the total seed proteins. No apparent 
changes in shape, color, and size between treated and untreated soybeans were reported. 
The solubility of protein in surrounding water increased with increasing pressure, reaching 
a maximum value at 400 MPa (Fig. 2). Similar to what occurs when heat treatment is 
applied, SDS-PAGE patterns of high pressure treated seeds exhibited solubilization of 7S 
globulin, consisting of 27 and 16 KDa bands with staining intensity increasing as pressure 
increased to 400 MPa. The increase in staining intensity is indicative of the amount of release 
protein; thus, at higher intensity larger amounts of protein are released. At 700 MPa, 11S 
glycinin and 2S β-conglycinin also increased their staining intensity (Omi et al., 1996). 

 

 
Fig. 2. Effect of high-pressure treatment on the release of proteins from soybean seeds. 
Water-immersed soybean seeds were pressurized at (A) 0-700 MPa and 20 °C for 25 min and 
at (B) 300 MPa and 20 °C for 0-180 min (From Omi et al., 1996). 

2.3 Enzymes 
At present, research regarding the inactivation of enzymes in intact grains and their sub-
products is scarce. However, it is well known that high pressure modifies the activities of a 
whole range of unwanted food enzymes, which can result in a reduction in food quality or 
cause spoilage during storage. Recent investigations have reported the effect of combined 
pressure and temperature on soybean lipoxygenase. Lipoxygenase is one of the main anti-
nutritional factors in soybean processing, which is also known to occur in other legume 
seeds, some cereal grains, and oil seeds. At least three types of lipoxygenase are well 
identified in soybeans as lipoxygenase I, II, and III. These enzymes catalyze the oxidation of 
unsaturated fatty acids in the presence of molecular oxygen. The presence of lipoxygenase 
can have detrimental effects on foods, for example: 
1. Degradation of the essential fatty acids linoleic, linolenic, and arachidonic acid to yield 

fatty acid hydroperoxides. 
2. Degradation of formed hydroperoxides, resulting in the formation of volatile 

compounds such as aldehydes, ketones, and alcohols, which cause the development of 
off-flavors. 

3. Production of free radicals that can damage other compounds, including vitamins and 
proteins (Whitaker, 1972). 
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In soybean products, off-flavor development is highly dependent on the action of 
lipoxygenase since subsequent decomposition of the resulting hydroperoxides yields 
especially rancid flavor and beany aroma. Nevertheless, lipoxygenase is sensitive to heat 
and is destroyed at 82 °C when processed for 15 min (Baker & Mustakas, 1972). It is well 
known that thermal processing methods reduce considerably or completely inactivate 
unwanted enzyme activity, which limits or largely determines the conditions of storage 
needed to extend shelf life of food products. Although the behavior of enzymes under the 
influence of heat has been extensively studied, the effects of HHP treatment on enzyme 
inactivation are not clearly understood.  
 

P/T treatment (MPa/ºC) Total time (min) Cycling time Activity retention 
350/40 40 1×40 0.709 
350/40 40 4×10 0.314 
400/35 40 4×10 0.324 
400/40 40 4×10 0.300 
450/40 40 1×40 0.481 
475/10 40 1×40 0.652 
475/25 60 4×15 0.160 
475/30 60 4×15 0.373 
500/15 30 1×30 0.367 
500/15 30 3×10 0.018 
525/25 20 1×20 0.099 
525/25 20 2×10 0.110 

Adapted from Ludikhuyze et al. (1998a).  

Table 1. Influence of multi-cycling on the inactivation of lipoxygenase in Tris–HCl at pH 9 

Thermal inactivation of enzymes at atmospheric pressure occurs in the temperature range 
60–70 °C. In contrast, pressure–temperature inactivation occurs in the pressure range 50–650 
MPa at temperatures between 10 and 64 °C. Also, depending on the objectives of the 
research, pressure treatment may be applied in a single cycle or multi-cycles. Multi-cycling 
is the multiple application of pressure alone or in combination with temperature for the 
same total treatment time but with various numbers of cycles. Ludikhuyze et al. (1998a) 
reported the multi-cycling application of pressure to inactivate lipoxygenase. These authors 
found that in the pressure range 350–525 MPa and thermal treatment at 10–40 °C, the use of 
multi-cycles exerted an additional inactivation effect on lipoxygenase, compared to single 
cycle treatments (Table 1). Furthermore, temperature treatments at 10 °C caused an 
enhanced inactivation of lipoxygenase because the temperature inside the vessel dropped 
below zero upon depressurization.  
In crude green bean extract, irreversible lipoxygenase inactivation was reported in the 
temperature range 55–70 °C at ambient pressure, whereas at room temperature, pressures 
around 500 MPa were required to inactivate lipoxygenase. High pressure treatment at 200 
MPa and 50 °C resulted in 10% inactivation, while at least 50%, lipoxygenase inactivation 
occurred at pressures greater than 500 MPa and thermal treatment between 10 and 30 °C 
(Indrawati et al., 1999). The effect of HHP on enzyme inactivation in food systems is 
different compared to its effects on pure components dissolved in buffer solutions. As an 
example, solutions of commercial soybean lipoxygenase type I (100 mg/ml) dissolved in 0.2 
M citrate-phosphate (pH range of 4.0–9.0) and 0.2 M Tris buffer (pH range of 6.0–9.0) were 
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products is scarce. However, it is well known that high pressure modifies the activities of a 
whole range of unwanted food enzymes, which can result in a reduction in food quality or 
cause spoilage during storage. Recent investigations have reported the effect of combined 
pressure and temperature on soybean lipoxygenase. Lipoxygenase is one of the main anti-
nutritional factors in soybean processing, which is also known to occur in other legume 
seeds, some cereal grains, and oil seeds. At least three types of lipoxygenase are well 
identified in soybeans as lipoxygenase I, II, and III. These enzymes catalyze the oxidation of 
unsaturated fatty acids in the presence of molecular oxygen. The presence of lipoxygenase 
can have detrimental effects on foods, for example: 
1. Degradation of the essential fatty acids linoleic, linolenic, and arachidonic acid to yield 

fatty acid hydroperoxides. 
2. Degradation of formed hydroperoxides, resulting in the formation of volatile 

compounds such as aldehydes, ketones, and alcohols, which cause the development of 
off-flavors. 

3. Production of free radicals that can damage other compounds, including vitamins and 
proteins (Whitaker, 1972). 
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especially rancid flavor and beany aroma. Nevertheless, lipoxygenase is sensitive to heat 
and is destroyed at 82 °C when processed for 15 min (Baker & Mustakas, 1972). It is well 
known that thermal processing methods reduce considerably or completely inactivate 
unwanted enzyme activity, which limits or largely determines the conditions of storage 
needed to extend shelf life of food products. Although the behavior of enzymes under the 
influence of heat has been extensively studied, the effects of HHP treatment on enzyme 
inactivation are not clearly understood.  
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500/15 30 3×10 0.018 
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Adapted from Ludikhuyze et al. (1998a).  

Table 1. Influence of multi-cycling on the inactivation of lipoxygenase in Tris–HCl at pH 9 

Thermal inactivation of enzymes at atmospheric pressure occurs in the temperature range 
60–70 °C. In contrast, pressure–temperature inactivation occurs in the pressure range 50–650 
MPa at temperatures between 10 and 64 °C. Also, depending on the objectives of the 
research, pressure treatment may be applied in a single cycle or multi-cycles. Multi-cycling 
is the multiple application of pressure alone or in combination with temperature for the 
same total treatment time but with various numbers of cycles. Ludikhuyze et al. (1998a) 
reported the multi-cycling application of pressure to inactivate lipoxygenase. These authors 
found that in the pressure range 350–525 MPa and thermal treatment at 10–40 °C, the use of 
multi-cycles exerted an additional inactivation effect on lipoxygenase, compared to single 
cycle treatments (Table 1). Furthermore, temperature treatments at 10 °C caused an 
enhanced inactivation of lipoxygenase because the temperature inside the vessel dropped 
below zero upon depressurization.  
In crude green bean extract, irreversible lipoxygenase inactivation was reported in the 
temperature range 55–70 °C at ambient pressure, whereas at room temperature, pressures 
around 500 MPa were required to inactivate lipoxygenase. High pressure treatment at 200 
MPa and 50 °C resulted in 10% inactivation, while at least 50%, lipoxygenase inactivation 
occurred at pressures greater than 500 MPa and thermal treatment between 10 and 30 °C 
(Indrawati et al., 1999). The effect of HHP on enzyme inactivation in food systems is 
different compared to its effects on pure components dissolved in buffer solutions. As an 
example, solutions of commercial soybean lipoxygenase type I (100 mg/ml) dissolved in 0.2 
M citrate-phosphate (pH range of 4.0–9.0) and 0.2 M Tris buffer (pH range of 6.0–9.0) were 
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subjected to pressures of 0.1, 200, 400, and 600 MPa for 20 min. Under these conditions, 
lipoxygenase in citrate-phosphate buffer lost more than 80% of its activity at alkaline pH, 
whereas it was completely inactivated at acidic conditions and pressure treatment of 400 
and 600 MPa (Tangwongchai et al., 2000). In Tris buffer, lipoxygenase activity was 
significantly inactivated at pH 9.0 and 400 MPa and lost all activity at 600 MPa and all pH 
values. Similar results were observed by Seyderhelm et al. (1996) who reported that 
lipoxygenase in Tris buffer pH 7.0 was completely inactivated at 600 MPa and temperatures 
45 and 50 °C for 10 min and 5–10 min, respectively. 

3. Effect of HHP on technological properties of tofu 
Tofu with 0, 2.5 or 5% trehalose was pressurized at 100–686 MPa and approximately -20 °C 
for 60 min to determine changes in temperature and sensory evaluation of high-pressure-
frozen tofu as affected by trehalose.  
 

 
Fig. 3. Cryo-scanning electron micrographs of tofu frozen at high pressure. Tofu was 
pressurized at 100–686 MPa and approximately −20 °C for 60 min. After decompression, it 
was left in the pressure medium for 30 min then thawed at 20 °C. Control: unfrozen tofu 
(From Fuchigami et al., 2002). 
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Tofu froze during pressurization at 100 or 686 MPa; conversely, tofu did not freeze between 
200 and 600 MPa and -20 °C, but it froze rapidly when the pressure was released. It was 
found that tofu frozen at 0.1, 100 or 686 MPa had larger ice crystals and was firmer (less like 
unfrozen tofu) than tofu frozen at 200–600 MPa. In the sensory evaluation, results showed 
that mouth feel (texture. of tofu frozen at 400 MPa) was more like the control when 2.5% 
trehalose was added (Fuchigami et al., 2002). 
The micro structure of the tofu gel network high pressure frozen at 686 MPa was compared 
with untreated tofu (Fig. 3). Tofu (0% trehalose) frozen at 0.1–500 MPa maintained a 
comparatively coarse network (data not shown), but tofu gel frozen at 686 MPa was 
compressed. Compression of the protein gel network might have occurred above 600–686 
MPa; however, the gel network in tofu frozen at 686 MPa became coarse with the addition of 
trehalose. This indicates that trehalose with high-pressure-freezing appears to protect 
against compression (effects of concentration of protein and coagulants on frozen tofu) 
(Fuchigami et al., 2002). 

4. High pressure inactivation of soybean lipoxygenase 
The high pressure inactivation of lipoxygenase in soy milk and crude soybean extract was 
studied in the pressure range 0.1–650 MPa with temperature varying from 5 to 60 °C.  
 

T (ºC) Soy milk Crude soybean extract 
63 0.55 ± 0.02a 0.68 ± 0.03 
 r2 = 0.993 r2 = 0.995 

65 1.35 ± 0.05 1.54 ± 0.05 
 r2 = 0.995 r2 = 0.996 

67 3.57 ± 0.09 4.31 ± 0.12 
 r2 = 0.998 r2 = 0.997 

69 13.25 ± 0.50 14.43 ± 0.42 
 r2 = 0.994 r2 = 0.997 

71 47.72 ± 4.64 53.40 ± 2.74 
 r2 = 0.972 r2 = 0.987 

Ea (kJ/mol) 538.78 ± 29.04 526.94 ± 29.54 
 r2 = 0.991 r2 = 0.991 

a Standard error. (From Wang et al., 2008). 

Table 2. Estimated inactivation rate constants (10-2 min-1) for the isothermal inactivation of 
lipoxygenase in soy milk and in crude soybean extract 

For both systems, the isobaric–isothermal inactivation of lipoxygenase was irreversible and 
followed a first-order reaction at all pressure–temperature combinations tested. In the entire 
pressure–temperature area studied, the lipoxygenase inactivation rate constants increased 
with increasing pressure at constant temperature for both systems; the rate constants were 
somewhat smaller in soy milk system than in crude soybean extract. At constant elevated 
pressure, lipoxygenase exhibited the greatest stability around 20 °C in both systems, 
indicating that the Arrhenius equation was not valid over the entire temperature range. For 
both systems, the temperature dependence of the lipoxygenase inactivation rate constants at 
high temperature decreased with increasing pressure, while the highest sensitivity of the 
lipoxygenase inactivation rate constants to pressure was observed at about 30 °C. The 
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that mouth feel (texture. of tofu frozen at 400 MPa) was more like the control when 2.5% 
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The micro structure of the tofu gel network high pressure frozen at 686 MPa was compared 
with untreated tofu (Fig. 3). Tofu (0% trehalose) frozen at 0.1–500 MPa maintained a 
comparatively coarse network (data not shown), but tofu gel frozen at 686 MPa was 
compressed. Compression of the protein gel network might have occurred above 600–686 
MPa; however, the gel network in tofu frozen at 686 MPa became coarse with the addition of 
trehalose. This indicates that trehalose with high-pressure-freezing appears to protect 
against compression (effects of concentration of protein and coagulants on frozen tofu) 
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both systems, the temperature dependence of the lipoxygenase inactivation rate constants at 
high temperature decreased with increasing pressure, while the highest sensitivity of the 
lipoxygenase inactivation rate constants to pressure was observed at about 30 °C. The 
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pressure–temperature dependence of the lipoxygenase inactivation rate constants was 
successfully described either using an empirical mathematical model or using a 
thermodynamic kinetic model for both systems. On a kinetic basis, neither the reaction order 
of inactivation nor the pressure and temperature sensitivities of the inactivation rate 
constants were influenced by the different levels of food complexity between the two 
systems (Wang et al., 2008). 
In 63 to 71 °C temperature range, isothermal inactivation of soybean lipoxygenase followed 
first-order kinetics, allowing inactivation rate constants (k) to be determined from plots of  
the natural logarithm of relative residual activity, as a function of inactivation time. The 
estimated k values, together with standard errors and regression coefficients, are 
summarized in Table 2. Over the entire temperature domain studied, lipoxygenase was less 
thermostable in crude soybean extract than in soy milk and the temperature sensitivity of 
the rate constants for lipoxygenase inactivation in both systems could be estimated using the 
Arrhenius relation (Wang et al., 2008). First-order kinetics for thermal inactivation of 
soybean lipoxygenase has been frequently reported in the literature (Indrawati et al., 1999; 
Ludikhuyze et al., 1998b). Ludikhuyze et al. (1998a, 1998c) investigated the thermal 
inactivation kinetics of commercial soybean lipoxygenase in Tris–HCl buffer (0.01 M, pH 9) 
at two different concentrations (0.4 and 5 mg/ml) over the temperature range 60–70 °C 
(Table 3). 
 

T (ºC) Lipoxygenase concentration 
 0.4 mg/mlb 5 mg/mlc 

60  2.09 ± 0.13 
  r2 = 0.978 

62 2.02 ± 0.09a 4.86 ± 0.21 
 r2 = 0.987 r2 = 0.991 

64 4.94 ± 0.16 10.8 ± 0.61 
 r2 = 0.993 r2 = 0.984 

66 9.18 ± 0.32 29.1 ± 3.37 
 r2 = 0.992 r2 = 0.949 

68 15.5 ± 0.52  
 r2 = 0.992  

Ea (kJ/mol) 319.8 ± 27.3 408.2 ± 14.7 
 r2 = 0.986 r2 = 0.997 

a Standard error. b Ludikhuyze et al. (1998c). c Ludikhuyze et al. (1998a). (From Wang et al., 2008). 

Table 3. Inactivation rate constants (10-2 min-1) for the isothermal inactivation of 
commercial soybean lipoxygenase in 0.01 M, pH 9 Tris–HCl buffer 

Lipoxygenase in soy milk or in crude soybean extract exhibited a higher thermal stability 
with the corresponding smaller inactivation rate constants. The two activation energy values 
derived from the plots of the natural logarithm of inactivation rate constants, as a function 
of the reciprocal of the absolute temperature were larger, pointing to higher temperature 
sensitivity of the k values. Likewise, kinetic inactivation of lipoxygenase from many 
different sources, such as green peas, green beans, potatoes, asparagus, wheat germ, and 
germinated barley, have also been studied (Bhirud & Sosulski, 1993; Ganthavorn et al., 1991; 
Guenes & Bayindirli, 1993; Hugues et al., 1994; Indrawati et al., 1999; Park et al., 1988; 
Svensson & Eriksson, 1974). Indrawati et al. (1999) reported that thermal inactivation of 
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lipoxygenase in green bean juice could be described by a two-fraction first-order 
inactivation model, referring to the existence of two fractions (isozymes) with different 
thermal stability. However, in their study, this phenomenon was not observed. 
 Van Loey et al. (1999) studies soybean lipoxygenase inactivation [0.4 mg/mL in Tris-HCl 
buffer (0.01 M, pH 9)] quantitatively under constant pressure (up to 650 MPa) and 
temperature (-15 to 68 °C) conditions and kinetically characterized by rate constants, 
activation energies, and activation volumes. The irreversible lipoxygenase inactivation 
followed a first-order reaction at all pressure-temperature combinations tested. In the entire 
pressure-temperature area studied, LOX inactivation rate constants increased with 
increasing pressure at constant temperature. On the contrary, at constant pressure, the 
inactivation rate constants showed a minimum around 30 °C and could be increased by 
either a temperature increase or decrease. On the basis of the calculated rate constants at 102 
pressure temperature combinations, an iso-rate contour diagram was constructed as a 
function of pressure and temperature. The pressure-temperature dependence of the LOX 
inactivation rate constants was described successfully using a modified kinetic model (Van 
Loey et al., 1999) 

5. Immunoreactivity and nutritional quality of soybean products 
Penas et al. (2011) reported that sprouts obtained from HHP-treated soybean seeds 
demonstrated an important reduction in immune-reactivity. Furthermore, they were a good 
source of proteins and essential amino acids, with Met and Cys corresponding to the 
limiting amino acids, as indicated by the chemical score (CS), and a high essential amino 
acid index (EAAI) (Table 4). These results suggested that HHP could constitute an important 
technological approach for the industrial production of hypoallergenic and nutritive 
soybean sprouts. 
 The HHP treatment of raw seeds (PRS) produced lower Gly and Cys levels than raw seeds 
(RS), while no significant differences (P ≤ 0.05) were observed for total EAA (Table 4). The 
germination process resulted in a significant decrease in Glu, Trp and Cys, while no changes 
were observed in the other amino acids, compared to RS. The total EAA content showed a 
4% reduction compared to RS. Pomeranz et al. (1977) found only minor differences in the 
amino acid composition of germinated and ungerminated soybean, while Mostafa et al. 
(1987) observed a marked increase in the relative contents of both EAA and NEAA after 
germination. The levels of sulphur amino acids in germinated soybean seeds remained 
almost constant, whereas Asp increased compared to raw seeds. Discrepancies between the 
data reported by other authors and those reported in the present work could be attributed to 
differences in the germination conditions and seed varieties. 
The application of HHP treatment to seeds prior to germination (GPS) led to a reduction in 
Glu and Ala as NEAA and Trp, Met and Cys in EAA in comparison with GS, and also Pro, 
and Ile compared to PRS. GPS showed similar statistical (P ≤ 0.05) values of total EAA 
content to GS (32 and 34 g/100 g protein, respectively), whilst significant (P ≤ 0.05) 
differences were found compared to RS and PRS (34 g/100 g protein) (Table 4). 
 In another study, the effects of HPP on soybean cotyledon as a cellular biological material 
were investigated from the viewpoints of the cell structure and enzyme reaction system 
(Ueno et al., 2010). Damage to cell structure was evaluated by measuring dielectric 
properties using the Cole−Cole arc, the radius of which decreased as pressure level 
increased. Results suggested that cell structure was damaged by HPP. The distribution of 
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pressure–temperature dependence of the lipoxygenase inactivation rate constants was 
successfully described either using an empirical mathematical model or using a 
thermodynamic kinetic model for both systems. On a kinetic basis, neither the reaction order 
of inactivation nor the pressure and temperature sensitivities of the inactivation rate 
constants were influenced by the different levels of food complexity between the two 
systems (Wang et al., 2008). 
In 63 to 71 °C temperature range, isothermal inactivation of soybean lipoxygenase followed 
first-order kinetics, allowing inactivation rate constants (k) to be determined from plots of  
the natural logarithm of relative residual activity, as a function of inactivation time. The 
estimated k values, together with standard errors and regression coefficients, are 
summarized in Table 2. Over the entire temperature domain studied, lipoxygenase was less 
thermostable in crude soybean extract than in soy milk and the temperature sensitivity of 
the rate constants for lipoxygenase inactivation in both systems could be estimated using the 
Arrhenius relation (Wang et al., 2008). First-order kinetics for thermal inactivation of 
soybean lipoxygenase has been frequently reported in the literature (Indrawati et al., 1999; 
Ludikhuyze et al., 1998b). Ludikhuyze et al. (1998a, 1998c) investigated the thermal 
inactivation kinetics of commercial soybean lipoxygenase in Tris–HCl buffer (0.01 M, pH 9) 
at two different concentrations (0.4 and 5 mg/ml) over the temperature range 60–70 °C 
(Table 3). 
 

T (ºC) Lipoxygenase concentration 
 0.4 mg/mlb 5 mg/mlc 

60  2.09 ± 0.13 
  r2 = 0.978 

62 2.02 ± 0.09a 4.86 ± 0.21 
 r2 = 0.987 r2 = 0.991 

64 4.94 ± 0.16 10.8 ± 0.61 
 r2 = 0.993 r2 = 0.984 

66 9.18 ± 0.32 29.1 ± 3.37 
 r2 = 0.992 r2 = 0.949 

68 15.5 ± 0.52  
 r2 = 0.992  

Ea (kJ/mol) 319.8 ± 27.3 408.2 ± 14.7 
 r2 = 0.986 r2 = 0.997 

a Standard error. b Ludikhuyze et al. (1998c). c Ludikhuyze et al. (1998a). (From Wang et al., 2008). 

Table 3. Inactivation rate constants (10-2 min-1) for the isothermal inactivation of 
commercial soybean lipoxygenase in 0.01 M, pH 9 Tris–HCl buffer 

Lipoxygenase in soy milk or in crude soybean extract exhibited a higher thermal stability 
with the corresponding smaller inactivation rate constants. The two activation energy values 
derived from the plots of the natural logarithm of inactivation rate constants, as a function 
of the reciprocal of the absolute temperature were larger, pointing to higher temperature 
sensitivity of the k values. Likewise, kinetic inactivation of lipoxygenase from many 
different sources, such as green peas, green beans, potatoes, asparagus, wheat germ, and 
germinated barley, have also been studied (Bhirud & Sosulski, 1993; Ganthavorn et al., 1991; 
Guenes & Bayindirli, 1993; Hugues et al., 1994; Indrawati et al., 1999; Park et al., 1988; 
Svensson & Eriksson, 1974). Indrawati et al. (1999) reported that thermal inactivation of 
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lipoxygenase in green bean juice could be described by a two-fraction first-order 
inactivation model, referring to the existence of two fractions (isozymes) with different 
thermal stability. However, in their study, this phenomenon was not observed. 
 Van Loey et al. (1999) studies soybean lipoxygenase inactivation [0.4 mg/mL in Tris-HCl 
buffer (0.01 M, pH 9)] quantitatively under constant pressure (up to 650 MPa) and 
temperature (-15 to 68 °C) conditions and kinetically characterized by rate constants, 
activation energies, and activation volumes. The irreversible lipoxygenase inactivation 
followed a first-order reaction at all pressure-temperature combinations tested. In the entire 
pressure-temperature area studied, LOX inactivation rate constants increased with 
increasing pressure at constant temperature. On the contrary, at constant pressure, the 
inactivation rate constants showed a minimum around 30 °C and could be increased by 
either a temperature increase or decrease. On the basis of the calculated rate constants at 102 
pressure temperature combinations, an iso-rate contour diagram was constructed as a 
function of pressure and temperature. The pressure-temperature dependence of the LOX 
inactivation rate constants was described successfully using a modified kinetic model (Van 
Loey et al., 1999) 

5. Immunoreactivity and nutritional quality of soybean products 
Penas et al. (2011) reported that sprouts obtained from HHP-treated soybean seeds 
demonstrated an important reduction in immune-reactivity. Furthermore, they were a good 
source of proteins and essential amino acids, with Met and Cys corresponding to the 
limiting amino acids, as indicated by the chemical score (CS), and a high essential amino 
acid index (EAAI) (Table 4). These results suggested that HHP could constitute an important 
technological approach for the industrial production of hypoallergenic and nutritive 
soybean sprouts. 
 The HHP treatment of raw seeds (PRS) produced lower Gly and Cys levels than raw seeds 
(RS), while no significant differences (P ≤ 0.05) were observed for total EAA (Table 4). The 
germination process resulted in a significant decrease in Glu, Trp and Cys, while no changes 
were observed in the other amino acids, compared to RS. The total EAA content showed a 
4% reduction compared to RS. Pomeranz et al. (1977) found only minor differences in the 
amino acid composition of germinated and ungerminated soybean, while Mostafa et al. 
(1987) observed a marked increase in the relative contents of both EAA and NEAA after 
germination. The levels of sulphur amino acids in germinated soybean seeds remained 
almost constant, whereas Asp increased compared to raw seeds. Discrepancies between the 
data reported by other authors and those reported in the present work could be attributed to 
differences in the germination conditions and seed varieties. 
The application of HHP treatment to seeds prior to germination (GPS) led to a reduction in 
Glu and Ala as NEAA and Trp, Met and Cys in EAA in comparison with GS, and also Pro, 
and Ile compared to PRS. GPS showed similar statistical (P ≤ 0.05) values of total EAA 
content to GS (32 and 34 g/100 g protein, respectively), whilst significant (P ≤ 0.05) 
differences were found compared to RS and PRS (34 g/100 g protein) (Table 4). 
 In another study, the effects of HPP on soybean cotyledon as a cellular biological material 
were investigated from the viewpoints of the cell structure and enzyme reaction system 
(Ueno et al., 2010). Damage to cell structure was evaluated by measuring dielectric 
properties using the Cole−Cole arc, the radius of which decreased as pressure level 
increased. Results suggested that cell structure was damaged by HPP. The distribution of 
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free amino acids was measured after HPP (200 MPa) of soybean soaked in water or sodium 
glutamate (Glu) solution. HPP resulted in high accumulation of free amino acids in water-
soaked soybean, due to proteolysis. HPP of soybean in Glu solution caused higher 
accumulation of γ-aminobutyric acid, suggesting that both proteolysis and specific Glu 
metabolism were accelerated by HPP. They concluded that HPP partially degraded cell 
structure and accelerated biochemical reactions by allowing enzyme activities to remain. 
These events were described as “high-pressure induced transformation” of soybean. 

 

 RS PRS GS GPS Whole egg protein 
B 

Protein (% 
d.w.) 45.0a 44.3a 47.3b 48.6c  

Non-essential amino acids
Glu 15.9c 15.7c 14.8b 14.0a  
Asp 7.25a 7.26a 7.09a 6.80a  
Arg 5.44ab 5.60b 5.05a 5.27ab  
Pro 4.26b 4.25b 3.79ab 3.71ab  
Ala 4.05b 3.97ab 4.04b 3.71a  
Ser 3.87a 3.94a 3.92a 3.68a  
Gly 3.50b 3.07a 3.15ab 3.11a  

Essential amino acids
Leu 6.10a 6.18a 6.52a 5.68a 8.6 
Lys 4.32a 4.40a 4.18a 4.13a 7.0 
Val 4.19a 4.26a 4.26a 4.11a 6.6 
Phe 4.13bc 4.17c 3.70ab 3.90abc 9.3 (Phe+Tyr) 
Ile 4.12b 4.22b 3.78ab 3.75ab 5.4 
Tyr 2.91c 2.67abc 2.81bc 2.57ab  
Trp 2.26c 2.29c 1.99b 1.71a 1.7 
Thr 2.89b 2.52ab 2.50ab 2.32a 4.7 
His 2.03a 1.93a 1.96a 1.85a 2.2 
Met 1.32b 1.36b 1.32b 1.16a 5.7 (Met+Cys) 
Cys 1.24c 1.08b 1.06b 0.94a  

Total EAA 35.5b 35.1b 34.1ab 32.1a  
CS 45.0 42.8 41.8 37.0  

EAAI 72.4 70.9 68.5 65.6  
A Data are the mean of three independent results. Different superscripts in the same row mean 
statistically significant differences (P ≤ 0.05). PRS: HHP-treated soybean seeds; RS: raw soybean seeds; 
GPS: germinated PRS, HHP-treated soybean seeds; GS: germinated soybean seed. EAA: essential amino 
acid; CS: chemical score; EAAI: essential amino acid index. B (FAO/WHO/UNU, 1985). (From Penas et 
al., 2011). 

Table 4. Effect of HHP and/or germination on the total protein and amino acids (g/100 g 
protein) content of soybean seeds and sprouts during germination.A 

6. Inactivation of soymilk trypsin inhibitors 
Protease inhibitors (PIs) are generally considered the main anti-nutritional factors in 
soybeans. Soybean PIs belong to a broad class of proteins that inhibit proteolytic enzymes, 

 
High Pressure Treatments of Soybean and Soybean Products 77 

such as trypsin and chymotrypsin. Both compounds are important animal digestive 
enzymes for splitting proteins to render dipeptides and tripeptides (Scheider, 1983). 
However, the specificity of these inhibitors is not necessarily restricted to trypsin and 
chymotrypsin but also to elastase and serine proteases for which serine constitutes the active 
site. Nevertheless, the literature reports two main types of soybean PIs, specifically called 
trypsin inhibitors (TIs). The Kunitz soybean inhibitor, with a molecular weight of 20,000 and 
two disulfide bridges, exhibits specificity to inhibit trypsin. The Bowman–Birk inhibitor, on 
the other hand, with a molecular weight ranging from 6000 to 10,000 and seven disulfide 
bonds, exhibits specificity to inhibit chymotrypsin (Liener, 1994). 
 Residual trypsin was measured in soymilk subjected to selected pressures, temperatures 
and holding times. Treatment combination at higher pressures and temperatures, for 
selected holding times resulted in an increased inhibition rate of trypsin inhibitors in 
soymilk. It was not possible to obtain inactivation rate parameters for treatments at 550 MPa 
and 80 °C because the data did not fit a first order kinetics model. However, a clear increase 
of residual trypsin was observed as treatment times increased. Soaking of soybeans in 
sodium bicarbonate solution, prior to preparation of soymilk, resulted in smaller inhibition 
rates of trypsin at the working selected pressures, combined with thermal treatment and 
holding times, than in soybeans soaked in distilled water. The use of sodium bicarbonate, as 
soaking medium of soybeans, did not result in a significant increase in the percentage of 
residual trypsin in soymilk treated at 550 MPa and 80 °C for the selected holding times  
(Fig. 4). 
Ven et al. (2005) also evaluated HPP as an alternative for the inactivation of TIs in soy milk 
and also studied the effect of HPP on in whole soybeans and soy milk. For complete 
lipoxygenase inactivation either very high pressures (800 MPa) or a combined 
temperature/pressure treatment (60 °C/600 MPa) was needed. Pressure inactivation of TIs 
was possible only in combination with elevated temperatures. For TIs inactivation, three 
process parameters, temperature, time, and pressure, were optimized using experimental 
design and response surface methodology. A 90% TIs inactivation with treatment times of 
<2 min can be reached at temperatures between 77 and 90 °C and pressures between 750 
and 525 MPa.  

7. Conclusions 
High hydrostatic pressure (HHP) processing is an innovative technology for processing of 
soybean which is an important food from nutritional point of view. HHP enables the 
inactivation of pathogenic bacteria at ambient temperatures. It also showed an increase in 
protein solubility and staining intensity due to the release of more protein after application 
of HHP. It also favored the inactivation of quality deteriorating enzymes such as 
lipoxygenase at room temperatures. Treatment of soybean with HHP improved the bio-
availability of nutrients such as amino acids and the reduction of immune-reactivity. HHP 
also favored the activity of proteases, probably by reducing the activity of their inhibitors. It 
can be inferred that soybean and its products which are valuable food commodities can be 
effectively processed using this innovative processing technology, however more research 
needs to be done on HHP optimization and its effects on various physicochemical properties 
of soybean and different soy-foods. 
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free amino acids was measured after HPP (200 MPa) of soybean soaked in water or sodium 
glutamate (Glu) solution. HPP resulted in high accumulation of free amino acids in water-
soaked soybean, due to proteolysis. HPP of soybean in Glu solution caused higher 
accumulation of γ-aminobutyric acid, suggesting that both proteolysis and specific Glu 
metabolism were accelerated by HPP. They concluded that HPP partially degraded cell 
structure and accelerated biochemical reactions by allowing enzyme activities to remain. 
These events were described as “high-pressure induced transformation” of soybean. 

 

 RS PRS GS GPS Whole egg protein 
B 

Protein (% 
d.w.) 45.0a 44.3a 47.3b 48.6c  

Non-essential amino acids
Glu 15.9c 15.7c 14.8b 14.0a  
Asp 7.25a 7.26a 7.09a 6.80a  
Arg 5.44ab 5.60b 5.05a 5.27ab  
Pro 4.26b 4.25b 3.79ab 3.71ab  
Ala 4.05b 3.97ab 4.04b 3.71a  
Ser 3.87a 3.94a 3.92a 3.68a  
Gly 3.50b 3.07a 3.15ab 3.11a  

Essential amino acids
Leu 6.10a 6.18a 6.52a 5.68a 8.6 
Lys 4.32a 4.40a 4.18a 4.13a 7.0 
Val 4.19a 4.26a 4.26a 4.11a 6.6 
Phe 4.13bc 4.17c 3.70ab 3.90abc 9.3 (Phe+Tyr) 
Ile 4.12b 4.22b 3.78ab 3.75ab 5.4 
Tyr 2.91c 2.67abc 2.81bc 2.57ab  
Trp 2.26c 2.29c 1.99b 1.71a 1.7 
Thr 2.89b 2.52ab 2.50ab 2.32a 4.7 
His 2.03a 1.93a 1.96a 1.85a 2.2 
Met 1.32b 1.36b 1.32b 1.16a 5.7 (Met+Cys) 
Cys 1.24c 1.08b 1.06b 0.94a  

Total EAA 35.5b 35.1b 34.1ab 32.1a  
CS 45.0 42.8 41.8 37.0  

EAAI 72.4 70.9 68.5 65.6  
A Data are the mean of three independent results. Different superscripts in the same row mean 
statistically significant differences (P ≤ 0.05). PRS: HHP-treated soybean seeds; RS: raw soybean seeds; 
GPS: germinated PRS, HHP-treated soybean seeds; GS: germinated soybean seed. EAA: essential amino 
acid; CS: chemical score; EAAI: essential amino acid index. B (FAO/WHO/UNU, 1985). (From Penas et 
al., 2011). 

Table 4. Effect of HHP and/or germination on the total protein and amino acids (g/100 g 
protein) content of soybean seeds and sprouts during germination.A 

6. Inactivation of soymilk trypsin inhibitors 
Protease inhibitors (PIs) are generally considered the main anti-nutritional factors in 
soybeans. Soybean PIs belong to a broad class of proteins that inhibit proteolytic enzymes, 
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such as trypsin and chymotrypsin. Both compounds are important animal digestive 
enzymes for splitting proteins to render dipeptides and tripeptides (Scheider, 1983). 
However, the specificity of these inhibitors is not necessarily restricted to trypsin and 
chymotrypsin but also to elastase and serine proteases for which serine constitutes the active 
site. Nevertheless, the literature reports two main types of soybean PIs, specifically called 
trypsin inhibitors (TIs). The Kunitz soybean inhibitor, with a molecular weight of 20,000 and 
two disulfide bridges, exhibits specificity to inhibit trypsin. The Bowman–Birk inhibitor, on 
the other hand, with a molecular weight ranging from 6000 to 10,000 and seven disulfide 
bonds, exhibits specificity to inhibit chymotrypsin (Liener, 1994). 
 Residual trypsin was measured in soymilk subjected to selected pressures, temperatures 
and holding times. Treatment combination at higher pressures and temperatures, for 
selected holding times resulted in an increased inhibition rate of trypsin inhibitors in 
soymilk. It was not possible to obtain inactivation rate parameters for treatments at 550 MPa 
and 80 °C because the data did not fit a first order kinetics model. However, a clear increase 
of residual trypsin was observed as treatment times increased. Soaking of soybeans in 
sodium bicarbonate solution, prior to preparation of soymilk, resulted in smaller inhibition 
rates of trypsin at the working selected pressures, combined with thermal treatment and 
holding times, than in soybeans soaked in distilled water. The use of sodium bicarbonate, as 
soaking medium of soybeans, did not result in a significant increase in the percentage of 
residual trypsin in soymilk treated at 550 MPa and 80 °C for the selected holding times  
(Fig. 4). 
Ven et al. (2005) also evaluated HPP as an alternative for the inactivation of TIs in soy milk 
and also studied the effect of HPP on in whole soybeans and soy milk. For complete 
lipoxygenase inactivation either very high pressures (800 MPa) or a combined 
temperature/pressure treatment (60 °C/600 MPa) was needed. Pressure inactivation of TIs 
was possible only in combination with elevated temperatures. For TIs inactivation, three 
process parameters, temperature, time, and pressure, were optimized using experimental 
design and response surface methodology. A 90% TIs inactivation with treatment times of 
<2 min can be reached at temperatures between 77 and 90 °C and pressures between 750 
and 525 MPa.  

7. Conclusions 
High hydrostatic pressure (HHP) processing is an innovative technology for processing of 
soybean which is an important food from nutritional point of view. HHP enables the 
inactivation of pathogenic bacteria at ambient temperatures. It also showed an increase in 
protein solubility and staining intensity due to the release of more protein after application 
of HHP. It also favored the inactivation of quality deteriorating enzymes such as 
lipoxygenase at room temperatures. Treatment of soybean with HHP improved the bio-
availability of nutrients such as amino acids and the reduction of immune-reactivity. HHP 
also favored the activity of proteases, probably by reducing the activity of their inhibitors. It 
can be inferred that soybean and its products which are valuable food commodities can be 
effectively processed using this innovative processing technology, however more research 
needs to be done on HHP optimization and its effects on various physicochemical properties 
of soybean and different soy-foods. 
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Fig. 4. Residual trypsin in HHP-processed (550 MPa) soymilk from soybeans previously 
soaked in water (A) and sodium bicarbonate solution (0.5%) (B). Temperatures: 19 (), 65 
(■), and 80 °C (▲) (From Guerrero-Beltrán et al., 2009). 
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Fig. 4. Residual trypsin in HHP-processed (550 MPa) soymilk from soybeans previously 
soaked in water (A) and sodium bicarbonate solution (0.5%) (B). Temperatures: 19 (), 65 
(■), and 80 °C (▲) (From Guerrero-Beltrán et al., 2009). 
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1. Introduction  
Soybean (Glycine max (L.) Merr.) is a species of legume, native to a Eastern Asia and an 
important global crop, today. Soybean is rich in high quality proteins, contains essential 
amino acids, similar to those found in meat, minerals such as Fe, Zn, Cu, Mn, Ca and Mg as 
well as phytic acid. The bulk of seed soybean proteins contains albumins and globulins as 
major components, but there are minor, undesirable components such as inhibitors of 
trypsyn and chymotrypsin, and sugar-binding lecitins. The inhibitors and lecitins are 
generally inactivated by heat treatment. A new immunochemical methods can be used for 
quantitative detection of soybean proteins and production of healthful foods (Brandon & 
Friedman, 2002). The soybean lipid contains a significant amount of unsaturated acids: -
linolenic acid, known as omega-3 acid, linoleic, -linolenic and arachidonic acid, known as 
omega-6, and oleic acids known as omega-9 acid and are very important in human nutrition 
(Liu, 1997). The soybean lipid also contains saturated acids: palmitic and stearic acid 
(Bressani, 1972; Olguin et al., 2003; Bond et al., 2005), as well as tocopherols (Ortega-Garcia 
et.al., 2004, Yoshida et al., 2006). These soybean components make the products with 
soybean have higher nutritional value.  

1.1 Soybean in bread making industry 
In the bread making industry, the soybean is used with the aim to increase the bread protein 
value and decrease carbohydrate value. In ordinary white bread protein content ranges 
from 8 to 9% and by including soybean, the protein content can be made up to 16% (Ribotta 
et al. 2010) and at the same time, the dough and bread are richer with lipoxygenase enzymes 
preparation which can make the dough physical properties better. The fact is that bread 
made with soybean costs less and it is especially important in countries where wheat is not a 
major domestic crop. Bread and products with higher protein content and lower 
carbohydrate content are more suitable for use in some diets than bread and products 
formulations currently used (Mohamed et al., 2006). As the main protein component in  
white bread is gluten, a component which causes celiac disease, the usage of soy is useful for 
decreasing the gluten content in bread. A portion of 0.3 to 5% of soybean flour portion is 
usually added (Auerman, 1979), but rational addition for increasing bread protein value is 
20-30% of soybean flour. Besides whole soybean flour, different soybean products can also 
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be used: defatted soy flour (Mashayekh et al., 2008), physically modified soy flour 
(Maforimbo et al., 2008), soy flour and durum wheat flour mixture (Sabanis & Tzia, 2009), 
commercial soy protein isolate (Roccia et al., 2009), diffrerent kinds of soy protein powder 
(Qian et al., 2006) and part of soy seeds such as a hulls (Anjum et a., 2006). Based on these 
investigations results, different bread formulations are defined, and soy is used in portion 
up to 20%. When soy flour in wheat flour was to a level of 10% and in durum wheat flour 
up to 20%,  the produced bread was without any negative effects in quality attributes such 
as colour, hardness and flavour, promising nutritious and healthy alternative to consumers 
(Sabanis & Tzia, 2009). By investigating the effect of defatted soy flour on sensory and 
rheological properties of wheat bread, Mashayekh et al. 2008, concluded that adding 3 and 
7% defatted soy flour gives as good a loaf of bread as the 100% wheat bread and acceptable 
consumer attribute with rheological and sensory characteristics. Adding small quantity of 
soy protein powder of 3% to wheat flour did not change the sensory properties of bread and 
a large quantity of soy flour adding, exceeding 7%, can lead to stickiness and leguminous 
flavour (Roccia et al., 2009). The results of investigation (Anjum et al., 2006) of soy hulls 
usage showed the content of 4.5% soy hulls combined with wheat flour is acceptable and 
suitable level by the consumers.  

1.2 Wheat-soybean bread manufacturing  
The manufacture of bread from flour without gluten represents considerable technological 
difficulties (Jong et al., 1968; Schober et al., 2003) because gluten is the most important 
structure forming protein for making bread (Gujural et al., 2003; Moore et al,. 2004) and by 
using appropriate soy-wheat flour mixture these difficulties can be avoided. When soy was 
added to wheat, the soy globulins interact with wheat gluten proteins forming aggregates of 
high molecular weight. As reduction-reoxidation treatment facilitated the interaction of 
glutenin subunits and soy proteins (11S subunits), interaction probably occurs through the 
oxidation of SH groups (Maforimbo, 2008). Investigations of the changes in glutenin macro 
polymer content, protein composition and free sulfhydryl content showed that  active soy 
flour decreased glutenin macro polymer content due to gluten depolymerization and 
glutenin macro polymer content increased by inactive soy flour because soy proteins 
became insoluble and precipitated together. Soy proteins were associated to wheat protein 
through physical interaction and covalent and non-covalent bonds during mixing and 
resting and these interactions produced large and medium-size polymers. This increased 
solubility of insoluble gluten proteins, producing a weakening of the gluten network (Perez 
et al., 2008) and decreasing availability of water to build up in gluten network (Roccia et all. 
2009). Physicochemical status of soy protein in the product had a great influence on how 
wheat-soy proteins will interact (Perez et al., 2008). Incorporation of soy proteins changes 
the rheolocical and bread properties. The investigations showed that adding soy protein 
powder depresses loaf volume, gives poor crumb characteristics and decreases acceptability 
by consumers (Qian et al., 2006.)  Ribotta et al. 2010. tested different additive combinations 
for improved bread quality obtained from soy-wheat flour in ratio of 90:10 w/w and found 
that the combination with transglutaminase showed a major improving effect on dough 
rheological properties and crumb uniformity.   

1.3 Aims of investigations 
Dough rheological properties have great relevance in predicting the mixing behaviour, 
sheeting and baking performance (Dobraszczyk & Morgenstain, 2003) and supplementation 
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wheat flour with other changed these properties. Ribotta et al. 2005, presented data about 
effect of soybean addition on farinographic properties such as water absorption (WA), 
dough development time (DT), dough stability (Dst) and dough degree of softening (DSf). 
The present work has been undertaken with the objective to investigate the effect of whole 
soybean seed flour (»full-fat soy flour«) portion of 3 to 30% on dough farinographic, but 
extensographic and amylographic properties, too. Based on the composition of wheat and 
soybean flour lipids, the aim is to obtain lipid composition in wheat-soybean flour mixtures, 
and compare it to wheat flour only, with an emphasis on content of total saturated fatty 
acids (TS), total monounsaturated fatty acids (TMUS), total polyunsaturated fatty acids 
(TPUS) and total unsaturated fatty acids (TU). In order to value wheat-soybean flour 
mixtures, they were classified into groups by using statistical analysis and Euclidean 
distances and the correlations between content of some lipid components and rheological 
properties were found.   

2. Experimental  
2.1 Soybean seed  
The whole soybean seeds (Glycine max L.) cultivars ZP Lana, grown in Serbia in summer of 
2006 were used. The seeds were purchased in local store „Green Apple“ (Leskovac, Serbia) 
and milled. The particle size was determined by method of insemination via riddles with 
gaps size from 0.315 to 3.15 mm. The overall particle size was determined using equations: 

  iisr ddd //100   (1) 

where  id  is weight of fraction with appropriate particle size in %, and 

 2/)( 11   iii ddd  (2) 

where 1id  is bottom riddle gap size and 1id  is upper riddle gap size. 

2.2 Chemicals 
Chemicals used for oil extraction were high quality chemicals (Centrohem, Serbia) and for 
HPLC and GC analysis they were analytical grade (Riedel-de Haën, Honeywell Specialty 
Chemicals, Germany). 

2.3 Wheat and soybean flour and flour mixtures 
The wheat flour, Kikinda Mill, Serbia (WF) was bought from the local market. The soybean 
flour (SF) as »full-fat soy flour« was obtained by soybean seeds milling (IKA Model M120), 
to an overall particle size ( srd ) of 0.4 mm. Quantities of 291, 285, 270, 240 and 210 g of wheat 
flour and 9, 15, 30, 60 and 90 g of soybean flour, respectively, were used to make  
flour mixture with 3, 5, 10, 20 and 30 % (w/w) soybean flour portion, without adding 
additives.  

2.4 Flour analyses 
Flour protein content was determined by the Kjeldahl method (Nx5.95). The moisture 
content was determined by Scaltec SMO 01 (Scaltec instruments, Germany) instruments: 
flour (5 g) was put into the disk plate analyzer, dried at 110oC to a constant weight, and the 
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moisture content was read out on the display. The ash content was determined by staking at 
800oC during 5 h. For gluten content determination, the dough was prepared by adding a 
sodium chloride solution first; wet gluten was isolated by dough washing and weighed. The 
starch content was determined by polarimetry according to Grossfeld’s method and the total 
carbohydrates content according to Luff-Schoorl’s method (Trajković et al., 1983). The values 
for samples are from triplicate analysis and followed by standard deviation.  

2.5 The wheat and soybean flour lipid content   
The wheat or soybean flour (50g) were put into Erlenmeyer flask, 500 ml of 
trichloroethylene was added and extracted for 30 minutes, under reflux and by mixing (200 
min-1) at approximately 88oC. The extract was separated by using Buchner funnel under 
weak vacuum. The plant material was extracted three more times by the same method; the 
extracts were mixed together and eluted by water in the separation funnel (3 x 10 ml). The 
eluted extracts’ volume was recorded and an aliquot (3 ml) was taken for the dry residue 
determination test. This test was performed by drying at 110oC to a constant weight and the 
dry residue content was read out on the analyzer display (Scaltec SMO 01, Scaltec 
instruments, Germany). The lipid content in wheat and soybean flour was calculated based 
on average value of three measurements. The remnant of lipid extracts, after dry residue 
determination test, is evaporated under vacuum and obtained residue was used for HPLC 
and GC analysis.  

2.6 Rheology measurements   
The Brabender farinograph (Brabender Model 8 10 101, Duisburg, Germany) according to 
ISO 5530-1 test procedure, was used for water absorption values (WA value in ml/100g), 
development time (DT in minutes), dough stability (DSt in minutes), degree of softening 
(DSf in BU) and farinograph quality number (QN) determination. For extensograph 
measurement, the Brabender extensograph (Brabender, Model 8600-01, Duisburg, Germany) 
and test procedure ISO 5530-2 were used. The samples were prepared from wheat flour and 
wheat-soybean flour mixtures, distilled water and salt, and data for energy (E in cm2), 
resistance (R in EU), extensibility (Ex in mm) and ration number (R/Ex) were recorded on 
extensograph curve. To obtain amylograph data, such as gelatinization temperature (Tmax in  
oC) and gelatization maximum (max in AU), the amylograph (Brabender Model PT 100, 
Duisburg, Germany) and ISO 7973 test procedure were used. 

2.7 HPLC analysis    
For HPLC analysis, Holčapek et al., (1999) modified HPLC method and the Agilent 1100 
High Performance Liquid Chromatograph, a Zorbax Eclipse XDB-C18 column: 4.4 m x 150 
mm x 5 m, Agilent technologies, Wilmington, USA and an UV/ViS detector were used. 
The flow rate of binary solvent mixture (methanol, solvent A, and 2-propanol/n-hexane, 5:4 
by volume, solvent B) was 1 ml/min, with a linear gradient (from 100% A to 40% A+ 60% B 
in 15 min). The column temperature was held constant at 40oC. The components were 
detected at 205 nm. The free fatty acids (FFA), methyl esters (ME), monoacylglycerols 
(MAG), diacylglycerols (DAG) and triacylglycerols (TAG) were identified by comparing the 
retention times of the lipid components with those of standards. The samples of the reaction 
mixture were dissolved into a mixture of 2-propanol:n-hexane, 5:4 v/v and filtered through 
0.45 m Millipore filters.   
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2.8 GC analysis    
For GC analysis, fatty acids methyl esters were prepared. The lipid were alkaline 
hydrolyzed and methylated by methanol and BF3 as catalysts. The final fatty acids methyl 
esters concentration was about 8 mg/ml in heptane. For obtaining a methyl esters GC 
spectra, the HP 5890 SERIES II GAS-CHROMATOGRAPH, HP with FID detector and 3396 
A HP integrator was used. Column was ULTRA 2 (25m x 0.32mm x 0.52 m) (Agilent 
Technologies, Wilington, USA), injector temperature of 320oC, and injector volume of 0.4 l. 
The carrier gas was He at a constant flow rate of 1 ml/min. The flame ionization detector 
was at 350oC and split ratio was 1:20. Oven temperature was initially 120oC and was 
maintained at 120oC, for 1 min, then increased by 15oC/min until 200oC, increased by 3 
oC/min until 240oC, increased by 8oC/min until 300oC and maintained at 300oC for 15 min. 
The fatty acids were identified by comparison of retention times of the lipid components 
with those of standards. 

2.9 Energetic value   
Based on total carbohydrates (CHC), protein (PC) and lipid content (LC), the energetic value 
(EV) of wheat flour and white-soybean flour mixtures was calculated as:   

 3717)(  LCPCCHCEV   (3)  

2.9.1 Statistical analysis   
STATISTICA, version 5.0 software was used  to perform the statistical analysis: the means 
and standard deviations, the correlation coefficients and cluster analysis. The means and 
standard deviations were obtained by Descriptive Statistics, marking the Median & 
Quartiles and Confirm Limits for Means. In order to classify wheat flour and wheat-soybean 
mixtures, the cluster analysis and the Euclidean method with the complete linkage was 
used. 

3. Results and discussion 
3.1 The main components content 
The results of wheat and soybean flour moisture, starch, protein, ash, lipid, gluten and 
carbohydrates content are showed in Table 1. Data are presented as means of three 
determinations with standard deviation. Based on these data, considering the soybean flour 
portion in mixtures and compared to wheat flour, it is evident the moisture (from 12.8 to 
11.6%), the starch (from 76.6 to 56.8%), gluten (23.9 to 16.7%) and carbohydrates content 
(from 78.8 to 62.8%) decreased, while the protein (from 8.6 to 20.0%), ash (from 0.48 to 
2.08%) and lipid (1.2 to 7.2%) content increased with increasing soybean flour portion in 
mixtures.  
Taking into account the protein, carbohydrates and lipid content, based on formula (3) for 
energetic value determination, it was obtained that the soybean flour increased energetic 
value in flour mixtures (from 1530 obtained for wheat flour, to 1544, 1554, 1579, 1625, 1674 
kJ/100g, when soy flour portion was 3, 5 10, 20 and 30%, respectively) and the maximal 
increasing of 9.4% was in mixture with soybean flour portion of 30%. 
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moisture content was read out on the display. The ash content was determined by staking at 
800oC during 5 h. For gluten content determination, the dough was prepared by adding a 
sodium chloride solution first; wet gluten was isolated by dough washing and weighed. The 
starch content was determined by polarimetry according to Grossfeld’s method and the total 
carbohydrates content according to Luff-Schoorl’s method (Trajković et al., 1983). The values 
for samples are from triplicate analysis and followed by standard deviation.  

2.5 The wheat and soybean flour lipid content   
The wheat or soybean flour (50g) were put into Erlenmeyer flask, 500 ml of 
trichloroethylene was added and extracted for 30 minutes, under reflux and by mixing (200 
min-1) at approximately 88oC. The extract was separated by using Buchner funnel under 
weak vacuum. The plant material was extracted three more times by the same method; the 
extracts were mixed together and eluted by water in the separation funnel (3 x 10 ml). The 
eluted extracts’ volume was recorded and an aliquot (3 ml) was taken for the dry residue 
determination test. This test was performed by drying at 110oC to a constant weight and the 
dry residue content was read out on the analyzer display (Scaltec SMO 01, Scaltec 
instruments, Germany). The lipid content in wheat and soybean flour was calculated based 
on average value of three measurements. The remnant of lipid extracts, after dry residue 
determination test, is evaporated under vacuum and obtained residue was used for HPLC 
and GC analysis.  

2.6 Rheology measurements   
The Brabender farinograph (Brabender Model 8 10 101, Duisburg, Germany) according to 
ISO 5530-1 test procedure, was used for water absorption values (WA value in ml/100g), 
development time (DT in minutes), dough stability (DSt in minutes), degree of softening 
(DSf in BU) and farinograph quality number (QN) determination. For extensograph 
measurement, the Brabender extensograph (Brabender, Model 8600-01, Duisburg, Germany) 
and test procedure ISO 5530-2 were used. The samples were prepared from wheat flour and 
wheat-soybean flour mixtures, distilled water and salt, and data for energy (E in cm2), 
resistance (R in EU), extensibility (Ex in mm) and ration number (R/Ex) were recorded on 
extensograph curve. To obtain amylograph data, such as gelatinization temperature (Tmax in  
oC) and gelatization maximum (max in AU), the amylograph (Brabender Model PT 100, 
Duisburg, Germany) and ISO 7973 test procedure were used. 

2.7 HPLC analysis    
For HPLC analysis, Holčapek et al., (1999) modified HPLC method and the Agilent 1100 
High Performance Liquid Chromatograph, a Zorbax Eclipse XDB-C18 column: 4.4 m x 150 
mm x 5 m, Agilent technologies, Wilmington, USA and an UV/ViS detector were used. 
The flow rate of binary solvent mixture (methanol, solvent A, and 2-propanol/n-hexane, 5:4 
by volume, solvent B) was 1 ml/min, with a linear gradient (from 100% A to 40% A+ 60% B 
in 15 min). The column temperature was held constant at 40oC. The components were 
detected at 205 nm. The free fatty acids (FFA), methyl esters (ME), monoacylglycerols 
(MAG), diacylglycerols (DAG) and triacylglycerols (TAG) were identified by comparing the 
retention times of the lipid components with those of standards. The samples of the reaction 
mixture were dissolved into a mixture of 2-propanol:n-hexane, 5:4 v/v and filtered through 
0.45 m Millipore filters.   
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2.8 GC analysis    
For GC analysis, fatty acids methyl esters were prepared. The lipid were alkaline 
hydrolyzed and methylated by methanol and BF3 as catalysts. The final fatty acids methyl 
esters concentration was about 8 mg/ml in heptane. For obtaining a methyl esters GC 
spectra, the HP 5890 SERIES II GAS-CHROMATOGRAPH, HP with FID detector and 3396 
A HP integrator was used. Column was ULTRA 2 (25m x 0.32mm x 0.52 m) (Agilent 
Technologies, Wilington, USA), injector temperature of 320oC, and injector volume of 0.4 l. 
The carrier gas was He at a constant flow rate of 1 ml/min. The flame ionization detector 
was at 350oC and split ratio was 1:20. Oven temperature was initially 120oC and was 
maintained at 120oC, for 1 min, then increased by 15oC/min until 200oC, increased by 3 
oC/min until 240oC, increased by 8oC/min until 300oC and maintained at 300oC for 15 min. 
The fatty acids were identified by comparison of retention times of the lipid components 
with those of standards. 

2.9 Energetic value   
Based on total carbohydrates (CHC), protein (PC) and lipid content (LC), the energetic value 
(EV) of wheat flour and white-soybean flour mixtures was calculated as:   

 3717)(  LCPCCHCEV   (3)  

2.9.1 Statistical analysis   
STATISTICA, version 5.0 software was used  to perform the statistical analysis: the means 
and standard deviations, the correlation coefficients and cluster analysis. The means and 
standard deviations were obtained by Descriptive Statistics, marking the Median & 
Quartiles and Confirm Limits for Means. In order to classify wheat flour and wheat-soybean 
mixtures, the cluster analysis and the Euclidean method with the complete linkage was 
used. 

3. Results and discussion 
3.1 The main components content 
The results of wheat and soybean flour moisture, starch, protein, ash, lipid, gluten and 
carbohydrates content are showed in Table 1. Data are presented as means of three 
determinations with standard deviation. Based on these data, considering the soybean flour 
portion in mixtures and compared to wheat flour, it is evident the moisture (from 12.8 to 
11.6%), the starch (from 76.6 to 56.8%), gluten (23.9 to 16.7%) and carbohydrates content 
(from 78.8 to 62.8%) decreased, while the protein (from 8.6 to 20.0%), ash (from 0.48 to 
2.08%) and lipid (1.2 to 7.2%) content increased with increasing soybean flour portion in 
mixtures.  
Taking into account the protein, carbohydrates and lipid content, based on formula (3) for 
energetic value determination, it was obtained that the soybean flour increased energetic 
value in flour mixtures (from 1530 obtained for wheat flour, to 1544, 1554, 1579, 1625, 1674 
kJ/100g, when soy flour portion was 3, 5 10, 20 and 30%, respectively) and the maximal 
increasing of 9.4% was in mixture with soybean flour portion of 30%. 
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Content 
(g/100g) Moisture Starch Protein Ash Lipid Gluten Carbo-

hydrates 
Wheat 
flour 12.80.6 76.61.2 8.60.34 0.480.04 1.20.05 23.90.4 78.82.2 

Soybean 
flour 8.70.6 10.70.6 46.70.6 5.800.6 21.20.6 - 25.40.6 

3% 12.7 74.6 9.7 0.64 1.8 23.2 77.2 
5% 12.6 73.3 10.5 0.75 2.2 22.7 76.1 
10% 12.4 69.9 12.4 1.01 3.2 21.5 73.5 
20% 11.9 63.4 16.2 1.54 5.2 19.1 68.1 
30% 11.6 56.8 20.0 2.08 7.2 16.7 62.8 

Table 1. The main components content in wheat and soybean flour and their mixtures 

3.2 Rheology properties  
Farinograph, extensograph and amylograph data of flours and flour mixtures with different 
portions of soybean flour are given in Table 2. The results showed the farinograph data 
depended on the soybean flour portion in mixtures. The water absorption increased from 
53.4 to 64.2% with increasing soybean flour portion in mixtures. It is well known, that the 
main dough component in wheat flour responsible for water absorption is gluten. The soy 
flour is without gluten but had even more than 5 times higher protein content than wheat 
flour (46.7 to 8.6 g/100g). The higher absorption ability could be due to soy protein 
components, such as globulins, which interacted with gluten protein in the composite 
dough (Maforimbo et al., 2008). The same effect of soy flour on water absorption value was 
reported by Ribotta et al., 2005, when heat-treated full-fat flour, enzyme-active defatted 
flour and soy protein isolates were used for wheat flour substitution in portion from 3 to 
12% and enzyme-active full-fat flour in portion from 5 to 12%. The differences in dough 
development time and dough stability among flour mixtures with different soybean flour 
portions, ranged from 1.3 to 7.3 min and 0.7 to 2.9 min, respectively and both values for 
mixtures were higher than for wheat flour where value for dough development time was 1 
min and for dough stability was 0.1 min. The effect of delaying dough development time 
and dough stability by addition the mostly of investigated soy flours was obtained in 
Ribotta et al. (2005) experiments, too.  
Degree of dough softening was increased with increasing soybean flour portion in mixtures, 
from 45 to 66 BU and all values were lower than value for wheat flour, i.e. than 90 BU. The 
same effect of soybean flour on this farinographic characteristic was obtained by Ribotta et 
al. (2005), for all investigated samples, except for soy protein isolate Samsory 90 HI and 
portion of 5, 10 and 12%, when dough softening value was higher. According to appropriate 
triangle area on farinograph curves, the quality number, known as Honkocy number could 
be in the range from 0 to100, and quality groups are A1 (area of 0-1.4 cm2), A2 (area of 1.5-5.5 
cm2), B1 (area of 5.6-12.1 cm2), B2 (area of 12.2-17.9 cm2), C1 (area of 18.0-27.4 cm2) and C2 
(area of 27.5-50.0 cm2) (Djaković, 1980). The soybean flour addition in all investigated 
portions had positive influence on quality number and quality group which was B1 instead 
B2, which was for wheat flour. 
Data obtained on extensograph, showed that dough with soybean flour portion of 20 and 
30% had lower values for energy and dough resistance in comparison to dough made of 
wheat flour only. The extensibility of dough with soybean flour ranged from 125 to 89 EU 
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and those values were lower than extensibility of dough with wheat flour only. The ration 
number, R/Ex, varied depending on soybean flour portion and ranged from 2.76 to 3.42. 
Based on curve of volume versus ratio number (Djaković, 1980), obtained for round bread, 
the bread volume was predicted to be in range from 576 to 557 cm3 and it was lower than 
bread volume obtained from wheat flour only which was 581 cm3.  
 

Farinograph data 
 Wheat flour 3% 5% 10% 20% 30% 

WA 
(ml/100g) 53.41.4 53.31.4 53.81.3 53.91.6 61.91.6 64.21.7 

DT (min) 10.1 1.30.1 1.30.1 6.50.3 6.80.3 7.30.4 
DSt (min) 0.10.1 0.70.2 0.80.2 1.80.4 2.30.5 2.90.5 
DSf (BU) 901.6 451.4 501.4 651.7 651.7 661.5 

QN 52.81.4 57.71.4 66.71.4 61.71.4 64.21.4 68.81.4 
Group B2 B1 B1 B1 B1 B1 

Extensograph data 
E (cm2) 67.81.3 70.51.5 74.21.5 79.01.6 57.11.4 43.41.2 
R (EU) 3155.5 3456.0 3506.0 3555.5 3455.5 3055.5 
Ex (EU) 1263.0 1253.0 1233.0 1172.5 1012.5 892.0 

R/Ex 2.500.2 2.760.3 2.840.4 3.030.4 3.410.4 3.420.4 
V (cm3) 58110 57610 57410 56610 55910 55710 

Amylograph data 
T max (oC) 81.20.5 81.50.5 82.00.5 85.00.5 86.50.5 88.80.5 
max (AU) 63020 31515 25010 18010 12010 905 

Table 2. Rheological properties of wheat flour (WF) and wheat–soy bean flour mixtures  

By amylograph data, dough with soybean flour had higher gelatinization temperature (in 
range 81.5 to 88.8oC) than dough with wheat flour only (81.2oC), and this value was higher 
when soybean flour portion was higher. Based on Stevenson et al. (2006) results, 
gelatinization temperature for wheat-soybean flour mixtures value could be lower. They 
found the gelatinization temperature of soybean starches were lower compared to wheat 
starch, due to the short amylopectin branch-chains and positive relationship between 
gelatinization temperature and amylopectin branch-chains. The reason why our 
gelatinization temperature values were higher maybe a different behaviour of soy starch in 
combination with wheat starch, which was present in wheat-soybean flour mixtures. The 
maximal pasta viscosity decreased from 315 to 90 AU when soybean flour portion was 
increased. The lowest pasta viscosity was when the soybean flour portion was 30% (w/w) 
and it was seven times lower than maximal pasta viscosity value for wheat flour only. The 
low peak viscosity of soybean starch could be due to short amylopectin branch-chain which 
has been correlated in wheat starches (Sasaki & Matsuki, 1998; Shibananuma et al., 1996).  

3.3 Lipid profile   
The lipid profile of wheat flour and soybean flour obtained by HPLC analysis and based on 
these results the lipid profile of wheat-soybean flour mixtures, is presented in Table 3. The 
content of components was determined by measuring the peak area at 1.76 min for free fatty 
acids, peak area at 2.15 min for methyl esters, peaks area in the range of 3.44-4.58 min for 
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Content 
(g/100g) Moisture Starch Protein Ash Lipid Gluten Carbo-

hydrates 
Wheat 
flour 12.80.6 76.61.2 8.60.34 0.480.04 1.20.05 23.90.4 78.82.2 

Soybean 
flour 8.70.6 10.70.6 46.70.6 5.800.6 21.20.6 - 25.40.6 

3% 12.7 74.6 9.7 0.64 1.8 23.2 77.2 
5% 12.6 73.3 10.5 0.75 2.2 22.7 76.1 
10% 12.4 69.9 12.4 1.01 3.2 21.5 73.5 
20% 11.9 63.4 16.2 1.54 5.2 19.1 68.1 
30% 11.6 56.8 20.0 2.08 7.2 16.7 62.8 

Table 1. The main components content in wheat and soybean flour and their mixtures 

3.2 Rheology properties  
Farinograph, extensograph and amylograph data of flours and flour mixtures with different 
portions of soybean flour are given in Table 2. The results showed the farinograph data 
depended on the soybean flour portion in mixtures. The water absorption increased from 
53.4 to 64.2% with increasing soybean flour portion in mixtures. It is well known, that the 
main dough component in wheat flour responsible for water absorption is gluten. The soy 
flour is without gluten but had even more than 5 times higher protein content than wheat 
flour (46.7 to 8.6 g/100g). The higher absorption ability could be due to soy protein 
components, such as globulins, which interacted with gluten protein in the composite 
dough (Maforimbo et al., 2008). The same effect of soy flour on water absorption value was 
reported by Ribotta et al., 2005, when heat-treated full-fat flour, enzyme-active defatted 
flour and soy protein isolates were used for wheat flour substitution in portion from 3 to 
12% and enzyme-active full-fat flour in portion from 5 to 12%. The differences in dough 
development time and dough stability among flour mixtures with different soybean flour 
portions, ranged from 1.3 to 7.3 min and 0.7 to 2.9 min, respectively and both values for 
mixtures were higher than for wheat flour where value for dough development time was 1 
min and for dough stability was 0.1 min. The effect of delaying dough development time 
and dough stability by addition the mostly of investigated soy flours was obtained in 
Ribotta et al. (2005) experiments, too.  
Degree of dough softening was increased with increasing soybean flour portion in mixtures, 
from 45 to 66 BU and all values were lower than value for wheat flour, i.e. than 90 BU. The 
same effect of soybean flour on this farinographic characteristic was obtained by Ribotta et 
al. (2005), for all investigated samples, except for soy protein isolate Samsory 90 HI and 
portion of 5, 10 and 12%, when dough softening value was higher. According to appropriate 
triangle area on farinograph curves, the quality number, known as Honkocy number could 
be in the range from 0 to100, and quality groups are A1 (area of 0-1.4 cm2), A2 (area of 1.5-5.5 
cm2), B1 (area of 5.6-12.1 cm2), B2 (area of 12.2-17.9 cm2), C1 (area of 18.0-27.4 cm2) and C2 
(area of 27.5-50.0 cm2) (Djaković, 1980). The soybean flour addition in all investigated 
portions had positive influence on quality number and quality group which was B1 instead 
B2, which was for wheat flour. 
Data obtained on extensograph, showed that dough with soybean flour portion of 20 and 
30% had lower values for energy and dough resistance in comparison to dough made of 
wheat flour only. The extensibility of dough with soybean flour ranged from 125 to 89 EU 
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and those values were lower than extensibility of dough with wheat flour only. The ration 
number, R/Ex, varied depending on soybean flour portion and ranged from 2.76 to 3.42. 
Based on curve of volume versus ratio number (Djaković, 1980), obtained for round bread, 
the bread volume was predicted to be in range from 576 to 557 cm3 and it was lower than 
bread volume obtained from wheat flour only which was 581 cm3.  
 

Farinograph data 
 Wheat flour 3% 5% 10% 20% 30% 

WA 
(ml/100g) 53.41.4 53.31.4 53.81.3 53.91.6 61.91.6 64.21.7 

DT (min) 10.1 1.30.1 1.30.1 6.50.3 6.80.3 7.30.4 
DSt (min) 0.10.1 0.70.2 0.80.2 1.80.4 2.30.5 2.90.5 
DSf (BU) 901.6 451.4 501.4 651.7 651.7 661.5 

QN 52.81.4 57.71.4 66.71.4 61.71.4 64.21.4 68.81.4 
Group B2 B1 B1 B1 B1 B1 

Extensograph data 
E (cm2) 67.81.3 70.51.5 74.21.5 79.01.6 57.11.4 43.41.2 
R (EU) 3155.5 3456.0 3506.0 3555.5 3455.5 3055.5 
Ex (EU) 1263.0 1253.0 1233.0 1172.5 1012.5 892.0 

R/Ex 2.500.2 2.760.3 2.840.4 3.030.4 3.410.4 3.420.4 
V (cm3) 58110 57610 57410 56610 55910 55710 

Amylograph data 
T max (oC) 81.20.5 81.50.5 82.00.5 85.00.5 86.50.5 88.80.5 
max (AU) 63020 31515 25010 18010 12010 905 

Table 2. Rheological properties of wheat flour (WF) and wheat–soy bean flour mixtures  

By amylograph data, dough with soybean flour had higher gelatinization temperature (in 
range 81.5 to 88.8oC) than dough with wheat flour only (81.2oC), and this value was higher 
when soybean flour portion was higher. Based on Stevenson et al. (2006) results, 
gelatinization temperature for wheat-soybean flour mixtures value could be lower. They 
found the gelatinization temperature of soybean starches were lower compared to wheat 
starch, due to the short amylopectin branch-chains and positive relationship between 
gelatinization temperature and amylopectin branch-chains. The reason why our 
gelatinization temperature values were higher maybe a different behaviour of soy starch in 
combination with wheat starch, which was present in wheat-soybean flour mixtures. The 
maximal pasta viscosity decreased from 315 to 90 AU when soybean flour portion was 
increased. The lowest pasta viscosity was when the soybean flour portion was 30% (w/w) 
and it was seven times lower than maximal pasta viscosity value for wheat flour only. The 
low peak viscosity of soybean starch could be due to short amylopectin branch-chain which 
has been correlated in wheat starches (Sasaki & Matsuki, 1998; Shibananuma et al., 1996).  

3.3 Lipid profile   
The lipid profile of wheat flour and soybean flour obtained by HPLC analysis and based on 
these results the lipid profile of wheat-soybean flour mixtures, is presented in Table 3. The 
content of components was determined by measuring the peak area at 1.76 min for free fatty 
acids, peak area at 2.15 min for methyl esters, peaks area in the range of 3.44-4.58 min for 
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monoacylglycerols, peaks area in the range of 5.28-8.68 min for diacylglycerols and peaks 
area in the range of 10.91-15.81 min for triacylglycerols (Holčapek et al., 1999).  
 

Flour FFA 
(g/100g) 

ME 
(g/100g) 

MAG 
(g/100g) 

DAG 
(g/100g) 

TAG 
(g/100g) 

Wheat 11.90.4 23.21.3 2.50.2 12.20.9 50.21.5 
Soybean 25.91.2 1.60.3 0.80.1 2.30.4 69.41.6 

3% 12.3 22.5 2.4 11.9 50.8 
5 % 12.6 22.1 2.4 11.7 51.2 
10 % 13.3 21.0 2.3 11.2 52.1 
20 % 14.7 18.9 2.2 10.2 54.0 
30 % 16.1 16.7 2.0 9.2 55.9 

Table 3. The lipid profile of wheat and soybean flour and their mixtures obtained by HPLC  

 
Fatty Acid 

content in g/100g 
Wheat 
flour 

Soybean 
flour 3% 5% 10% 20% 30% 

Myristic (C14:0) 0 0.110.01 0.03
5 

0.03
5 

0.03
5 

0.03
5 

0.03
5 

Palmitic (C16:0) 19.450.45 10.350.6 19.17 18.99 18.54 17.63 16.71 
Linoleic (C18:2) 57.910.72 55.231.2 57.83 57.77 57.63 57.37 57.11 

Oleic (C18:1) 20.230.21 13.070.8 19.20 19.87 19.52 18.79 18.08 
Linolenic (C18:3) 0 13.460.9 0.40 0.67 1.34 2.69 4.04 

Stearic (C16:0) 1.360.14 5.230.8 1.48 1.56 1.76 2.18 2.58 

Nonadecanoic (C19:0) 0 0.520.09 0.05
3 

0.05
3 

0.05
3 0.10 0.16 

Arachidic (C20:0) 0 0.600.1 0.06
1 

0.06
1 

0.06
1 0.12 0.18 

Behenic (C22:0) 0.260.06 0.480.06 0.27 0.27 0.28 0.30 0.33 

ND RT 25.96 0 0.170.04 0.05
2 

0.05
2 

0.05
2 

0.05
2 

0.05
2 

Lignocerinic 
(C24:0) 

0 0.550.01 0.05
6 

0.05
6 

0.05
6 0.11 0.17 

Phthalic acid 0.680.08 0 0.06
9 

0.06
9 

0.06
9 0.14 0.20 

TU 78.14 81.46 77.43 78.31 78.49 78.85 79.23 
TMU 20.23 13.07 19.20 19.87 19.52 18.79 18.08 
TPU 57.91 68.39 58.23 58.44 58.97 60.06 61.15 
TS 21.07 17.84 20.92 20.82 20.58 20.44 20.13 

TU/TS 3.71 4.58 3.70 3.76 3.81 3.86 3.94 

Table 4. Fatty acids composition of wheat and soybean flour and their mixtures obtained by 
GC 

The Main Components Content,  
Rheology Properties and Lipid Profile of Wheat-Soybean Flour 

 

89 

The lipid from soybean flour had higher free fatty acids content (25.9 g/100g lipid) and 
triacylglycerols content (69.4 g/100g lipid) than lipid from wheat flour (11.9 and 50.2 g/100g 
lipid, respectively), while the contents of methyl esters, monoacylglycerols and 
diacylglycerols were lower than appropriate contents in wheat flour, even 14.5, 3.1 and 5.3 
times, respectively. The content of free fatty acids and triacylglycerols in mixtures had the 
same changing tendency as soybean flour portion: it increased when the soybean flour 
portion in flour mixtures increased, while the contents of monoacylglycerols and 
diacylglycerols had opposite changing tendency: they decreased when the soybean flour 
portion in flour mixture increased. The properties of dough such as water absorption, 
development time, dough stability and gelatinization temperature had the same 
dependency on soybean flour portion as the content of free fatty acids and triacylglycerols 
and these components seemed to have a proper influence on the mentioned dough 
properties. Further, the content of monoacylglycerols and diacylglycerols had a proper 
influence on dough energy, resistance, extensibility and gelatization maximum. Some of 
these dependences were confirmed by determination of correlations coefficients.  
The fatty acids composition of flours obtained by GC analysis and based on these results, 
the fatty acids composition in flour mixtures is presented in Table 4. The lipid contained: 
linoleic (C18:2), -linolenic (C18:3), oleic (C18:1), palmitic (C16:0), stearic (C18:0), arachidonic 
(C20:4), behenic (C22:0), nonadecanoic (C19:0), -linolenic, lignocerinic, myristic (C14:0) and 
several non-determined components (ND). GC analysis showed the lipid from wheat flour 
contained 78.14 g/100g of the total unsaturated fatty acids, consisting of linoleic (57.91 
g/100g) and oleic acid (20.23 g/100g). The total polyunsaturated fatty acids content in lipid 
was 57.91 g/100g and it was from linoleic acid. The monounsaturated fatty acids content 
was 20.23 g/100g, from oleic acid, while the total saturated fatty acids content was 21.07 
g/100g where the main fatty acids were palmitic and stearic acid with the content of 19.45 
and 1.36 g/100g, respectively. The ratio of total unsaturated to total saturated fatty acids 
content was 3.7.  
The lipid from soybean flour contained 81.46 g/100g of the total unsaturated fatty acids, 
composed of linoleic, oleic and linolenic acid with content of 55.23, 13.07 and 13.46 g/100g of 
lipid, respectively. The palmitic and stearic acid were the main saturated fatty acids with 
content of 10.35 and 5.23 g/100g, respectively, while the content of other detected saturated 
fatty acid was 0.69 g/100g. The myristic, linolenic, nonadecanoic, arachidic and lignocerinic 
fatty acids were detected only in soybean flour, while phthalic acid was detected only in wheat 
flour. Based on this composition and content of fatty acids, the ratio of total unsaturated to 
total saturated content in soybean flour was 4.58 and it was higher than ratio in wheat flour. 
Such fatty acids composition had influence on fatty acids composition in wheat-soybean flour 
mixtures: the content of total saturated fatty acids decreased when soybean flour portion in 
flour mixture increased, and all values were lower than the content of total saturated fatty 
acids in wheat flour; the content of total unsaturated fatty acids increased when soybean flour 
portion in flour mixture increased and all values (except in mixture with portion of soybean 
flour of 3%) were higher than the content of total saturated fatty acids in wheat flour. Finally, 
the ratio of total unsaturated to total saturated fatty acids content was higher in flour mixtures 
(except in mixture with portion of soybean flour of 3%) than in wheat flour.  

3.4 Statistical analysis data  
The correlation coefficients between the rheological properties (water absorption, dough 
stability, Ex, gelatinization temperature and gelatization maximum) and the content of some 
lipid components (free fatty acids, monoacylglycerols, diacylglycerols, triacylglycerols, 
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monoacylglycerols, peaks area in the range of 5.28-8.68 min for diacylglycerols and peaks 
area in the range of 10.91-15.81 min for triacylglycerols (Holčapek et al., 1999).  
 

Flour FFA 
(g/100g) 

ME 
(g/100g) 

MAG 
(g/100g) 

DAG 
(g/100g) 

TAG 
(g/100g) 

Wheat 11.90.4 23.21.3 2.50.2 12.20.9 50.21.5 
Soybean 25.91.2 1.60.3 0.80.1 2.30.4 69.41.6 

3% 12.3 22.5 2.4 11.9 50.8 
5 % 12.6 22.1 2.4 11.7 51.2 
10 % 13.3 21.0 2.3 11.2 52.1 
20 % 14.7 18.9 2.2 10.2 54.0 
30 % 16.1 16.7 2.0 9.2 55.9 

Table 3. The lipid profile of wheat and soybean flour and their mixtures obtained by HPLC  

 
Fatty Acid 

content in g/100g 
Wheat 
flour 

Soybean 
flour 3% 5% 10% 20% 30% 

Myristic (C14:0) 0 0.110.01 0.03
5 

0.03
5 

0.03
5 

0.03
5 

0.03
5 

Palmitic (C16:0) 19.450.45 10.350.6 19.17 18.99 18.54 17.63 16.71 
Linoleic (C18:2) 57.910.72 55.231.2 57.83 57.77 57.63 57.37 57.11 

Oleic (C18:1) 20.230.21 13.070.8 19.20 19.87 19.52 18.79 18.08 
Linolenic (C18:3) 0 13.460.9 0.40 0.67 1.34 2.69 4.04 

Stearic (C16:0) 1.360.14 5.230.8 1.48 1.56 1.76 2.18 2.58 

Nonadecanoic (C19:0) 0 0.520.09 0.05
3 

0.05
3 

0.05
3 0.10 0.16 

Arachidic (C20:0) 0 0.600.1 0.06
1 

0.06
1 

0.06
1 0.12 0.18 

Behenic (C22:0) 0.260.06 0.480.06 0.27 0.27 0.28 0.30 0.33 

ND RT 25.96 0 0.170.04 0.05
2 

0.05
2 

0.05
2 

0.05
2 

0.05
2 

Lignocerinic 
(C24:0) 

0 0.550.01 0.05
6 

0.05
6 

0.05
6 0.11 0.17 

Phthalic acid 0.680.08 0 0.06
9 

0.06
9 

0.06
9 0.14 0.20 

TU 78.14 81.46 77.43 78.31 78.49 78.85 79.23 
TMU 20.23 13.07 19.20 19.87 19.52 18.79 18.08 
TPU 57.91 68.39 58.23 58.44 58.97 60.06 61.15 
TS 21.07 17.84 20.92 20.82 20.58 20.44 20.13 

TU/TS 3.71 4.58 3.70 3.76 3.81 3.86 3.94 

Table 4. Fatty acids composition of wheat and soybean flour and their mixtures obtained by 
GC 

The Main Components Content,  
Rheology Properties and Lipid Profile of Wheat-Soybean Flour 

 

89 

The lipid from soybean flour had higher free fatty acids content (25.9 g/100g lipid) and 
triacylglycerols content (69.4 g/100g lipid) than lipid from wheat flour (11.9 and 50.2 g/100g 
lipid, respectively), while the contents of methyl esters, monoacylglycerols and 
diacylglycerols were lower than appropriate contents in wheat flour, even 14.5, 3.1 and 5.3 
times, respectively. The content of free fatty acids and triacylglycerols in mixtures had the 
same changing tendency as soybean flour portion: it increased when the soybean flour 
portion in flour mixtures increased, while the contents of monoacylglycerols and 
diacylglycerols had opposite changing tendency: they decreased when the soybean flour 
portion in flour mixture increased. The properties of dough such as water absorption, 
development time, dough stability and gelatinization temperature had the same 
dependency on soybean flour portion as the content of free fatty acids and triacylglycerols 
and these components seemed to have a proper influence on the mentioned dough 
properties. Further, the content of monoacylglycerols and diacylglycerols had a proper 
influence on dough energy, resistance, extensibility and gelatization maximum. Some of 
these dependences were confirmed by determination of correlations coefficients.  
The fatty acids composition of flours obtained by GC analysis and based on these results, 
the fatty acids composition in flour mixtures is presented in Table 4. The lipid contained: 
linoleic (C18:2), -linolenic (C18:3), oleic (C18:1), palmitic (C16:0), stearic (C18:0), arachidonic 
(C20:4), behenic (C22:0), nonadecanoic (C19:0), -linolenic, lignocerinic, myristic (C14:0) and 
several non-determined components (ND). GC analysis showed the lipid from wheat flour 
contained 78.14 g/100g of the total unsaturated fatty acids, consisting of linoleic (57.91 
g/100g) and oleic acid (20.23 g/100g). The total polyunsaturated fatty acids content in lipid 
was 57.91 g/100g and it was from linoleic acid. The monounsaturated fatty acids content 
was 20.23 g/100g, from oleic acid, while the total saturated fatty acids content was 21.07 
g/100g where the main fatty acids were palmitic and stearic acid with the content of 19.45 
and 1.36 g/100g, respectively. The ratio of total unsaturated to total saturated fatty acids 
content was 3.7.  
The lipid from soybean flour contained 81.46 g/100g of the total unsaturated fatty acids, 
composed of linoleic, oleic and linolenic acid with content of 55.23, 13.07 and 13.46 g/100g of 
lipid, respectively. The palmitic and stearic acid were the main saturated fatty acids with 
content of 10.35 and 5.23 g/100g, respectively, while the content of other detected saturated 
fatty acid was 0.69 g/100g. The myristic, linolenic, nonadecanoic, arachidic and lignocerinic 
fatty acids were detected only in soybean flour, while phthalic acid was detected only in wheat 
flour. Based on this composition and content of fatty acids, the ratio of total unsaturated to 
total saturated content in soybean flour was 4.58 and it was higher than ratio in wheat flour. 
Such fatty acids composition had influence on fatty acids composition in wheat-soybean flour 
mixtures: the content of total saturated fatty acids decreased when soybean flour portion in 
flour mixture increased, and all values were lower than the content of total saturated fatty 
acids in wheat flour; the content of total unsaturated fatty acids increased when soybean flour 
portion in flour mixture increased and all values (except in mixture with portion of soybean 
flour of 3%) were higher than the content of total saturated fatty acids in wheat flour. Finally, 
the ratio of total unsaturated to total saturated fatty acids content was higher in flour mixtures 
(except in mixture with portion of soybean flour of 3%) than in wheat flour.  

3.4 Statistical analysis data  
The correlation coefficients between the rheological properties (water absorption, dough 
stability, Ex, gelatinization temperature and gelatization maximum) and the content of some 
lipid components (free fatty acids, monoacylglycerols, diacylglycerols, triacylglycerols, 
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palmitic (Pal), linoleic (Lin) and oleic (Ole) acid) in wheat flour and wheat-soybean flour 
mixtures are presented in Table 5.  
 
 WA DSt Ex Tmax max FFA MAG DAG TAG Pal Lin 
DSt 0.88           
Ex -0.94 -0.84          
Tmax 0.91 0.98 -0.90         
max -0.64 -0.86 0.67 -0.78        
FFA 0.96 0.96 -0.93 0.98 -0.77       
MAG -0.75 -0.78 0.91 -0.83 0.71 -0.83      
DAG -0.81 -0.81 0.94 -0.86 0.73 -0.86 -0.97     
TAG 0.94 0.94 -0.85 0.94 -0.72 0.97 -0.69 -0.72    
Pal -0.89 -0.89 0.97 -0.93 0.78 -0.94 0.95 0.98 -0.84   
Lin -0.45 -0.47 0.71 -0.53 0.51 -0.51 0.85 0.88 -0.30 0.77  
Ole -0.85 -0.85 0.90 -0.85 0.78 -0.88 0.88 0.84 -0.81 0.92 0.65 

Table 5. Correlation coefficients between rheological properties and lipid components 
content (correlations are significant at p 0.05, N=12)  

The sample size was twelve (N=12 (6x2): wheat flour and five wheat-soybean flour mixtures 
with minimal and maximal obtained value). As there were many correlations, only the one 
which had absolute value 0.85 and above 0.85 were taken into consideration. There were 
54.5% of correlations, among which 30.3% were proper, and 24.2% were opposite 
correlations. The correlations can be divided into three groups: correlations between 
rheological properties, between rheological properties and lipid components content and 
between lipid components content. In the first group, there are the correlations where high 
water absorption value is associated with high dough stability  and gelatinization 
temperature and low extensibility, high dough stability  is associated with high 
gelatinization temperature and low gelatization maximum, and correlation between low 
gelatization maximum and high extensibility. In the second group of correlations, the high 
content of free fatty acids caused high water absorption, dough stability, and gelatinization 
temperature but low extensibility as well as the high monoacylglycerols  and diacylglycerols 
content was proper correlated with extensibility. Also, when triacylglycerols content was 
higher, the water  absorption, dough stability  and gelatinization temperature were higher 
and extensibility was lower. The palmitic and oleic acid had opposite effect on the 
rheological properties, such as water absorption, dough stability and gelatinization 
temperature and proper effect on extensibility. The linolenic acid content was not associated 
with any rheological properties. Among lipid components content, there were proper 
correlations between free fatty acids and triacylglycerols content, between 
monoacylglycerols and diacylglycerols contents on one side and palmitic, linoleic and oleic 
acid content on the other side. It can mean that monoacylglycerols and diacylglycerols are 
mainly consists of palmitic, linoleic and oleic acids. The higher oleic acid content was 
associated with the higher palmitic acid content and it was only correlation among fatty 
acids.  
By cluster analysis, based on multiple variables, wheat and wheat-soybean flour mixtures 
were classified into groups. Number of variables was six: wheat and five wheat-soybean 
flour mixtures (3, 5, 10, 20 and 30% w/w of soybean flour portions); number of cases i.e. 
parameters were eight: water absorption, dough stability, free fatty acids, diacylglycerols, 
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triacylglycerols, palmitic, linolenic and oleic acid content. Linkage distances were obtained 
and presented by dendrogram in Fig. 1.  
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Fig. 1. Dendrogram obtained for wheat flour and wheat-soybean flour mixtures  

The cluster analysis based on flour rheological and lipid characteristics, shows  the linkage 
distance between wheat flour and flour mixtures increases when soybean flour portion in 
mixtures increases. The mixtures with soybean flour portion of 3 and 5% (w/w) are joined 
with wheat flour at the same distance level of 1.6 and make the first group. The mixtures 
with soybean flour portion of 10 % (w/w) are joined with wheat flour at the distance level of 
1.7 and could be added to the first group. The mixture with soybean  flour portion of 20 and 
30% (w/w) is joined with wheat flour at distance level of 8.6 and make the second group. 
This means that soybean flour portion of 30% could be used to more enrich dough with 
soybean protein and the main rheological properties remain satisfactory as at portion of 
20%. This provides a possibility of soybean flour being included in portions even higher 
than 30%, so future work could include this investigations as well as  investigations to 
examine what happens with lipid components during dough mixing and baking: does their 
content and composition stay the same as in flour mixture or there occur changes.  

4. Conclusion   
The soybean flour addition increased the protein content up to 20.0%, the ash content up to 
2.08% and lipid content up to 7.2%, while decreased starch, gluten and carbohydrates 
content for 19.8, 7.2 and 16 g/100 g flour mixture, respectively. Dough rheological 
properties and lipid profile depend on soybean flour portion. The soybean flour addition 
had positive influence on the quality number and group and extended duration of dough 
stability. The dough water absorption and the degree of softening increased with increasing 
soybean flour portion. The dough with soybean flour portion of 20 and 30% had lower 
values for energy in comparison to dough made of wheat flour only and it could be 
economically important. Values of gelatinization temperature for dough with soybean flour 
were higher than dough with wheat flour, maybe due to a specific behaviour of soy starch in 
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palmitic (Pal), linoleic (Lin) and oleic (Ole) acid) in wheat flour and wheat-soybean flour 
mixtures are presented in Table 5.  
 
 WA DSt Ex Tmax max FFA MAG DAG TAG Pal Lin 
DSt 0.88           
Ex -0.94 -0.84          
Tmax 0.91 0.98 -0.90         
max -0.64 -0.86 0.67 -0.78        
FFA 0.96 0.96 -0.93 0.98 -0.77       
MAG -0.75 -0.78 0.91 -0.83 0.71 -0.83      
DAG -0.81 -0.81 0.94 -0.86 0.73 -0.86 -0.97     
TAG 0.94 0.94 -0.85 0.94 -0.72 0.97 -0.69 -0.72    
Pal -0.89 -0.89 0.97 -0.93 0.78 -0.94 0.95 0.98 -0.84   
Lin -0.45 -0.47 0.71 -0.53 0.51 -0.51 0.85 0.88 -0.30 0.77  
Ole -0.85 -0.85 0.90 -0.85 0.78 -0.88 0.88 0.84 -0.81 0.92 0.65 

Table 5. Correlation coefficients between rheological properties and lipid components 
content (correlations are significant at p 0.05, N=12)  

The sample size was twelve (N=12 (6x2): wheat flour and five wheat-soybean flour mixtures 
with minimal and maximal obtained value). As there were many correlations, only the one 
which had absolute value 0.85 and above 0.85 were taken into consideration. There were 
54.5% of correlations, among which 30.3% were proper, and 24.2% were opposite 
correlations. The correlations can be divided into three groups: correlations between 
rheological properties, between rheological properties and lipid components content and 
between lipid components content. In the first group, there are the correlations where high 
water absorption value is associated with high dough stability  and gelatinization 
temperature and low extensibility, high dough stability  is associated with high 
gelatinization temperature and low gelatization maximum, and correlation between low 
gelatization maximum and high extensibility. In the second group of correlations, the high 
content of free fatty acids caused high water absorption, dough stability, and gelatinization 
temperature but low extensibility as well as the high monoacylglycerols  and diacylglycerols 
content was proper correlated with extensibility. Also, when triacylglycerols content was 
higher, the water  absorption, dough stability  and gelatinization temperature were higher 
and extensibility was lower. The palmitic and oleic acid had opposite effect on the 
rheological properties, such as water absorption, dough stability and gelatinization 
temperature and proper effect on extensibility. The linolenic acid content was not associated 
with any rheological properties. Among lipid components content, there were proper 
correlations between free fatty acids and triacylglycerols content, between 
monoacylglycerols and diacylglycerols contents on one side and palmitic, linoleic and oleic 
acid content on the other side. It can mean that monoacylglycerols and diacylglycerols are 
mainly consists of palmitic, linoleic and oleic acids. The higher oleic acid content was 
associated with the higher palmitic acid content and it was only correlation among fatty 
acids.  
By cluster analysis, based on multiple variables, wheat and wheat-soybean flour mixtures 
were classified into groups. Number of variables was six: wheat and five wheat-soybean 
flour mixtures (3, 5, 10, 20 and 30% w/w of soybean flour portions); number of cases i.e. 
parameters were eight: water absorption, dough stability, free fatty acids, diacylglycerols, 
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triacylglycerols, palmitic, linolenic and oleic acid content. Linkage distances were obtained 
and presented by dendrogram in Fig. 1.  
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Fig. 1. Dendrogram obtained for wheat flour and wheat-soybean flour mixtures  

The cluster analysis based on flour rheological and lipid characteristics, shows  the linkage 
distance between wheat flour and flour mixtures increases when soybean flour portion in 
mixtures increases. The mixtures with soybean flour portion of 3 and 5% (w/w) are joined 
with wheat flour at the same distance level of 1.6 and make the first group. The mixtures 
with soybean flour portion of 10 % (w/w) are joined with wheat flour at the distance level of 
1.7 and could be added to the first group. The mixture with soybean  flour portion of 20 and 
30% (w/w) is joined with wheat flour at distance level of 8.6 and make the second group. 
This means that soybean flour portion of 30% could be used to more enrich dough with 
soybean protein and the main rheological properties remain satisfactory as at portion of 
20%. This provides a possibility of soybean flour being included in portions even higher 
than 30%, so future work could include this investigations as well as  investigations to 
examine what happens with lipid components during dough mixing and baking: does their 
content and composition stay the same as in flour mixture or there occur changes.  

4. Conclusion   
The soybean flour addition increased the protein content up to 20.0%, the ash content up to 
2.08% and lipid content up to 7.2%, while decreased starch, gluten and carbohydrates 
content for 19.8, 7.2 and 16 g/100 g flour mixture, respectively. Dough rheological 
properties and lipid profile depend on soybean flour portion. The soybean flour addition 
had positive influence on the quality number and group and extended duration of dough 
stability. The dough water absorption and the degree of softening increased with increasing 
soybean flour portion. The dough with soybean flour portion of 20 and 30% had lower 
values for energy in comparison to dough made of wheat flour only and it could be 
economically important. Values of gelatinization temperature for dough with soybean flour 
were higher than dough with wheat flour, maybe due to a specific behaviour of soy starch in 
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combination with wheat starch. The maximal pasta viscosity decreased when soybean flour 
portion increased, even seven times when the soybean flour portion was 30%, probably due 
to short amylopectin branch-chain in soybean starch. All the wheat-soybean flour mixtures 
had higher free fatty acids and triacylglycerols content than wheat flour. Wheat-soybean 
flour mixtures had higher content of stearic and behenic acid compared to wheat flour, had 
almost the same content of linoleic acid as wheat flour and contained linolenic acid which 
was absent in wheat flour. The ratio of total unsaturated to total saturated fatty acids 
content was higher in flour mixtures than in wheat flour. The rheological properties of 
dough, such as water absorption and stability, had the same dependency on soybean flour 
portion in mixtures as the content of free fatty acids, while the content of triacylglycerols 
had the same dependency as water absorption and dough development time. In the same 
way, the content of monoacylglycerols and diacylglycerols had influence on dough 
extensibility and all these dependences were confirmed by statistical analysis with positive 
correlation coefficient value, higher than 0.85. The cluster analysis showed that the mixtures 
with soybean flour portions of 20 and 30% (w/w) were joined with wheat flour at the same 
distance level, so the soybean flour portion of 30% could be used to enrich even more dough 
with soybean protein and the main rheological properties remain satisfactory as with  
portion of 20%.  
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combination with wheat starch. The maximal pasta viscosity decreased when soybean flour 
portion increased, even seven times when the soybean flour portion was 30%, probably due 
to short amylopectin branch-chain in soybean starch. All the wheat-soybean flour mixtures 
had higher free fatty acids and triacylglycerols content than wheat flour. Wheat-soybean 
flour mixtures had higher content of stearic and behenic acid compared to wheat flour, had 
almost the same content of linoleic acid as wheat flour and contained linolenic acid which 
was absent in wheat flour. The ratio of total unsaturated to total saturated fatty acids 
content was higher in flour mixtures than in wheat flour. The rheological properties of 
dough, such as water absorption and stability, had the same dependency on soybean flour 
portion in mixtures as the content of free fatty acids, while the content of triacylglycerols 
had the same dependency as water absorption and dough development time. In the same 
way, the content of monoacylglycerols and diacylglycerols had influence on dough 
extensibility and all these dependences were confirmed by statistical analysis with positive 
correlation coefficient value, higher than 0.85. The cluster analysis showed that the mixtures 
with soybean flour portions of 20 and 30% (w/w) were joined with wheat flour at the same 
distance level, so the soybean flour portion of 30% could be used to enrich even more dough 
with soybean protein and the main rheological properties remain satisfactory as with  
portion of 20%.  
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1. Introduction 
Lipids are classified as simple, compound and derived based on the hydrolysis, which result 
in breaking the fatty acids off, leaving free fatty acids and a glycerol, using up three water 
molecules. Simple lipids are esters of fatty acids with various types of alcohol. They are 
distinguished into fats and oils. Compound lipids contain an inorganic or organic group in 
addition to fatty acids and glycerol. They include phospholipids, glicolipids and 
lipoproteins. Finally, derived lipids are obtained by hydrolysis of simple and complex 
lipids. These lipids contain glycerol and other alcohols. They correspond to steroid 
hormones, ketone bodies, hydrocarbons, fatty acids, fatty alcohols, mono and diglycerides, 
terpenes and carotenoids. Sometimes they are present as waste products of metabolism. 
Lipids also can be classified, depending on its solubility or function, as polar or apolar 
compounds and as structural or reserve substances, respectively (Basso, 2007). 
The main source of body energy comes from the triglycerides. These compounds are esters 
formed by one molecule of glycerol and three molecules of fatty acids. Fatty acids are 
carboxylic acids that usually have in its structure an unbranched carbon chain and one 
carboxyl. According to the saturation of the carbon chain, they can be classified as saturated, 
monounsaturated and polyunsaturated fatty acids (Basso, 2007). 
In general, all mammals are able to synthesize saturated and monounsaturated fatty acids, but 
this ability is limited to polyunsaturated fatty acids (PUFAs), without them the organisms 
could not function properly. For this reason, these compounds are considered "essential" fatty 
acids. Thus, these fatty acids must be supplied by the diet. Linoleic acid 18:2 (n-6), a member of 
the n-6 family of fatty acids, was identified as the first ‘‘essential’’ fatty acid, whereas -
linolenic acid, 18:3 (n-3) represents the other essential fatty acid. These two essential fatty acids 
are the only sources for important longer chain fatty acids and physiological synthesis of 
complex lipids (Yehuda et al., 1999). Linoleic acid [18:2 (n-6)] is usually found in large 
quantities in soybean, corn, canola and safflower oil while   linolenic [18:3 (n-3)] is easily 
found in green leafy vegetables, linseed and marine fish oil (Takahashi, 2005). 
The main source of dietary lipids is obtained through the intake of triglycerides which can 
be found as fats or oils. The concept of fat or oil is based on the consistency and on the fatty 
acid present in the triglyceride molecule. At room temperature, oils are liquid because are 
constituted of tiacylglycerols containing a high proportion of mono and/or polyunsaturated 
fatty acids. These come from the vegetable sources such as soybean, corn, sunflower, olive 
or canola oil or from animal source such as fish oil. On the other hand, fats are solid or pasty 
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at room temperature and contain a large proportion of saturated fatty acids and/or 
unsaturated with trans double bonds. Fats can be from animal source such as butter, beef 
tallow or pig and from vegetable source such as cocoa butter and hydrogenated fats. Trans 
fats are produced naturally at the rumen or from an industrial process adding hydrogen to 
unsaturated fatty acids found in vegetable oils (partial or total hydrogenation) (Basso, 2007). 
After hydrogenation, vegetable oils may be converted from liquids to solids, resulting in 
margarines and shortenings which have excellent culinary properties even though have 
detrimental health effects. The partial hydrogenation increases the melt pointing of the fats 
at a room temperature and the degree of hydrogenation controls the final consistency of the 
manufactured products. These fats are regularly found in foods such as ice cream, 
chocolates, biscuits, cookies, cakes, mass and margarines (Basso, 2007; Kinsella et al., 1981).  
Changes in the structure of the lipids molecules have metabolic and nutritional 
repercussions (Kummerow, 2009), since, produce a significant loss of essential fatty acids 
(Martin et al., 2004). According to Martin et al. (2004), human nutrition has been moulded 
substantially along the modernization and industrialization process. Because the property of 
hydrogenated fats in increasing validity of food products and making them look like more 
crispy and less oily, food industry and “fast food”restaurants has been intensifying the use 
of trans fatty acids. On the other hand, since 1990´s it has been a substantial interest of the 
scientif community in investigating the adverse effects over health caused by the long 
lasting intake of trans fatty acids. 

1.1 Effects of early and prolonged intake of hydrogenated fat for health 
Once considered a problem only in high-income countries, overweight and obesity are now 
dramatically present in high rates in low- and middle-income countries, particularly in 
urban areas. World Health Organization predicts that by 2015, approximately 2.3 billion 
adults will be overweight and more than 700 million will be obese. According to World 
Health Organization/Food and Agriculture Organization (2003), obesity and overweight is 
caused by an energy imbalance between calories consumed and calories expended. Among 
several factors related to the present development of overweight and obesity, an increased 
intake of foods high in fat and sugar but low in vitamins, minerals and fiber is one of the 
worldwide problems of this century (WHO, 2003; Remig et al., 2010). Fats are important 
nutrients in diet and have wide chemical properties that drive diverse metabolic effects.  
Although optimal dietary fat quantity has been keenly pursued over past decades, attention 
has recently centered on the value of dietary fat quality (Gillingham et al., 2011). Recent 
population studies have shown the important role of monounsaturated and 
polyunsaturated fats as key nutrients in preventing chronic diseases in modern societies. In 
addition, sufficient intakes of polyunsaturated fats during childhood are required for 
optimal growth and development (Carrillo-Fernandez et al., 2011). Consumption of a 
healthy diet, containing adequate rates of omega6:omega3 throughout the life is important 
to maintain cardiovascular and possibly also cognitive and immune health (WHO/FAO, 
2003). In addition to PUFA, dietary monounsaturated also promote benefits to health in 
terms of blood lipid profile, blood pressure, insulin sensitivity and glycemic control. Due to 
existing and emerging research on health attributes of monounsaturated rich diets, and to 
the low prevalence of chronic disease in populations consuming monounsaturated rich 
Mediterranean diets, recommendations have been made to replace saturated fat acids with 
unsaturated fats (Gillingham et al., 2011).   
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Although several studies have been shown the importance for health in replacing saturated 
for unsaturated fats in diets, currently, food products consumed in a typical Western diet 
contain a significant proportion of fats that have been industrially altered. It is estimated 
that 2% to 8% of energy needs in the typical Western diet come from chemically modified 
lipid products (Craig-Schmidt, 2006). Trans fatty acids frequently present in partially 
hydrogenated vegetable oils have been consumed on large scale all over the world.  In terms 
of consumption, trans fatty acids have long been used in food manufacturing for reasons 
that were described above. Increasing epidemiologic and biochemical evidence suggest that 
high consumption of trans fats is related to many metabolic alterations and also induce a 
significant risk factor for cardiovascular disturbs (de Oliveira et al, 2011). Recently, 
Mozaffarian et al. (2006) showed that a 2% absolute increase in energy intake from trans fat 
has been associated with a 23% increase in cardiovascular risk. In general, these 
cardiovascular disturbs are related to some of known mechanisms such as reduction of c-
HDL concentration, increase of low density lipoprotein and triglycerides; disturbance in 
prostaglandin balance and they may also promote insulin resistance (Castro-Martínez et al., 
2010). Since , the American Heart Association as well as the World Health Organization 
recommend limiting trans fats to <1% energy and many others health institutions in the 
United States of America all recommend limiting dietary trans-fat intake from industrial 
sources as much as possible.  
The presence of an inflammatory process in the arteries seems to be another risk factor in 
heart disease, and studies show that hydrogenated trans fats increase the inflammation in 
the arteries and promote endothelial dysfunction (Sun et al., 2007; Lopez-Garcia et al., 2005). 
Endothelial cells are responsible for the regulation of local vascular tone by means of 
releasing relaxing and contracting factors synthesized mainly from arachidonic acid. Trans 
fat inhibits COX-2, an enzyme which converts arachidonic acid to prostacyclin that is 
needed to prevent blood clots in the coronary arteries (Kummerow, 2009). 
In addition to the relation between high rates of trans fatty acids  in diet and increased risk 
for developing cardiovascular disease, a detrimental relationship was found between trans 
fatty acids intake and depression risk. Rising secular trends in the incidence of depressive 
disorders have been paralleled by a dramatic change in the sources of fat in the Western 
diet. This change mainly consists in the replacement of polyunsaturated or 
monounsaturated fatty acids by saturated fats and trans-unsaturated fats (Pawels & 
Volterrani, 2008). These findings suggest that cardiovascular disease and depression may 
share some common nutritional determinants related to subtypes of fat intake (Sanchez-
Villegas et al., 2011). 
It seems that the exposure to trans fatty acids in utero has negative consequences early in 
life. How much the in utero environment dictates birth weight and the programming of 
long-term obesity related disorders is still unclear, especially when compared with that of 
early neonatal growth rate. The placental transfer of trans fatty acids is still contradictory, 
both in human and animals (Haggarty, 2010). However, experimental studies have 
demonstrated that placenta is not completely impermeable to these compounds, since a 
number of trans fatty acids cross this barrier and accumulates in the liver and in the total 
body lipids of the fetus. However, despite that the myelinogenesis process is not finished in 
fetus, the amount of trans isomers transferred to fetal brain was negligible in all studies. At 
least in animals, this finding suggests the brain might be protected from the trans fatty acids 
accumulation, but no data have yet been reported for human newborns (Haggarty, 2010).  



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

96

at room temperature and contain a large proportion of saturated fatty acids and/or 
unsaturated with trans double bonds. Fats can be from animal source such as butter, beef 
tallow or pig and from vegetable source such as cocoa butter and hydrogenated fats. Trans 
fats are produced naturally at the rumen or from an industrial process adding hydrogen to 
unsaturated fatty acids found in vegetable oils (partial or total hydrogenation) (Basso, 2007). 
After hydrogenation, vegetable oils may be converted from liquids to solids, resulting in 
margarines and shortenings which have excellent culinary properties even though have 
detrimental health effects. The partial hydrogenation increases the melt pointing of the fats 
at a room temperature and the degree of hydrogenation controls the final consistency of the 
manufactured products. These fats are regularly found in foods such as ice cream, 
chocolates, biscuits, cookies, cakes, mass and margarines (Basso, 2007; Kinsella et al., 1981).  
Changes in the structure of the lipids molecules have metabolic and nutritional 
repercussions (Kummerow, 2009), since, produce a significant loss of essential fatty acids 
(Martin et al., 2004). According to Martin et al. (2004), human nutrition has been moulded 
substantially along the modernization and industrialization process. Because the property of 
hydrogenated fats in increasing validity of food products and making them look like more 
crispy and less oily, food industry and “fast food”restaurants has been intensifying the use 
of trans fatty acids. On the other hand, since 1990´s it has been a substantial interest of the 
scientif community in investigating the adverse effects over health caused by the long 
lasting intake of trans fatty acids. 

1.1 Effects of early and prolonged intake of hydrogenated fat for health 
Once considered a problem only in high-income countries, overweight and obesity are now 
dramatically present in high rates in low- and middle-income countries, particularly in 
urban areas. World Health Organization predicts that by 2015, approximately 2.3 billion 
adults will be overweight and more than 700 million will be obese. According to World 
Health Organization/Food and Agriculture Organization (2003), obesity and overweight is 
caused by an energy imbalance between calories consumed and calories expended. Among 
several factors related to the present development of overweight and obesity, an increased 
intake of foods high in fat and sugar but low in vitamins, minerals and fiber is one of the 
worldwide problems of this century (WHO, 2003; Remig et al., 2010). Fats are important 
nutrients in diet and have wide chemical properties that drive diverse metabolic effects.  
Although optimal dietary fat quantity has been keenly pursued over past decades, attention 
has recently centered on the value of dietary fat quality (Gillingham et al., 2011). Recent 
population studies have shown the important role of monounsaturated and 
polyunsaturated fats as key nutrients in preventing chronic diseases in modern societies. In 
addition, sufficient intakes of polyunsaturated fats during childhood are required for 
optimal growth and development (Carrillo-Fernandez et al., 2011). Consumption of a 
healthy diet, containing adequate rates of omega6:omega3 throughout the life is important 
to maintain cardiovascular and possibly also cognitive and immune health (WHO/FAO, 
2003). In addition to PUFA, dietary monounsaturated also promote benefits to health in 
terms of blood lipid profile, blood pressure, insulin sensitivity and glycemic control. Due to 
existing and emerging research on health attributes of monounsaturated rich diets, and to 
the low prevalence of chronic disease in populations consuming monounsaturated rich 
Mediterranean diets, recommendations have been made to replace saturated fat acids with 
unsaturated fats (Gillingham et al., 2011).   

 
Lipids, Nutrition and Development 

 

97 

Although several studies have been shown the importance for health in replacing saturated 
for unsaturated fats in diets, currently, food products consumed in a typical Western diet 
contain a significant proportion of fats that have been industrially altered. It is estimated 
that 2% to 8% of energy needs in the typical Western diet come from chemically modified 
lipid products (Craig-Schmidt, 2006). Trans fatty acids frequently present in partially 
hydrogenated vegetable oils have been consumed on large scale all over the world.  In terms 
of consumption, trans fatty acids have long been used in food manufacturing for reasons 
that were described above. Increasing epidemiologic and biochemical evidence suggest that 
high consumption of trans fats is related to many metabolic alterations and also induce a 
significant risk factor for cardiovascular disturbs (de Oliveira et al, 2011). Recently, 
Mozaffarian et al. (2006) showed that a 2% absolute increase in energy intake from trans fat 
has been associated with a 23% increase in cardiovascular risk. In general, these 
cardiovascular disturbs are related to some of known mechanisms such as reduction of c-
HDL concentration, increase of low density lipoprotein and triglycerides; disturbance in 
prostaglandin balance and they may also promote insulin resistance (Castro-Martínez et al., 
2010). Since , the American Heart Association as well as the World Health Organization 
recommend limiting trans fats to <1% energy and many others health institutions in the 
United States of America all recommend limiting dietary trans-fat intake from industrial 
sources as much as possible.  
The presence of an inflammatory process in the arteries seems to be another risk factor in 
heart disease, and studies show that hydrogenated trans fats increase the inflammation in 
the arteries and promote endothelial dysfunction (Sun et al., 2007; Lopez-Garcia et al., 2005). 
Endothelial cells are responsible for the regulation of local vascular tone by means of 
releasing relaxing and contracting factors synthesized mainly from arachidonic acid. Trans 
fat inhibits COX-2, an enzyme which converts arachidonic acid to prostacyclin that is 
needed to prevent blood clots in the coronary arteries (Kummerow, 2009). 
In addition to the relation between high rates of trans fatty acids  in diet and increased risk 
for developing cardiovascular disease, a detrimental relationship was found between trans 
fatty acids intake and depression risk. Rising secular trends in the incidence of depressive 
disorders have been paralleled by a dramatic change in the sources of fat in the Western 
diet. This change mainly consists in the replacement of polyunsaturated or 
monounsaturated fatty acids by saturated fats and trans-unsaturated fats (Pawels & 
Volterrani, 2008). These findings suggest that cardiovascular disease and depression may 
share some common nutritional determinants related to subtypes of fat intake (Sanchez-
Villegas et al., 2011). 
It seems that the exposure to trans fatty acids in utero has negative consequences early in 
life. How much the in utero environment dictates birth weight and the programming of 
long-term obesity related disorders is still unclear, especially when compared with that of 
early neonatal growth rate. The placental transfer of trans fatty acids is still contradictory, 
both in human and animals (Haggarty, 2010). However, experimental studies have 
demonstrated that placenta is not completely impermeable to these compounds, since a 
number of trans fatty acids cross this barrier and accumulates in the liver and in the total 
body lipids of the fetus. However, despite that the myelinogenesis process is not finished in 
fetus, the amount of trans isomers transferred to fetal brain was negligible in all studies. At 
least in animals, this finding suggests the brain might be protected from the trans fatty acids 
accumulation, but no data have yet been reported for human newborns (Haggarty, 2010).  



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

98

1.2 The role of lipids on the development of nervous system 
Among the various organic systems, the nervous system plays the main role in controlling 
several physiological processes. During development, this system presents a rapid growth 
spurt period or a vulnerable period which corresponds to the highest rate of cellular 
migration and differentiation, neurogenesis, synaptogenesis, myelinization and maturation 
of neurotransmitter pathways. Depending on the animal species, this critical period of 
intense neural development occurs at different time points early in life (Dobbing, 1968). In 
human, for example, it occurs during the last trimester of gestation until the second year of 
life, while in rats it corresponds the lactation period. During this period, the nutrition is one 
of the essential environmental factors to a normal development because it provides 
nutrients without them the neurodevelopment would be impaired (Walker, 2005).  
The classical studies about malnutrition show that nutritional deficiency in macro or 
micronutrients has deleterious effects on the brain (Winick & Rosso, 1969). In rats, 
malnutrition induces functional and developmental failures, as well as reduction in brain 
size (Morgane et al., 1992;1993). In children, malnutrition showed influence both short and 
long term problems of cognition and behavior (Grantham-McGregor & Baker-Henningham, 
2005; Benton, 2008).  
Essential fatty acids are important constituents of structural lipids in nervous membranes 
cell and signaling molecules, as such, are involved in many brain functions. Around 30–40% 
of the total phospholipids in these structures are docosahexaenoic acid molecules (Young et 
al., 2000), which appear to be specifically concentrated in membranes surrounding synapses 
(Carlson, 2001). Changes in the quantity and quality of the dietary fatty acids are often 
associated with developmental and functional alterations in the nervous system. 
At the cellular level, an -linolenic deficient diet can induce less complex patterns of 
dendritic branching (Wainwright, 2002), smaller neurite growth in hippocampal neurons 
(Calderon & Kim 2004) and reduced neuronal soma size in some brain regions (Ahmad et 
al., 2002). Modification in the fatty acid composition of rat brain cell membranes of neurons, 
astrocytes, oligodendrocytes, and of subcellular fractions, such as myelin and synaptosomes, 
are also induced by a diet with reduced levels of n-3 fatty acids (Bourre et al., 1984). It has 
been shown that essential fatty acids imbalance as well as specific fatty acid deficiencies in 
the maternal diet can affect the neuromotor development of pups, including the ability to 
respond to environmental stimulation (Lamptey & Walker, 1976; Wainwright, 2002; 
Anselmo et al., 2006). 
Fats and oils as they exist in nature must be processed before they are suitable for human 
consumption (González et al., 2007). On the other hand, only a few studies have described 
the effects of the ingestion of trans fatty acids early in life on the rat brain development. In 
this study we investigated the replacement of soybean oil in the diet by partially 
hydrogenated vegetable oil, rich in trans fatty acids, from the beginning of gestation 
through lactation on reflex ontogeny.  

2. Methods  
2.1 Animals and diets  
Female pregnant Wistar rats weighing 200-250 g were obtained from the colony of 
Department of Nutrition of the Federal University of Pernambuco. Twenty-four hours after 
the birth of the entire mothers´ nestling, born on the same day, were contained in a large 
group and randomly each litter was culled to six males and two female pups. The litters 
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were also randomly assigned to isocaloric diets containing as lipid source 7% soybean oil 
(control group-C; n=32) or 7% of hydrogenated vegetal fat (experimental group-E; n=39), 
since gestation until weaning (21 days old). Both diets (table 1) were formulated based on 
recommendations of the American Institute of Nutrition-AIN-93 (Reeves et al., 1993). The 
animals were kept on a 12:12-h light –dark photoperiod at 24o C temperature during the 
whole period. The animals were maintained according to recommendations from the 
National Institute of Health (USA) and approved by the Ethics Committee for Use Animal, 
Federal University of Pernambuco (CEUA, protocol.23076.020339/2010-24). After delivery, 
from P1 until 21d, the pups were weighted at 1, 7, 14 and 21days of age. Indicators of 
somatic maturation and reflex ontogeny were studied daily from P1 to P21 between 07:00 
am and 09:00 am. Daily it was observed the occurrence of the reflex responses, being 
considered the consolidation day to be the first one, of a series of three consecutive days 
where the reply was verified. For each reflex it was established a maximum observation 
time of 10s according to the experimental model established by Smart & Dobbing (1971).  
 

Ingredients Control diet
(g/100g)

Experimental diet 
(g/100g) 

Casein 20.0 20.0 
Cellulose 5.0 5.0

Corn starch 52.95 53.49 
Sucrose 10.0 10.0 

Soyabean oil 7.0 -
Hydrogenated vegetable 

fat _ 6.46 

Vitamin mix 1 1.0 1.0
Mineral mix 2 3.5 3.5

L-Cystine 0.3 0.3
Choline Bitartrate 0.25 0.25 

Table 1. Composition of the diets. Vitamin mixture (Rhoster Ind.Com. LTDA. SP. Brazil) 
containing (m%): folic acid (20); niacin (300); biotin (2); calcium pantothenate 160; 
pyridoxine 70; riboflavin 60; thiamine chloride 60; vitamin B12 0.25; vitamin K1 7.5. 
Additionally containing (UI%): vitamin A 40.000; vitamin D3 10.000; vitamin E 750. 2 
Mineral mixture (Rhoster Ind. Com. LTDA. SP. Brazil) containing (m%): CaHP04 (38); 
K2HP04 (24); CaCO3 (18.1); NaF (0.1); NaCl(7.0); MgO (2.0); MgS04 7H20 (9.0); FeS04  7H20 
(0.7); ZnS04 H20 (0.5); MnSO+ H20 (0.5); CuS04 5H20 (0.1); Al2 (S04)3K2S04 24H20 (0.02); 
Na2SeO3 5H20 (0.001); KCl (0.008). 

2.2 Indicators of somatic maturation 
The following indicators of somatic maturation, as illustrated in figure 1, were analyzed in 
order to study whether the replacement of soybean oil by vegetable hydrogenated fat in the 
diet influenced the development of physical features of the rat pups. 

2.3 Indicators of reflex ontogeny  
The following indicators of the reflex ontogeny investigated at the present study are 
described and illustrated below (figure 2): 
Palmar Grasp (PG)- This reflex is present at birth and consists of a dorso flexion of the digits 
(‘grasping’) in response to the stimulation of the hand-palm with a small metallic stick. The 
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Fig. 1. Indicators of somatic maturation. A) Eruption of the Upper Incisors (EUI) and 
Eruption of the Lower Incisors (ELI); B) Ear Unfolding (EU); C) Eye Opening (EO); D) 
Auditory Conduit Opening (ACO).  

 

 
Fig. 2. The figure represents the indicators of reflex ontogeny observed during lactation 
period.  
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expected response is the disappearance of the palmar grasping response, as the organism 
matures. 
Righting (R)- The newborn is placed on its back on a flat surface and the expected mature 
response is to turn over on the ventral surface, resting in the normal position with the four 
feet on the ground. 
Vibrissa Placing (VP)- The pup is held by the tail, with the head facing the edge of a table and 
the vibrissae just touching the vertical surface of the table. The expected response is to lift 
the head and to extend the fore legs in direction of the table. 
Cliff Avoidance (CA) - The newborn is placed on the edge of a ‘cliff’ (for instance, on the edge 
of a table), with the forepaws and face just over the edge. The expected response is to move 
away from the cliff, to avoid dropping. 
Negative Geotaxis (NG)- The pup is placed on an inclined ramp (45º slope) with its head 
pointing to the ground. The expected mature response is to turn around and crawl up the 
slope. 
Free-Fall Righting (FFR)- The pup is held with the back downwards 35cm above a cotton pad 
and dropped. The expected response is to turn in mid-air to land on its four paws. 
Auditory Startle Response (ASR)- The newborn is exposed suddenly to a loud, sharp noise. 
The expected response is a prompt extension of the head and the limbs, followed by 
withdrawal of the limbs and a crouching posture. 

2.4 Statistical analysis  
The body weight was analyzed by Student’s t-test. Results are presented as means±standard 
error of the mean (SEM). Differences were significant when p< 0.05. Results of the somatic 
maturation and reflex ontogeny were evaluated by Mann-Whitney test. Results are 
expressed as median  interquartile. Statistical significance was set at p < 0.05. 

3. Results  
3.1 Body weight 
The figure 3 shows that pups fed an experimental diet did not exhibited significant 
differences in the body weight at the 1st, 7th, 14th and 21th day, during the lactation period 
when compared to the controls. (C = 6.7 g ± 0.12; 16.3 g ± 0.49; 29.6 g ± 1.18; 46.4 g ±1.52; E = 
6.6 g ± 0.11; 16.5 g ± 0.22; 30.3 g ± 0.48; 47 g ± 0.86). 

3.2 Indicators of somatic maturation  
The effect of the experimental diet on somatic development is shown in Figure 4, where the 
results are expressed in median (min. – max.) and compared with the control group. There 
was no difference between the number of days for ear unfolding, eye opening and the 
eruptions of superior and inferior incisors. However, the opening of the external auditory 
canal was significantly delayed in the experimental group as compared to the control (C: 12-
1; E: 14-2.5; p<0.05).  

3.3 Indicators of reflex ontogeny  
As can be seen in Figure 5, the development of the early reflexes which appear in the first 
postnatal week such as righting, cliff avoidance and vibrissa placing did not differ between 
control and experimental pups. In the second postnatal week, the negative geotaxis was the 
only reflex which was delayed in the experimental group when compared to the control (C: 
11-3; E: 9-1.5). 
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Fig. 3. Body weight in control (C) and experimental (E) offsprings from the 1st , 7th, 14th and 
the 21st day. Each bar represents the mean  SEM. C = control group fed a diet containing 
7% of soybean oil (n=32); E = experimental group fed a diet containing 7% of hydrogenated 
vegetal fat (n=39).  

 

 
Fig. 4. Somatic maturation indicators of suckling rats fed the control diet (C; n=32) and the 
experimental diet (E; n=39). Each bar represents the median  interquartile. EO = Eye 
Opening; EU = Ear Unfolding; ACO = Auditory Conduit Opening; UIE = Upper Incisors 
Eruption; LIE = Low Incisors Eruption. * p< 0.05 vs C group (Mann-Whitney Test). 
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Fig. 5. Reflex ontogeny. Each bar represents the median  inertquartile. C = control group 
(n=32); E = experimental group (n=39). PG = Palmar Grasp; CA = Cliff Avoidance; VP = 
Vibrissa Placing; NG = Negative Geotaxis; R = Righting; ASR = Auditory Startle Response; 
FFR = Free-fall Righting. * p< 0.05 vs C group (Mann-Whitney Test). 

4. Discussion  
The currently hydrogenation of vegetable oils produces trans fatty acids which can be found 
in most manufactured products. The high consumption of these foods is related with the 
increase of health problems. When consumed, trans fat acids can be found in plasma and in 
the maternal milk (Carlson et al., 1997) and its concentration varies with daily mother 
intake. Circulating trans fat acids are also carried and incorporated into tissues such as the 
brain, liver, adipose tissue and spleen and its levels on these tissues depend on the amount 
ingested (Larqué et al., 2001). 
In this study, we observed that offsprings fed a hydrogenated fat based diet did not 
exhibited differences in body weight from P0 until P21 when compared to the controls. One 
could explain this finding by the fact of the experimental drawing, herein used, kept the 
same proportion of lipids in the both diets, only replacing soybean oil for hydrogenated 
vegetal fat in the experimental diet. Although this dietary treatment has been offered during 
a period of an intense growth and body development, it did not compromise the body 
weight gain of the pups over the lactation period. These data are similar to those found in a 
previous study of our laboratory when rats fed a diet containing 5%coconut-oil or soybean-
oil during pregnancy and lactation did not show significant changes in body weight gain 
from P0 to P21 when compared to the control group (Borba et al., 2010). Santillán et al., 
(2010) did not find differences in the body weight of mice fed a commercial diet enriched 
with soybean or sunflower oil diet over gestation and lactation when compared with those 
fed a commercial diet. On the other hand, mice known to be prone to obesity and insulin 
resistance when consumed a high fat diet during pregnancy and lactation exhibited a 
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growth delay at the first week of life, but accelerated the growth in the subsequent two 
weeks (Kavanagh, et al., 2010). It is known that the fat content variation in human milk is 
clearly the result of different dietary, metabolic and physiologic controls (German, 2011). In 
humans, the fatty acid composition in maternal diet and in breastmilk during lactation may 
not affect the infant body composition in the early postpartum period but may be a factor in 
the development of childhood overweight later in life (Anderson et al., 2010).  
The somatic maturation and reflex development from the 2nd over the 21st  postnatal days 
of life are good indicators to understand how environmental factors can influence the 
functional maturity of the brain development (Smart & Dobbing, 1971; Gramsbergen, 1998).  
Among the somatic parameters herein investigated, the opening of the external auditory 
canal was delayed in the experimental group when compared to the control group. 
However, we did not observe this effect on the auditory startle response. These results 
suggest that the consumption of trans fat during the critical period of development did not 
influence the function of the auditory system since the hearing sensation was preserved. It 
has been known since the 19th century that hearing may occur through bone conduction; 
however the way how this physiologic pathway works is not completely understood. Some 
factors can contribute to the bone conduction, such as: sound radiated into the external ear 
canal, middle ear ossicle inertia, inertia of the cochlear fluids, compression of the cochlear 
walls and pressure transmission from the cerebrospinal. Of these five, inertia of the cochlear 
fluid seems the most important. The efficiency of the bone conduction is largely dependent 
on the skull bone where the skull acts as a rigid body at low frequencies and incorporates 
different types of wave transmission at higher frequencies (Stenfelt & Goode, 2005).  
Regarding the others somatic maturation indicators no differences were observed between 
the group fed a trans fat based diet and the group fed a soybean oil based diet. When the 
reflex ontogeny was analyzed, we observed that there was a significant delayed in the 
negative geotaxis of the pups fed an experimental diet. These data suggested that there was 
a negative effect possibly induced by the lack of any essential fatty acid or by the trans fat 
per se on the development of the motor and the cerebellar system. The negative geotaxis 
reflex is stimulated by the abnormal position of the head and the body which are under 
control of the vestibular and postural systems (Adams et. al, 1985). This reflex requires a 
sequence of organized motor events (Ramirez & Spear, 2010) but this only occurs if the 
motor system is maturated. In rats, spinal cord descending projections develop relatively 
early. Projections from vestibulospinal and reticulospinal origin reach the cervical levels of 
the spinal cord at 13rd or 14 rd embrionary day. Around the same period, motoneurons in the 
ventral horn of thoracic and lumbosacral spinal cord segments start developing and two 
days thereafter, their axons invade the muscle mass of the caudal limb bud (Altman & 
Bayer, 1984; 1997; Gramsbergen, 1993).  
The development of cerebellum occurs in the postnatal period, reaching its peak of 
development at the end of the first week (Smart & Dobbing, 1971). This period results of a 
number of events including: neuronal and glial proliferation, outgrowth of axons and 
dendrites, establishment of synaptical contacts, as well as myelination (Altman & Bayer, 
1997). This late development makes the cerebellum a structure particularly vulnerable to 
insufficient supply of nutrients or to side and possible beneficial effects of pharmacological 
treatments (Gramsbergen, 2003). It has been shown that a restriction of daily food intake to 
dams delays the motor development and behavior associated with a disturbed cerebellar 
development of the offspring (Gramsbergen, 2003). On the other hand, Collucia et al. (2009) 
showed that omega-3 supplementation during gestation and lactation improved motor 
coordination in juvenile-adults rats. 

 
Lipids, Nutrition and Development 

 

105 

One of the problems with the process of hydrogenation is the fact that it possibly produces a 
loss of essential fatty acids of the original vegetable oils. Hill et al. (1982) showed that rats 
fed a diet containing as a lipid source partially hydrogenated soybean oil showed a 
reduction of essential fatty acids levels in the liver and heart. It is evident that partially 
hydrogenated fats have excellent culinary properties, but from a nutritional point of view, 
the consumption of trans fatty acids represents a loss of essential fatty acids intake that may 
have a hazardous impact on health. This study is the first evidence that the consumption of 
hydrogenated vegetable fat during the critical period of development may compromise 
some parameters of the reflex and somatic development of rat pups.  

5. Conclusion  
Although the maternal intake of a diet containing trans fatty acid in replacement of soybean 
oil have not changed the body weight in the early postpartum period of the pups, it 
influenced negatively both somatic and reflex development. Recently, there is an increase in 
the level of interest in fatty acids and lipids. This interest is not limited to brain 
biochemistry, but also to the effects of levels and ratios of fatty acids on physiological and 
behavioral aspects. For these reasons, more research is warranted regarding the influence of 
maternal dietary on the fatty acid composition of the breast milk and their effects on body 
composition, the development of overweight and behavior changes later in life of rat pups. 
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1. Introduction 
Lipoxygenases (EC 1.13.11.12, linoleate:oxygen, oxidoreductases, LOXs) which are widely 
found in plants, fungi, and animals, are a large monomeric protein family with non-heme, 
non-sulphur, iron cofactor containing dioxygenases that catalyze the oxidation of 
polyunsaturated fatty acids (PUFA) as substrate with at  least one 1Z, 4Z-pentadiene moiety 
such as linoleic, linolenic and arachidonic acid to yield hydroperoxides (Gardner, 1991).  
 

 
Fig. 1. Lipoxygenase substrates, linoleic, α- linolenic and arachidonic acid. 

Theorell et al. (1947) succeeded in crystallizing and characterizing lipoxygenase (LOX) from 
soybeans and since then among plant LOXs, soybean lipoxygenase isozyme 1 (LOX-1) can 
be regarded as the mechanistic paradigm for these nonheme iron dioxygenases (Coffa et al., 
2005; Minor et al., 1996; Fiorucci et al., 2008). 
Designing agents to modulate activities of the variety of so closely homologous enzymes, such 
as different LOXs, require an intimate knowledge of their 3D structures, as well as information 
about metabolism of the potential xeno- or endobiotics. So far only the structures of soybean 
isozymes LOX-1 and LOX-3 have been determined for native enzymes, and several structures 
of their and rabbit 15-LOX (from reticulocytes) molecular complexes with inhibitors are 
known. Due to lack of sufficiently purified human enzymes most of the structural research has 
been done on soybean LOX (Skrzypczak-Jankun et al., 2003). 
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Understanding the mechanism of inhibition of LOXs can have profound effect in the 
development of many anti-cancer and anti-inflammatory drugs. On the basis of the 
available LOX data it was suggested that a combination of LOX modulators might be 
needed to shift the balance of LOX activities from procarcinogenic to anticancerogenic as a 
novel strategy for cancer chemoprevention (Skrzypczak-Jankun et al., 2003). 
The aim of the present study is to present knowledge on different lipoxygenases having the 
soybean lipoxygenases as a structural and activity template for their inhibition by natural 
antioxidant compounds as theoretical approach for food biochemistry and medical 
applications.  

2. Lipoxygenase structure and activity 
The three-dimensional structure of soybean lipoxygenase-1 has been determined to 2.3 Å 
resolution by single crystal X-ray diffraction methods (Boyington et al., 1993). It is a two-
domain, single-chain prolate ellipsoid of dimensions 90 x 65 x 60 Å with a molecular mass of 
95 kDa. The 839 residues are organised in two domains: one 146 residue N-terminal domain 
(domain I), and a major, 693 residue C-terminal domain (domain II) (Prigge et al., 1997). 
Overall, the three-dimensional structure of lipoxygenase-1 shows a helical content of 38.0% 
and a β-sheet content of 13.9%. The structure of another crystal form of soybean 
lipoxygenase-1 determined to 1.4 Å resolution (Minor et al., 1996) showed very similar 
results. The structure of lipoxygenase-3, another soybean lipoxygenase isozyme 
(Skrzypczak-Jankun, 1997) shows that the lipoxygenase-3 isozyme is very similar in 
structure despite significant differences in sequence: 857 residues vs 839, deletions at 7 
positions, insertions at 25 positions, and substitutions at 224 residues (72% identity). 
Soybean seed isoenzymes are 94–97 kDa monomeric proteins with distinct isoelectric points 
ranging from about 5.7 to 6.4, and can be distinguished by optimum pH, substrate 
specificity, product formation and stability (Siedow, 1991; Mack et al., 1987). LOX-1 is the 
smallest in size (838 amino acids; 94 kDa), exhibits maximal activity at pH 9.0 and converts 
linoleic acid preferentially into the 13-hydroperoxide derivative. LOX-2 is characterized by a 
larger size (865 amino acids; 97 kDa), by a peak of activity at pH 6.8, and forms equal 
amounts of the 13-and 9-hydroperoxide compounds (Loiseau et al., 2001). LOX-2 oxygenates 
the esterified unsaturated fatty acid moieties in membranes in contrast to LOX-1 which only 
uses free fatty acids as substrates (Maccarrone et al., 1994). LOX-3 (857 amino acids; 96.5 
kDa) exhibits its maximal activity over a broad pH range centred around pH 7.0 and 
displays a moderate preference for producing a 9-hydroperoxide product. It is the most 
active isoenzyme with respect to both carotenoid cooxidation and production of oxodienoic 
acids (Ramadoss, 1978). 

3. Lipoxygenase reaction 
The initial step of LOX reaction is removal of a hydrogen atom from a methylene unit 
between double bonds in substrate fatty acids (Fig. 2A). The resulting carbon radical is 
stabilized by electron delocalization through the double bonds. Then, a molecular oxygen is 
added to the carbon atom at +2 or –2 position from the original radical carbon, forming a 
peroxy radical as well as a conjugated trans,cis-diene chromophore. The peroxy radical is 
then hydrogenated to form a hydroperoxide. The initial hydrogen removal and the 
following oxygen addition occur in opposite (or antarafacial) sides related to the plane 
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formed by the 1Z,4Z-pentadiene unit. In most LOX reactions, particularly those in plants, 
the resulting hydroperoxy groups are in S-configuration, while one mammalian LOX and 
some marine invertebrate LOXs produce R-hydroperoxides. Even in the reactions of such 
“R-LOXs”, the antarafacial rule of hydrogen removal and oxygen addition is conserved. 
In cases of plant LOXs, including soybean LOXs, the usual substrates are C18-
polyunsaturated fatty acids (linoleic and -linolenic acids), and the products are their 9S- or 
13S-hydroperoxides (Fig. 2B). Most plant LOXs react with either one of the regio-specificity, 
while some with both. Therefore, based on the regio-specificty, plant LOXs are classified 
into 9-LOXs, 13-LOXs, or 9/13-LOXs.  
 

  
Fig. 2. LOX reaction showing the principal steps of LOX reaction (Panel A), and the actual 
reactions of plant LOXs and -linolenic acid (Panel B). HPOTE:  
hydroperoxyoctadecatrienoic acid.  

4. Biological and metabolic functions 
4.1 In plants 
Lipid peroxidation is common to all biological systems, both appearing in 
developmentally and environmentally regulated processes of plants (Feussner & 
Wasternack, 2002). The hydroperoxy polyunsaturated fatty acids, synthesized by the 
action of various highly specialised forms of lipoxygenases, are substrates of at least seven 
different enzyme families (Feussner & Wasternack, 2002). Signaling compounds such as 
jasmonates, antimicrobial and antifungal compounds such as leaf aldehydes or divinyl 
ethers, and a plant-specific blend of volatiles including leaf alcohols are among the 
numerous products. Thus, the lipoxygenase pathway becomes an initial step in the 
interaction of plants with pathogens, insects, or abiotic stress and at distinct stages of 
development (Feussner & Wasternack, 2002). 

4.2 In humans 
Besides polyunsaturated fatty acids, H2O2, fatty acid hydroperoxides, and synthetic organic 
hydroperoxides support the lipoxygenase-catalyzed xenobiotic oxidation the major 
reactions documented thus far including oxidation, epoxidation, hydroxylation, 
sulfoxidation, desulfuration, dearylation, and N-dealkylation (Kulkarni, 2001). It is 
noteworthy that lipoxygenases are also capable of glutathione conjugation of certain 
xenobiotics (Kulkarni, 2001). Available data suggest that lipoxygenases contribute to in vivo 
metabolism of endobiotics and xenobiotics in mammals (Kulkarni, 2001). 
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Recent reviews describe the role of lipoxygenase in cancer (Bhattacharya et al., 2009; 
Pidgeon et al., 2007; Moreno, 2009), inflammation (Duroudier et al., 2009; Hersberger, 2010) 
and vascular biology (Chawengsub et al., 2009; Mochizuki & Kwon, 2008) and for an 
extensive presentation of the role of eicosanoids in prevention and management of diseases 
the reader is referred to the review of Szefel et al. (2011). 

5. Interaction of lipoxygenase with inhibitors as theoretical approach for food 
industry and medical applications 
In terms of the structure and function, LOXs are unique, because their metal cofactor is a 
single ion bound by the side chains of the surrounding amino acids and the carboxylic 
group of the C-terminus, and their inhibitors bind to or near the Fe co-factor (Skrzypczak-
Jankun et al., 2007). Lipoxygenases are inhibited by a large number of chemicals, some of 
which also serve as co-substrates (Kulkarni, 2001).  

5.1 Importance of lipoxygenase inhibition for food industry 
Besides their physiological role, plant lipoxygenases are of significant importance to the 
food industry, since these enzymes have been implicated in the generation of the flavour 
and aroma in many plant products. For instance, they are responsible for the undesirable 
‘beany’, ‘green’ and ‘grassy’ flavours produced during processing and storage of protein 
products derived from legume seeds (Fukushima, 1994; Robinson et al., 1995) and the 
development of the stale flavour in beer during storage (Kobayashi et al., 1993). 
Lipoxygenases also play an important role in the baking industry. They are quite effective as 
bleaching agents, increase mixing tolerance and improve dough rheology (Nicolas & Potus, 
1994; Larreta-Garde, 1995; Cumbee et al., 1997; Borellib et al., 1999). 
Freshly refined soybean oil is practically odourless and bland, but “green, grassy, fishy” off-
flavors may develop quickly if the oil is heated or stored under conditions that expose it to 
light and oxygen or by contamination with pro-oxidant metals such as copper and iron 
(Berk, 1992). “Beany” flavour is the principal inconvenience of traditional soymilk and its 
products (e.g., tofu) and is caused by some ketones and aldehydes, particularly hexanals 
and heptanals, produced through LOX catalyzed oxidation (Berk, 1992). 
Fish lipids are susceptible to oxidation owing to the high levels of polyunsaturated fatty 
acids (PUFA), even in frozen storage, and this can affect the flavour, texture, taste, aroma 
and shelf life of fish (Ke & Ackman, 1976). Since the direct interaction between oxygen and 
highly unsaturated lipids is kinetically hindered (Kanner et al., 1987), the enzymatic 
initiation of oxidation by enzymes such as lipoxygenase, peroxidases and microsomal 
enzymes has been gaining favour. 
Green tea glazing was shown to improve the storage quality of frozen bonito fillets (Lin & 
Lin, 2005). In addition, hot water tea extract was shown to suppress the pro-oxidant 
activities of the dark meat and skin of blue sprat (Seto et al., 2005). Banerjee (2006) proposes 
that the improvement in the shelf life of fish by green tea polyphenols is at least in part due 
to inhibition of LOX resulting in delaying oxidation of fish lipids and because of that 
impregnation of muscle fillets in tea extract by itself or in combination with other natural 
inhibitors may improve the shelf-life and storage quality of fish fillets. 
Besides its function of oxidizing the polyunsaturated fatty acids (linoleic, linolenic and 
arachidonic), the enzyme may also catalyse the co-oxidation of carotenoids, resulting in the 
loss of natural colorants and essential nutrients (Robinson et al., 1995). LOX have been 
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implicated in the generation of the flavour and aroma in many plant products, in the 
decolourisation of pigments and in the potential of compromising the anti-oxidant status 
(Casey, 1999). In pasta the involvement of LOX in colour loss is demonstrated by positive 
correlation between the decrease of β-carotene content after pastification and LOX activities 
in semolina. In addition to this, the hydroperoxidation and bleaching activities of LOX are 
highly correlated demonstrating that the bleaching might be ascribable to a co-oxidative 
action by LOX (Borrellia et al., 1999).  
During pasta processing in which the maximal pigment degradation by LOX activity occurs 
(Borrellib et al., 1999), it is shown that externally added β-carotene can act as inhibitor of the 
LOX-catalysed linoleate hydroperoxidation and an inverse relation between the % of 
carotenoid loss and the initial carotenoid content in semolina from durum varieties, 
showing similar LOX activity, was found (Trono et al., 1999). 
The complete characterisation of lipoxygenase from pea seeds (Pisum sativum var. Telephone 
L.) gives possibility to avoid destructive influence during food processing and storage 
(Szymanowska et al., 2009) by the action of this enzyme. 

5.2 LOX inhibition in cancer 
Molecular studies of the well-known relationship between polyunsaturated fatty acid 
metabolism and carcinogenesis have revealed novel molecular targets for cancer 
chemoprevention and treatment (Lipkin et al., 1999; Willett, 1997; Klurfeld & Bull, 1997; 
Guthrie & Carroll, 1999).  
The role of lipoxygenase in the development and progression of cancer is complex due to 
the variety of lipoxygenase genes that have been identified in humans, in addition to 
different profiles of lipoxygenase observed between studies on human tumor biopsies and 
experimentally induced animal tumor models (Pidgeon et al., 2007). The literature emerging 
on the role of lipoxygenases in tumor growth, for the most part, suggests that distinct 
lipoxygenase isoforms, whose expression are lost during the progression of cancer, may 
exhibit anti-tumor activity, while other isoforms may exert pro-tumorigenic effects and are 
preferentially expressed during the development of various cancers.  
The involvement of 5-lipoxygenase and 12-lipoxygenase in human cancer progression is 
now supported by a growing body of literature. The involvement of 15-lipoxygenase-1 in 
colorectal cancer involves its implication in carcinogenesis having pro-carcinogenic as well 
as anti-carcinogenic roles (Bhattacharya et al., 2009). The co-localization of these enzymes 
and the similarities of their bioactions on cancer cell growth suggest that the simultaneous 
inhibition of these enzymes may represent novel and promising therapeutic approaches in 
selected cancer types (Pidgeon et al., 2007). Therefore, when targeting the regulation of 
arachidonic acid metabolism, blocking 5-lipoxygenase, 12-lipoxygenase and 15-
lipoxygenase-1 without altering the expression of the anti-carcinogenic 15-lipoxygenase-2 
may be the most effective, however at present no drug recapitulates these capabilities 
(Pidgeon et al., 2007).  

5.3 Mechanisms of lipoxygenase inhibition 
In general, lipoxygenase inhibitors can bind covalently to iron or form the molecular 
complexes blocking access to iron (Skrzypczak-Jankun et al., 2007). It was pointed out by 
Walther et al., that a course of inhibition, by the drug ebselen, (noncompetitive vs 
competitive) and its reversibility depend on the oxidation state of iron, i.e. whether the 
enzyme is catalytically silent with Fe2+ when it binds covalently, causing irreversible 
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inhibition or preoxidized and active with Fe3+ in the presence of the fatty acid substrate 
(Walther et al., 1999). In both cases the enzyme’s performance can be illustrated by a classic 
Lineweaver-Burk plot. Many inhibitors do not follow such a linear relation between velocity 
and the inhibitor’s concentration showing a hyperbolic curve instead as observed by 
Skrzypczak-Jankun et al. (2002) for polyphenolic inhibitors (curcumin, quercetin, 
epigallocatechin gallate and epigallocatechin) interacting with soybean lipoxygenase-3. In 
general, the kinetic data are seldom reported (Skrzypczak-Jankun et al., 2007). Xenobiotic 
oxidation by soy lipoxygenase has been investigated and described, while human enzymes 
lack such thorough studies (Skrzypczak-Jankun et al., 2007). The in vivo susceptibility of 
lipoxygenases’ inhibitors may depend not only on the source of lipoxygenase and its 
isozyme (Pham et al., 1998; Schewe et al., 1986) but also on the oxidation state of iron and 
the competition between peroxidase and co-oxidase activities of enzyme (Borbulevych et al., 
2004). 
The first mode to inhibit the lipoxygenase would be a direct reduction of iron to its inactive 
form. For soybean lipoxygenase, it has been demonstrated that nordihydroguaiaretic acid 
rapidly reduces the active ferric species of the enzyme to its inactive ferrous form, thus 
causing interruption of the catalytic cycle (Kemal et al., 1987). For the polyphenol inhibition 
of lipoxygenase it was firstly suggested that this molecules strongly complex of the ferric 
iron moiety of the lipoxygenase, thus preventing its reduction via the catalytic cycle as 
proposed for the action of 4-nitrocatechol on the soybean lipoxygenase-1 (Spaapen et al., 
1980). The second observation that complexation of the flavanols with Fe3+ did not abolish 
the inhibitory effect may rule out a direct complexation of the iron moiety in ferric 
lipoxygenase by these catechol compounds. The X-ray analysis shows 4-nitrocatechol near 
iron with partial occupancy, blocking access to Fe but not covalently bound to it 
(Skrzypczak-Jankun et al., 2004). If a similar mode of action holds for the interaction of 
flavanols with mammalian lipoxygenases, the corresponding iron polyphenol complexes 
may retain their lipoxygenase-inhibitory effect.  
A third conceivable mode of action of polyphenols is the effective reduction of 
hydroperoxides that are essential activators of lipoxygenase via conversion of the 
enzymatically silent ferrous species to the active ferric form. The observation of Schewe et 
al. (2001) that lowering of the hydroperoxide tone by glutathione plus glutathione 
peroxidase did not modulate the inhibitory effects of flavanols on 15-lipoxygenase-1 does 
not support the latter possibility.  
In case of carotenoids, more specifically, β-carotene, the lipoxygenase was inhibited by 
keeping it in the inactive form of Fe(II) (Serpen & Gökmen, 2006). These authors suggest that 
β-carotene reacts with linoleyl radical (L•) at the beginning of the chain reaction, so it 
prevents the accumulation of conjugated diene forms (LOO•, LOO− and LOOH). Since L• 
transforms back to its original form of LH, the enzyme cannot complete the chain reaction 
and thus remains in the inactive Fe(II) form, which is not capable of catalyzing linoleic acid 
hydroperoxidation (Serpen & Gökmen, 2006).  
Wu et al. (1999) have reported that β-carotene scavenges the linoleyl peroxy radical (LOO•) 
by a hydrogen transfer mechanism and the oxidation of β-carotene occurs during this action. 
In these conditions, it is absolutely clear that the amount of inactivated enzyme depends on 
the concentration of β-carotene present in the medium (Serpen & Gökmen, 2006).  
According to Mahesha et al. (2007) the lipoxygenase inhibition by isoflavones follows the 
next mechanism: an electron donated by isoflavones is accepted by the ferric form (Fe3+) of 
lipoxygenase, which is reduced to resting ferrous form (Fe2+), thus inhibiting lipoxygenase. 
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Genistein is neither consumed nor does state change during the course of the reaction of 
lipoxygenase (Mahesha et al., 2007), while quercetin entrapped within lipoxygenase 
undergoes degradation (Borbulevych et al., 2004).  

5.4 Inhibition of soybean lipoxygenase by different classes of polyphenols 
Gillmor et al. (1997) obtained the structure of the rabbit reticulocyte enzyme as a complex 
with the inhibitor RS75091. Located in one of the hydrophobic channels of the enzyme, the 
inhibitor was found to be close but not biding the iron atom of the catalytic situs. These 
observations provided the first indications of how the native enzyme can interact with 
potential ligands (Pham et al., 1998).  
Natural flavonoids don’t affect only the lipoxygenase oxidation of its classical substrates but 
also the co-oxidation of xenobiotics by this enzyme. Epigallocatechin-gallate, quercetin and 
rutin proved to reduce the co-oxidation rate of guaiacol, benzidine, paraphenylenediamine 
and dimethoxybenzidine by soybean lipoxygenase-1 (Hu et al., 2006).  This data suggest that 
flavonoids may have anticarcinogenic and antitoxic effect through inhibition of oxidative 
activation generated by lipoxygenase (Hu et al., 2006). Green tea polyphenols have potent 
free radical quenching and antioxidant activities (Wiseman et al., 1997) and have structural 
features that may specifically interfere with the arachidonic acid cascade, including the 
lipoxygenase pathway (Hong & Yang, 2003; Hussain et al., 2005). In addition, with growing 
concerns regarding the safety of synthetic antioxidants such as BHT and BHA, alternative 
mechanisms of antioxidant protection by the use of natural antioxidants have been in review 
over the years (Barlow, 1990). 
Polyphenols, mainly flavonoids and phenolic acids, are abundant in a number of dietary 
sources such as certain cocoas, tea, wine, fruits and vegetables. More than 8000 different 
flavonoids of natural origin are known (Schewe & Sies, 2003). The flavonoids exist in nature 
as aglycons (free form) or conjugated (with O-glucosides or methylated). The aglycons can 
be subdivided in different subclasses (flavanols, flavanones, flavones, izoflavones, flavonols, 
anthocyanidines, aurones, chalcones) in function of how the B ring from their structure is 
linked to the heterocycle C, of the oxidation state and of the functional groups linked to the 
C ring (Beecher, 2003).   
 

 
Fig. 3. The basic structure of flavonoids. 

The basic structure of flavonoids is represented by the flavan nucleus containing 15 carbons 
structured in 2 benzene rings, named A and B and linked by a C3 unit, which together with 
an oxygen atom forms the γ-pyronic or γ-pyranic ring, named the C ring as shown in Fig.3. 
A number of in vitro and in vivo studies as well as clinical trials suggest beneficial effects of 
flavonoids for health, counteracting the development of cardiovascular diseases, cancer and 
obesity. Bors et al. (1990) were the first to claim three partial structures contributing to the 
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radical-scavenging activity of flavonoids: (a) an o-dihydroxyl structure in the B ring 
(catechol structure) as a radical target site providing good electron delocalization and 
stabilization of the phenoxy radical; (b) a 2,3-double bond with conjugation to the 4-oxo 
group which is necessary for delocalization of an unpaired electron from the B ring, (c) 
hydroxyl groups at the 3-and 5-positions, which are necessary for enhancement of radical 
scavenging activity, increasing the delocalisation of electrons across the flavonoid scaffold. 
The catechol group is essential for the radical-scavenging activity of flavan-3-ols and 
flavanones lacking 2,3-double bonds (Bors et al., 1990). 
In parallel to the free radical-scavenging properties the following structural features were 
found to enhance the inhibitory potency:  (i) presence of a catechol arrangement in the B 
or A ring, (ii) a carbonyl group together with a 2,3-double bond in the C ring (Schewe & 
Sies, 2003). Other structural features were opposite to the free radical scavenging 
potencies: (i) presence of a 3-OH group in the C ring diminished than reinforced the 
inhibition of lipoxygenases, (ii) in the absence of a catechol arrangement there was an 
inverse correlation to the total number of OH groups in the flavonoid molecule (Schewe & 
Sies, 2003). Although either reducing or ferric iron chelating properties are prerequisites 
for a lipoxygenase- inhibitory compound, and both of them are also inherent to 
flavonoids, the inhibitory effects cannot be ascribed solely to one of these mechanisms 
(Schewe & Sies, 2003). The inhibition of lipoxygenases by flavonoids appears to be of 
more complex nature (Schewe & Sies, 2003). 
Inhibitors studies of lipoxygenase from pea showed that phenolic antioxidant components 
were effective and can be used to protect food lipids against oxidation (Szymanowska et al., 
2009). The conducted research proved that activity of lipoxygenase from pea seeds could be 
effectively inhibit by some phenolic compounds. The most effective inhibitor is caffeic acid 
(about 57% of inhibition). Flavonoids like catechin and quercetin considerably inhibit the 
lipoxygenase activity. Inhibitors used for investigation in this study were placed in the 
following order: caffeic acid > quercetin > catechin > benzoic acid > ferulic acid > 
kaempferol (Szymanowska et al., 2009). 

5.5 Lipoxygenase inhibition by quercetin 
Quercetin is the most abundant among the flavonoid molecules and can be found in the 
fruits, vegetables, seeds, nuts, and flowers of many plants. Its documented impact on 
human health includes cardiovascular protection, anticancer, antiviral, anti-inflammatory 
activities, antiulcer effects and cataract prevention. Like other flavonoids, quercetin appears 
to combine both lipoxygenase-inhibitory activities and free radical-scavenging properties in 
one agent and thus belongs to a family of very effective natural antioxidants (Sadik et al., 
2003). Quercetin is a flavonol that can be easily oxidized in an aqueous environment, and in 
the presence of iron and hydroxyl free radicals (Borbulevych et al., 2004).  
The inhibition of rabbit 15-lipoxygenase-1 and of soybean lipoxygenase-1 by quercetin was 
studied in detail (Sadik et al., 2003). Quercetin modulates the time course of the 
lipoxygenase reaction in a complex manner by exerting three distinct effects: (i) 
prolongation of the kinetic lag period, (ii) instant decrease in the initial rate after the lag 
phase being overcome, (iii) time-dependent inactivation of the enzyme during reaction, but 
not in the absence of substrate (Schewe & Sies, 2003). The literature data obviously indicate 
that quercetin represents one of the most potent inhibitors of different LOXs (Schneider & 
Bucara, 2005; Schneider & Bucarb, 2005).  
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Structural analysis reveals that quercetin entrapped within LOX undergoes degradation and 
the resulting compound has been identified by X-ray analysis as protocatechuic acid (3,4-
dihydroxybenzoic acid) positioned near the iron site (Borbulevych et al., 2004).  
 

 
Fig. 4. Product of quercetin degradation by soybean LOX-3 (Borbulevych et al., 2004). 

We demonstrated that pH values may influence the molecular interactions between soybean 
LOX-1 and quercetin, and especially the alcaline pH favours the ionic display of quercetin in 
order to interact with LOX better (Chedea et al., 2006). 
Quercetin inhibited the 12 (S)-hydroxytetraenoic acid production at concentrations below 
those necessary for growth inhibition in colorectal cancer cells overexpressing the enzyme 
12(S)-lipoxygenase with an IC50 of 1μM (Bednar et al., 2007). The finding that LOX can turn 
different compounds into simple catechol derivatives (with one aromatic ring only) might 
be of importance as an additional small piece of a “jigsaw puzzle” in the much bigger 
picture of drug metabolism (Borbulevych et al., 2004). Their interactions with LOX can be 
more complicated than simply blocking the access to the enzyme’s active site. The studies on 
LOX and quercetin contribute to the understanding of biocatalytic properties of this enzyme 
and its role in the metabolism of this popular (as a medicinal remedy) flavonol and possibly 
other, similar compounds (Borbulevych et al., 2004). Acting both as a substrate and a source 
of inhibition, quercetin seems to play an antinomic role (Fiorucci et al., 2008). But this could 
be explained as quercetin, one of the most representative flavonoids, is a highly 
functionalized substrate and can thus be activated and degraded following several ways 
(Fiorucci et al., 2008). 

5.6 Inhibition of soybean lipoxygenase by epigallocatechin gallate 
Flavanols (or flavan-3-ols or catechins) are a class of flavonoids that include the catechins 
and the catechin gallates. Catechins are described as colorless, astringent, water-soluble 
polyphenols found in many fruits and grains, such as coffee, red grapes, prunes and raisins. 
Their main source however comes from a beverage made from tea leaves of Camellia sinensis. 
(-)-Epigallocatechin gallate (EGCG) together with other galloylated catechins constitute 
more than 90% of the total catechin content in green tea (Lekli et al., 2010). Laboratory 
studies strongly indicate that tea inhibits certain cancers, and there is a multitude of 
evidence confirming the antioncogenic properties of the individual catechins. For instance: 
EGCG alone shows anticancer effectiveness against carcinogen-induced skin, lung, 
forestomach, esophagus, duodeum, liver and colon tumors in rodents. It was found to cause 
apoptosis and/or cell cycle arrest in human carcinoma cells of skin and prostate cancers 
(Zimeri & Tong, 1999). Catechins have also known inhibitory activity toward dioxygenases 
with a potential to be utilized in disease prevention and treatment. 
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radical-scavenging activity of flavonoids: (a) an o-dihydroxyl structure in the B ring 
(catechol structure) as a radical target site providing good electron delocalization and 
stabilization of the phenoxy radical; (b) a 2,3-double bond with conjugation to the 4-oxo 
group which is necessary for delocalization of an unpaired electron from the B ring, (c) 
hydroxyl groups at the 3-and 5-positions, which are necessary for enhancement of radical 
scavenging activity, increasing the delocalisation of electrons across the flavonoid scaffold. 
The catechol group is essential for the radical-scavenging activity of flavan-3-ols and 
flavanones lacking 2,3-double bonds (Bors et al., 1990). 
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found to enhance the inhibitory potency:  (i) presence of a catechol arrangement in the B 
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potencies: (i) presence of a 3-OH group in the C ring diminished than reinforced the 
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more complex nature (Schewe & Sies, 2003). 
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5.5 Lipoxygenase inhibition by quercetin 
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not in the absence of substrate (Schewe & Sies, 2003). The literature data obviously indicate 
that quercetin represents one of the most potent inhibitors of different LOXs (Schneider & 
Bucara, 2005; Schneider & Bucarb, 2005).  
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The study of Banerjee (2006) shows that green tea polyphenols are very potent inhibitors of 
mackerel muscle LOX, with EGCG (epigallocatechin gallate) as the most effective inhibitor 
(IC50 0.13 nM) followed by ECG (epicatechin gallate) (IC50 0.8 nM), EC (epicatechin) (IC50 6.0 
nM), EGC (epigallocatechin) (IC50 9.0 nM) and C (catechin) (IC50 22.4 nM). Chocolate and 
cocoa are also sources of catechins. Epigallocatechin gallate isolated from the seeds of 
Theobroma cacao had the best inhibitory activity on rabit 15-lipoxygenase-1, with an IC50=4M, 
epicatechin gallate had IC50=5M and epicatechin an IC50=60M (Schewe et al., 2002). A better 
inhibition of epicatechin (IC50 approx. 15M) was registered in the case of recombinant 
human platelet 12-lipoxygenase. 
Obtained from X-ray analysis, the 3D structure of the resulting complex of (-)-
epigallocatechin gallate (EGCG) interacting with soybean lipoxygenase-3 reveals the 
inhibitor depicting (-)-epigallocatechin that lacks the galloyl moiety (Skrzypczak-Jankun et 
al., 2003). The A-ring is near the iron co-factor, attached by the hydrogen bond to the C-
terminus of the enzyme, and the B-ring hydroxyl groups participate in the hydrogen bonds 
and the van der Waals interactions formed by the surrounding amino acids and water 
molecules (Skrzypczak-Jancun et al., 2003). 
 

 
Fig. 5. Lipoxygenase-3 in complex with epigallocatechin gallate as an inhibitor determines 
the degradation of natural flavonoid to epigallocatechin (Skrzypczak-Jancun et al., 2003). 

X-ray analysis of soybean lipoxygenase-3 crystals soaked with EGCG shows the molecular 
complex of LOX-3 with (-)epigallocatechin molecule.  

5.7 Inhibitory effects of soybean isoflavones on lipoxygenase activity 
Soybeans are important sources of isoflavone levels (Song et al., 1998), present as 12 
derivatives, including free genistin, daidzin, glycitin and their acetyl, malonyl or 
glycosilated forms. Isoflavones are composed of 2 benzene rings (A and B) linked through a 
heterocyclic pyrane C ring. The position of the B ring discriminate flavonoid flavones (C2-
position) from isoflavones (C3-position).  
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Fig. 6. Dietary isoflavones inhibitors of lipoxygenase. 

The impact of dietary isoflavones, daidzein and genistein, on the health of adults and infants 
is well documented, an increasing interest for these compounds being registered due to their 
biological effects including: estrogen-like activity, prevention of breast (Warri et al., 2008), 
prostate (Matsumura et al., 2008) and colon cancer (Mac Donald et al., 2005), antioxidant 
activity (Malencić et al., 2007; Sakthivelu et al., 2008), prevention of menopausal symptoms 
and osteoporosis (Ma et al., 2008), and heart disease ( Xiao, 2008). 
In the work of Mahesha et al. (2007) the inhibition of soy lipoxygenase-1 and 5-lipoxygenase 
from human polymorph nuclear lymphocyte by isoflavones, genistein and daidzein as 
glycosilated and unglycosilated compounds was studied. Soybean isoflavones inhibit LOX 
either as aglycons, or as glucosides. Isoflavones exert combined dual actions as inhibitors: 
they compete with the hydroperoxide formation to prevent the generation of LOX active 
ferric state (1) and also are capable of reducing the ferric enzyme to its inactive ferrous form 
(2) (Mahesha et al., 2007).  
Vicaş et al. (2011) showed that genistein was almost twice more potent inhibitor than 
daidzein at similar concentration with concentration that induces 50% soybean 
lipoxygenase-1 inhibition values of 5.33 mM versus 11.53 mM. Genistein and daidzein 
proved to be noncompetitive with inhibition constants Ki of 33.65 and 43.45 mM, 
respectively (Vicaş et al., 2011). The inhibitory efficiency of the genistein and daidzein 
depended both on their concentration and on the substrate’s concentration (Vicaş et al., 
2011). 

5.8 Inhibition of soybean lipoxygenase by carotenoids 
There are over 600 fully characterized, naturally occurring molecular species belonging to 
the class of carotenoids. In humans, some carotenoids (the provitamin A carotenoids: α-
carotene β-carotene, γ-carotene and the xanthophyll, β-cryptoxanthin) are best known for 
converting enzymatically into vitamin A; diseases resulting from vitamin A deficiency 
remain among the most significant nutritional challenges worldwide. Also, the role that 
carotenoids play in protecting those tissues that are the most heavily exposed to light (e.g. 
photo protection of the skin, protection of the central retina) is perhaps most evident, while 
other potential roles for carotenoids in the prevention of chronic diseases (cancer, 
cardiovascular disease) are still being investigated. Because carotenoids are widely 
consumed and their consumption is a modifiable health behaviour (via diets or 
supplements), health benefits for chronic disease prevention, if real, could be very 
significant for public health (Mayne, 2010). Carotenoids are isoprenoid molecules which 
contain a polyene chains, with or without cyclisation at the ends.  
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Fig. 7. Carotenoids serving as lipoxygenase co-substrates  

The existence of an enzyme "carotene oxidase" in soybeans, which catalyzes the oxidative 
destruction of carotene was reported by Bohn and Haas in 1928 (Bohn & Haas, 1928). Four 
years later, Andre and Hou found that soybeans contained an enzyme, lipoxygenase 
(linoleate oxygen oxidoreductase), which they termed "lipoxidase", catalyzing the 
peroxidation of certain unsaturated fatty acids (Andre & Hou, 1932). 
In 1940 the observation that “lipoxydase” is identical to “carotene oxidase” was published 
(Sumner & Sumner, 1940). These early findings of lipoxygenase peroxidizing the 
unsaturated fats and bleaches the carotene were reported as the result of studies on the 
oxidation of crystalline carotene or carotene dissolved in unsaturated oil. Surprisingly it was 
found that the carotene oxidase had an almost negligible bleaching action upon the 
crystalline carotene. On the contrary, when one employs carotene dissolved in a small 
quantity of fat, the bleaching is extremely rapid. With excessive quantities of fat, the rate of 
bleaching of the carotene diminishes, and it was concluded that the effect of added fat upon 
the rate of bleaching of carotene is probably due to a coupled oxidation (Sumner & Sumner, 
1940). 
Studying the soya-lipoxygenase-catalyzed degradation of carotenoids from tomato Biacs 
and Daood (2000) found that β-carotene was the most sensitive component, followed by 
lycoxanthin and lycopene. Their results also implied that β-carotene can actively perform its 
antioxidant function during the course of lipid oxidation. It seems that oxidative 
degradation and, accordingly, antioxidant activity of each carotenoid depends on the rate of 
its interaction with the peroxyl radical produced through the lipoxygenase pathway (Biacs 
& Daood, 2000) and thus is able to inhibit lipoxygenase. The inhibition of the hydroperoxide 
formation by carotenoids has been attributed to their lipid peroxyl radical-trapping ability 
(Burton & Ingold, 1984).  
In vitro, lycopene is a substrate of soybean lipoxygenase. The presence of this enzyme also 
significantly increased the production of lycopene oxidative metabolites (dos Anjos Ferreira 
et al., 2004; Biacs & Daood, 2000). It was reported that during the co-oxidation of β-carotene 
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by LOX-mediated hydroperoxidation reactions, inhibition of LOX activity takes place also 
(Lomnitski et al., 1993; Trono et al., 1999; Pastore et al., 2000). The activity of soybean 
lipoxygenase-1 was inhibited by β-carotene which breaks the chain reaction at the beginning 
stage of linoleic acid hydroperoxidation (Serpen & Gökmen, 2006). Besides soybean 
lipoxygenase (Ikedioby & Snyder, 1977; Hildebrand & Hymowitz, 1982) carotene oxidation 
during lipoxygenase-mediated linoleic acid oxidation has been reported in various studies 
for the enzymes extracted from potato (Aziz et al., 1999), pea (Yoon & Klein, 1979; Gökmen 
et al., 2002), wheat (Pastore et al., 2000), olive (Jaren-Galan et al., 1999) and pepper (Jaren-
Galan & Minguez-Mosquera, 1997). Soybean lipoxygenase-1 and recombinant pea 
lipoxygenase-2 and lipoxygenase-3, oxidizing β-carotene, yield apocarotenal, 
epoxycarotenal, apocarotenone and epoxycarotenone (Wu et al., 1999).  
Through molecular modeling Hazai et al. (2006) predicted that lycopene and lycophyll bind 
with high affinity in the superficial cleft at the interface of the β-barrel and the catalytic 
domain of 5-LOX (the “cleavage site”) suggesting potential direct competitive inhibition of 
5-LOX activity by these molecules after in vivo supplementation, particularly in the case of 
the dial metabolite.  

5.9 Quinone and semiquinone formation during the lipoxygenase inhibition reaction  
In his excellent review from 2001, Kulkarni presents the studies up to that date indicating 
the semiquinone and quinone formation in different lipoxygenase catalyzed reactions of 
xenobiotics oxidation. Diethylstilbestrol (DES) is a human transplacental carcinogen. DES-
quinone, one of the metabolites of DES, binds to DNA and is presumed to be the ultimate 
toxicant. Although DES-quinone formation by human tissue lipoxygenase has yet to be 
examined, soybean lipoxygenase has been shown to initiate one-electron oxidation to DES 
semiquinone in the presence of H2O2 (Nunez-Delicado et al., 1997). Subsequent dismutation 
of two molecules of DES semiquinone yields one molecule each of DES-quinone and DES. 
Although phenol is oxidized slowly by different lipoxygenase isoenzymes, potato 5-
lipoxygenase (Cucurou et al., 1991) and soybean lipoxygenase-1 (Cucurou et al., 1991; 
Mansuy et al., 1988), substituted phenols and catechols undergo extensive one-electron 
oxidation and yield the corresponding reactive phenoxyl radicals or semiquinones. These 
free radicals polymerize to yield a mixture of complex metabolites. 
However, it seems that quercetin may act, in most of cases, after being metabolically 
activated (Metodiewa et al., 1999), and despite a constant increase of knowledge on both 
positive and negative biological effects of this natural product, it remains often unclear 
which activated form should play a role in a given process (Fiorucci et al., 2007). Indeed, 
semiquinone and quinone forms of quercetin, deriving from the abstraction of respectively 
one or two H•, are involved in many oxidative processes (Metodiewa et al., 1999; 
Gliszczynska-Swiglo et al., 2003; Hirakawa et al., 2002). For instance, quercetin reduces 
peroxyl radicals involved in lipid peroxidation, and through this reaction, a semiquinone 
species is produced, which then undergoes a disproportionation to generate a quinone form 
(Fiorucci et al., 2007). Three semiquinone forms for quercetin have been considered by 
Fiorucci et al. (2008) in order to study the quercetin binding to lipoxygenase-3 by molecular 
modeling simulations. In the case of lipoxygenase–catechol complexes, the formation of the 
catechol-iron(III) complex of soybean lipoxygenase 1 gradually results in reduction of the 
cofactor and release of the semiquinone but no evidence of quinone formation in the UV-
visible spectra of samples of the native enzyme treated with catechol was obtained (Spaapen 
et al., 1980; Nelson, 1988; Pham et al., 1998).  
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et al., 1980; Nelson, 1988; Pham et al., 1998).  



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

122 

Besides their antioxidant properties, catechins have been described to display pro-oxidant 
activity having the potential to oxidize the quinones or semiquinones resulting in redox 
cycling and reactive oxygen species production as well as in thiol, DNA and protein 
alkylation (Galati & O’Brien, 2004; van der Woude et al., 2006).  
Our previous study shows that the oxidation products of catechins are formed within 
the cellular matrix but also in the extracellular medium (Chedea et al., 2010). We have 
demonstrated by UV-Vis spectroscopy, that the quinones are involved in the 
modulation of lipoxygenase activity in the presence of catechins within the cells 
(Chedea et al., 2010). This conclusion is in agreement with that of Sadik et al. (2003) and 
Banerjee (2006). An irreversible covalent modification of soybean LOX by flavonoids 
has been suggested by Sadik et al. (2003) whereby during the formation of fatty acid 
peroxyl radical in the LOX pathway, the flavonoids are co-oxidized to a semi-quinone 
or quinone, which in turn may bind to sulfhydryl or amino groups of the enzyme 
causing inhibition (Banerjee, 2006). 

6. Conclusions 
The knowledge presented in this study addressed the lipoxygenase pathway inhibition by 
antioxidant polyphenols at two levels: human diet and human health or to a larger extent 
human disease prevention and treatment. Review articles (Jachak, 2006; Schneider & Bucara, 
2005; Schneider & Bucarb, 2005) summarize natural products with inhibitory properties 
toward LOX (Skrzypczak-Jankun et al., 2007). Natural remedies almost never consist of a 
single ingredient and usually are a mixture of many in proper proportions, with a 
synergistic effect of their simultaneous action being absolutely necessary for beneficial 
medicinal results. Thus, one should proceed with caution, since the action of a selected 
single compound may not be the same (Skrzypczak-Jankun et al., 2007). The X-ray studies of 
soybean complexes with quercetin, curcumin, EGCG, EGC indicated conversion of these 
inhibitors into their metabolites (Skrzypczak-Jankun et al., 2007), which is not surprising 
considering the co-oxidative activity of LOXs (Kulkarni, 2001). As already presented a 
question arises concerning the lipoxygenase inhibion: “What is really inhibiting LOX, a 
given chemical or its LOX metabolite?” (Skrzypczak-Jankun et al., 2007). The results 
presented so far indicate a complex mode of inhibition involving the inhibitor itself but also 
its reaction product with lipoxygenase.  
The lipoxygenase researcher faces the next antinomy: despite the difference in the number 
of amino acids between plant and mammalian LOXs, these proteins are amazingly similar in 
topology with high similarities in the active site of these enzymes. It is believed that all 
LOXs follow the same catalytic mechanism; however, it is probably the vicinity of the iron 
site that determines the regio and stereospecificity of the particular enzyme (Skrzypczak-
Jankun et al., 2003). In this contradictorily state of facts soybean lipoxygenases stands as a 
control point in terms of structure, activity and thus inhibition. 
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1. Introduction 
Proper and balanced nutrition is very important in prevention and treatment of chronic 
diseases. Many individuals modify their diet and/or take different nutraceuticals expecting 
to attain optimum health, extend their lifespan and prevent diseases such as cardiovascular, 
cancer, osteoporosis, obesity, or diabetes type II.  
Based on „Japanese phenomenon“ (Adlercreutz, 1998), numerous advertisements suggest 
that soy-based diet, and its phytoestrogens (PE) in particular, provide protection against 
many chronic diseases and contribute to the long lifespan often observed  in Asia. That is 
why soy and other phytoestrogen - rich plants became increasingly popular in the U.S. and 
western countries in the past 30 years. Furthermore, in these countries, PEs are often 
consumed in its purified form, as nutritional supplements, “designed” for special medical 
purposes. These supplements are freely available in pharmacies, health food shops, grocery 
shops and are usually consumed without medical control. There is a lack of awareness that 
uncontrolled consumption of natural PEs may be potentially harmful to human health. Even 
more concerning is that some people consume supplements in excess of suggested daily 
dosage (Wuttke et al., 2007). 
The soybean (Glycine max), compared to other legumes, is richer in protein levels and 
quality, based on its digestibility and concentration of essential amino acids (Rand et al., 
2003). It is also good source of fiber, certain vitamins and minerals, such as folate and 
potassium (Rochfort and Panozzo, 2007). It has very high antioxidant content, similar to 
fruits famous for their antioxidant activity (Galleano et al., 2010). Also, despite their high 
carbohydrate content, the glycemic load of soybeans is relatively low due to their low 
glycemic index. In addition, soy-food has high levels of iron in the form of ferritin 
(Lönnerdal et al., 2006). The concentration of calcium in soymilk is much lower than in cow 
milk, however, its absorption from soy milk is similar to that from cow milk (Reinwald and 
Weaver, 2010). 
Besides the favorable nutritional attributes, soybean contains a number of biologically active 
components (saponins and lunasin, phytic acids, phytosterols, trypsin inhibitors, and 
peptides) including isoflavones genistein (G), daidzein (D) and glycitein (Gy). As soybean 
phytoestrogens, isoflavones are considered the most important in prevention and treatment 
of hormone-dependent cancers, cardiovascular diseases, osteoporosis, menopausal 
symptoms and other age-related diseases. In addition, some studies suggest that soy and its 
isoflavones affect body weight homeostasis.  
Modern world is a controversy with ever-increasing obesity on one side, and a high percent 
of starving people around the globe, on the other side. Having that in mind, combined with 
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observed beneficial health and weight-lowering effects, high nutritional value makes soy 
probably one of the most strategically important plants.   
However, aside from potential beneficial effects (still under intensive investigation and not 
fully proven), soybean phytoestrogens may also act as endocrine disruptors, by interfering 
with the function of reproductive system, as well as with other endocrine systems, namely 
thyroid and adrenal, and may, under some circumstances, increase cancer risk. This is why 
scientists are intensively trying to precisely evaluate potential benefits versus adverse effects 
of soy. Due to the importance, the researches are done both in vitro and in vivo, using 
different experimental approaches, animal models and various human studies. Results 
obtained so far are highly inconsistent and depend on experimental conditions, applied 
doses, animals and humans’ age and sex, type of diet, presence of other PE sources in the 
diet, or other factors. Moreover, it remains unclear whether soy extracts, soy concentrate and 
purified isoflavones have identical effects. This is why the role of soy food in diet became a 
somewhat confusing topic in recent years. With approximately 2000 soy-related papers 
published annually, and half of it related to isoflavones (Messina, 2010), it is becoming 
extremely difficult to compare all of the available data.  
Due to the many differences in the chemical composition of soy products, and the fact that 
two thirds of human population cannot produce equol (Setchell et al., 2002), the authors 
decided to primarily focus their attention on effects of purified genistein and daidzein. We 
will evaluate the latest findings, using clear statements from the literature, as well as our 
own results, focusing on major potential healthful effects while also considering adverse 
effects of purified soybean phytoestrogens. More important, the authors will try to analyze 
the data in order to evaluate whether the net beneficial /adverse effect for each targeted 
organ system depends on sex and age.  

2. Structure, absorption and bioavailability of soybean phytoestrogens 
Soybeans and its products are the most abundant source of isoflavones in the human diet. 
Isoflavones are normally taken up with food, absorbed in the gastrointestinal tract, and 
eliminated via urine. The absorption and bioavailability of isoflavones has been the subject 
of frequent debates among scientists. One of the main factor influencing the absorption and 
bioavailability is the chemical structure of the compound (D’Archivio et al., 2010). 
Structurally, soy isoflavones G, D and Gy are diphenolic compounds, which are present in 
soy and non-fermented soyfood isoflavones in its glycosylated forms, as glycones genistin, 
daidzein and glycitin (Setchell, 1999; Fig. 1). 
 

 
Fig. 1. Structure of soybean phytoestrogens and mammalian 17β – estradiol. 
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As a prerequisite for absorption, the sugar must be removed from the compound at some 
point during ingestion (Setchell et al., 2002). Soy isoflavone glycosides are hydrolyzed to 
their aglycones by lactase phloridizin hydrolase in the apical membrane of the lumen of the 
small intestine, as well as by bacterial intestinal glucosidases (Wilkinson et el., 2003).  
Aglycones undergo passive diffusion across the small and large intestinal brush border 
(Larkin et al., 2008). However, some authors claim that glycosides may be absorbed also 
through the active sodium–dependent glucose transporter (Gee et al., 2000). Results 
obtained when we examined effects of soy extract on fluidity of erythrocyte membrane, 
showed that genistein and isoflavone glucosides intercalate and increase the order and 
rigidity of the outer layer of cellular membrane. Therefore, isoflavone glucosides may be 
also transported across the cell membrane directly, via entropy-driven flip-flop (Ajdžanović 
et al., 2010, 2011). Biological significance of this mechanism is unclear.  
The absorption and bioavailability of isoflavones depends to some extent on interaction 
with other food components (Birt et al., 2001). The assumption that isoflavones are absorbed 
more efficiently from fermented than from non-fermented soy foods was re-examined and 
then rejected (Maskarinec et al., 2008). Since intestinal microflora is capable of hydrolyzing 
the isoflavone glycosides from nonfermented soyfood, recommendations favoring 
fermented soyfood cannot be justified.  
Genistein is stronger than daidzein in its agonistic activity for the ERs, as well as in its 
antioxidative potential. On the other hand, daidzein can be further metabolized into its 
bacterial metabolite equol, which has stronger estrogenic and antioxidative properties than 
both genistein and daidzein, or some other isoflavone metabolites (Mitchell et al., 1998). 
Although it appears that all animals produce equol following soy ingestion, in humans this 
is the case in approximately 30% of population (Lampe et al., 1998; Setchell et al., 2002). This 
is thought to be dependent on inter-individual variability in the presence of specific 
intestinal bacteria (Rowland et al., 2000). Besides the microflora composition, individual 
differences in gut transit time and redox potential of colon and genetic polymorphisms are 
likely to contribute to this great variability (Duffy et al., 2007). When evaluating the effects 
of age on equol production, it was demonstrated that during the first months of life, equol 
levels in plasma and urine were significantly lower than in adults, which may be due to the 
immature intestinal flora (Setchell et al. 2002). Lampe et al. (1998) detected no significant 
differences in the prevalence of equol production between genders.  

3. Biological basis of soybean phytoestrogen actions  
The estrogenic effect of the isoflavones was first recognized when examining impaired 
fertility in grazing animals (Bennetts et al., 1946). Three decades later, Setchell et al. (1987) 
established that isoflavone-rich soy was a factor in reduced fertility of cheetahs in North 
American zoos. Isoflavones were classified as phytoestrogens following in vivo and in vitro 
demonstration of their binding potency of isoflavones for estrogen receptors (ER), as well as 
for sex-hormone binding globuline (Kuiper et al., 1998).  
Testosterone actions in numerous male tissues are mediated through its conversion to 
estrogen catalyzed by aromatase enzymes. Specific  and β ER are detected in different male 
and female tissues (Korach, 1994), but the ratio between ERα and ERβ is different (Rosen, 
2005). This finding has finally changed the classical view of the estrogens as exclusively 
female hormones. ERβ is known to modulate ERα transcriptional activity acting as an 
activator at low concentrations of mammalian estrogen - estradiol 17β (E2) and as an 
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inhibitor at high concentrations of E2. E2 has equal binding affinities for ERα and ERβ, 
while isoflavones have a higher potency for ERβ. 
The molecular structures of genistein, daidzein and E2 are similar in many aspects. The 
intra-molecular distance between the hydroxyl groups at each end of the molecules is 
almost identical for both isoflavones and E2. These distances determine hydrogen bond 
interaction with amino acids of the ligand-binding site of the ER (Vaya and Tamir, 2004). 
Though molecular binding for ER between isoflavones and E2 are similar, both G and D 
binding potency for ERs is significantly lesser in comparison to E2. In addition, they bind 
with higher potency to estrogen receptor (ER) β in comparison to ERα (Kuiper et al., 1998). 
These features classify them as potential natural selective estrogen receptor modulators 
(Phyto SERMs). Thus, soybean isoflavones may exert estrogenic, antiestrogenic, or estrogen 
non-reactive biological actions, depending on their concentration and concentration of 
endogenous estrogen, tissue, and amount and type of estrogen receptors present in the 
tissue (Wuttke et al. 2007). Therefore, it is of importance to determine the estrogenic action 
of isoflavones compared with the effects of E2 (in females) and both testosterone and 
estradiol (in males) in each individual organ.  
Phyto SERMs represent a new and very promising class of potential hormonal therapy 
agents. Major potential advantage of SERMs over estrogen analogue therapy is that it may 
demonstrate all of the favorable effects of estrogens. However, in order to declare 
isoflavones as safe, it needs to be demonstrated that they do not share the risks associated 
with estrogens used in hormone replacement therapy, osteoporosis treatment or in 
treatment of prostate carcinoma (Wuttke et al., 2007).  
Besides their estrogenic activities, isoflavones also exhibit non-hormonal actions such as 
antioxidant effects. Antioxidant properties are one of the most important claims for food 
ingredients, dietary supplements and anticancer products. In addition, the free radical 
theory of aging continues to be among the most popular theories. Therefore, the antioxidant 
property of isoflavones offers an additional important mechanism through which they 
protect against age-related diseases. All soy isoflavones act as antioxidants, playing role in 
scavenging free radicals that can cause DNA damage and lipid peroxidation (Kruk et al., 
2005) and activate antioxidant enzymes such as catalase, superoxide dismutase, glutathione 
peroxidase and glutathione reductase (Mitchell et al. 1998). The determining factors for 
isoflavone antioxidant activities are the absence of the 2, 3-double bond and the 4-oxo-group 
on the isoflavone nucleus and the position of the hydroxyl groups, with hydroxyl 
substitution being of utmost importance at the 4’ position, of moderate importance at the 5 
position, and of little significance at the 7 position. That is why G has higher antioxidant 
capacity than daidzein and the reason why both have stronger antioxidant activity than 
their glycosides (Cherdshewasart and Sutjit, 2008). 
Genistein in high concentration is a potent inhibitor of Tyr kinases (Akiyama et al., 1987), 
DNA topoisomerases I and II, and ribosomal S6 kinase, resulting in inhibition of cell 
growth. Tyrosine kinases are responsible for <1% of protein phosphorylation within cells, 
but they appear to phosphporylate many proteins required for regulation of cell functions. 
Genistein has been shown to induce cell cycle arrest and apoptosis in numerous cell lines, 
including ER (+) and ER (-). Many of the reported beneficial effects of isoflavones and 
particularly those on tumor growth may be attributed to this mechanism. However, some 
authors critycize this by underlying that the concentrations necessary for such inhibition in 
the tested cell systems or organs by far exceed the serum concentrations achieved by 
isoflavone ingestion alone (Jiménez and Montiel 2005; Wuttke et al., 2007). 
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Growing evidence shows that isoflavones may also modulate the activity/expression of 
steroidogenic enzymes. These enzymes are present in the adrenal glands and gonads but 
also in many tissues that have the ability to convert circulating precursors into active 
hormones (i.e. brain, liver, reproductive tracts, adipose tissue, skin and breast tissue). 
Genistein and daidzein were reported to inhibit the activity of 3β- hydroxysteroid 
dehydrogenases (HSD) purified from bovine adrenal microsomes (Wong & Keung, 1999). 
The same isoflavones were also shown to inhibit 3β-HSD type II in mitochondrial and 
microsomal preparations of the human adrenocortical H295R cell line, and subsequently a 
similar inhibition of the conversion of dehydroepiandrosterone (DHEA) to androstenedione 
by these isoflavones was observed in total membrane fractions of Sf9 insect cells in which 
human 3β-HSD had been over-expressed (Ohno et al., 2002). However, Mesiano et al. (1999) 
showed that genistein and daidzein specifically inhibited the activity of 21-hydroxylase 
(P450c21/CYP 21) in H295 cells but had no effect on other steroidogenic enzymes, including 
3β-HSD. 

4. Soybean phytoestrogens in prevention and therapy of cancer 
The incidence of hormon-dependent cancers, namely breast and prostate, is lower in Asia 
than in western countries (Messina et al., 2006; Parkin, 2005). Migrants from Asia, who 
maintained their traditional diet, even when living in the West, had a lower risk of these 
diseases. However, shifting towards a more of a western diet increased the risk (Ziegler et 
al., 1993). Once SERM properties of soybean isoflavones were discovered, it was 
hipothesized that high soy dietary intake might be associated with low incidence of 
hormone-dependent cancers in Asian population, as well as with other putative health 
benefits (Setchell, 1999). That is why soyfood and its isoflavones in a form of dietary 
supplements or concentrated extracts have been increasingly used in the western 
populations in the recent years.   
However, when Patisaul and Jefferson (2010) disscussed potential safety of infant soy 
formula, they stressed the essential difference between Asians (on a traditional „soy-reach“ 
diet) and Caucasians (on a traditional „Western“ diet) in exposure to soy over the lifespan. 
In Asia, soy consumption is high during entire lifespan, except for a brief breast-feeding 
period in early infancy. People in the West feed their babies soy infant formula, so the 
pattern is just the opposite - the highest intake of isoflavones occurs in the first year of life 
and then drop to near zero, with eventual increase later in advanced adult age. In relation to 
this, some authors support the opinion that lower incidence of breast cancer in Asian 
women is due to their continous exposure to soy from early life throuought their whole 
lifespan (Warri et al., 2008). Maskarinec et al. (2004) concluded that Caucasian women who 
ate more soy during their lifespan had denser breast tissue (a risk factor for breast cancer) 
than those who did not.   

4.1 Effects on breast cancer 
Overexposure to estrogen (early menarche, short duration of breastfeeding and low parity) 
is a major contributing factor in the development of breast cancer. As soybean isoflavones 
have a relatively high binding potency for ERs, a concern has been raised that high 
phytoestrogen intake may promote growth of estrogen-sensitive tumors or put breast cancer 
survivors at risk of reoccurrence (Helferich et al., 2008; Messina &Loprinzi, 2001). 
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DNA topoisomerases I and II, and ribosomal S6 kinase, resulting in inhibition of cell 
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but they appear to phosphporylate many proteins required for regulation of cell functions. 
Genistein has been shown to induce cell cycle arrest and apoptosis in numerous cell lines, 
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The data about the role of isoflavones in prevention and therapy of breast cancer are 
controversial. Some authors proposed that genistein at low, physiologically relevant level, 
may stimulate ER-positive tumors due to their estrogenic properties, while at higher level, 
anti-cancer actions of isoflavones may be predominant (Duffy et al., 2007). Shu et al. (2009) 
also suggested dose-dependent effects of ingested soybean isoflavones: intake of low doses 
was associated with increased mortality rate and breast cancer recurrence, while intake of 
more than 40 mg per day appeared to have antiproliferative effects. These results were 
evident in women with both ER-positive and ER-negative breast cancer. The authors 
suggested that soy isoflavones protect against breast cancer by competing with estrogens in 
binding to the estrogen receptor. At the same time soy isoflavones increase the synthesis of 
sex hormone-binding globulin, lowering the biological availability of sex hormone, inhibit 
17β-hydroxysteroid dehydrogenases (thus reducing estrogen synthesis), and increase 
clearence of steroids from the circulation (Taylor et al., 2009). However, Harris et al. (2004) 
showed that isoflavones inhibit sulfotransferase (enzymes that catalize estrogen inactivation 
in mammary gland) ten times more than sulfatase enzymes, which catalize local estrogen 
production. This may lead to increase in free estrogen levels in the tumor tissue, which in 
turn may stimulate tumor growth. 
Recent epidemiological and clinical data were summarized in review article of Messina & 
Wood (2008) and the authors concluded that isoflavone intake have either a modest 
protective role or no effect on breast tissue density in pre and postmenopausal women and 
on breast proliferation in postmenopausal women with or without a history of breast cancer. 
The results of animal studies are also controversial. Experiments on monkeys that examined 
effects of soy on mammary gland indicated to the possibility that proliferating effect of 
estradiol may be antagonized by isoflavone-rich soy protein diet (Jones et al., 2002; Wood et 
al., 2004).  
A number of studies conducted in immunodeficient nu/nu or SCID mice strains 
demonstrated enhanced proliferation, or no effect of isoflavones on tumor development and 
progression (Allred et al. 2004; Hsieh et al., 1998). In addition, Heferich and co-workers 
(2008) implanted estrogen-dependent tumors into ovariectomized mice and found that 
dietary genistein was able to reduce the inhibitory effect of tamoxifen on tumor growth. 
However, prevention and inhibition of the progression of experimentally induced 
mammary tumors by isoflavones was also detected, as well as that post pubertal soy 
treatment before the induction of tumor had a slightly preventive effect  (Pei et al., 2003; 
Sarkar et al., 2002). Results on Sprag–Dawley rats also proposed that pre-pubertal exposure 
to soybean isoflavones have highly significant tumor preventive effects (Gallo et al., 2001; 
Lamartiniere et al., 2002).    
More recent review of the animal models used to investigate the health benefits of soy 
isoflavones concluded that results obtained in different animal models demonstrate minimal 
effects of isoflavones in breast and prostate cancer prevention (Cooke, 2006). 
In vitro genistein inhibited proliferation of ER-positive and ER-negative breast cancer cells 
at high doses (>10M), but promote tumor growth at lower, more nutritionally relevant doses 
(Wang et al., 1996). Tamoxifen is the oldest and most-prescribed SERM for breast cancer 
treatment and it also have mixed effects depending on dose. The SERM-like activities of soy 
isoflavones makes dietary guidelines particularly difficult to be issued with confidence. 
Carcinogen-induced mammary cancers predominantly express ERα, and there are some 
indications that substances that activate mainly ERβ have an antiproliferative effect. In 
addition, it was reported that genistein may interact with tamoxifen, both synergistically 
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and antagonistically (Shu et al., 2009; Taylor et al., 2009). The inhibition of proliferation in 
human breast cancer cell line with tamoxifen could be overridden by physiological 
concentration of genistein (Jones et al., 2002), which indicate that genistein may negate 
healing effect of tamoxifen on breast cancer patients.  
Besides the ER-dependent mechanisms, high doses of genistein may inhibit tumor 
development and growth by other molecular mechanisms: by antiproliferative actions 
through inhibition of tyrosine kinase and DNA topoisomerase activities (Akiyama et al., 
1987; Markovits et al., 1989), by induction of cell cycle arrest and apoptosis (Bektic et al., 
2005), as well as by exerting anti-angiogenic actions (Fotsis et al., 1993). 

4.2 Effects on prostate cancer 
Lifelong exposure to isoflavones plays a role in the low incidence of prostate cancer 
observed in Asian males. However, the effects of soy consumption on existing prostate 
cancer may differ in relation to disease stage. Kurahashi et al. (2007) reported that soy 
isoflavones in the diet decreased the risk of localized prostate cancer, while soy-containing 
miso soup increased the risk of advanced prostate cancer. The obtained results may be due 
to loss of estrogen receptors in advanced tumors, or due to possible errors in food 
measurement and small sample of men with advanced prostate cancer.  
Hamilton-Reeves et al. (2007) reported  that soy protein isolate with or without isoflavones 
affected hormone receptor expression patterns in men at high risk for developing advanced 
prostate cancer. Intake of soy protein isolate with isoflavones significantly suppressed 
androgen receptor expression but did not alter estrogen receptor beta expression in prostate, 
while intake of soy protein isolate without isoflavnoes tended to suppress AR expression (P 
= 0.09). The authors concluded that soy protein isolate consumption may be beneficial in 
preventing prostate cancer, and hypothesized that soy isoflavones may attenuate but not 
prevent progression of latent prostate cancer. 
Hussain et al. (2003) found that patients with prostate carcinoma consuming a soy-enriched 
diet had a statistically significant drop in prostate-specific antigen (PSA) levels, compared to 
the control group. However, more recent study of deVere White et al. (2010) demonstrated 
that higher amounts of aglycone isoflavones genistein and daidzein did not lower PSA 
levels in men with low-volume prostate cancer. 
Osterweil (2007) observed a dose-dependent decrease in the risk of localized prostate cancer 
with isoflavone consumption. Men with higher intake of isoflavones had a decreased risk of 
prostate cancer compared to those with lower intake of isoflavones.  
Few animal studies have been conducted to investigate the role of soy isoflavones on 
prostate cancer development and progression. Genistein markedly inhibited prostate tumor 
metastasis in mice (Lakshman et al., 2008). Isoflavone-containing diets retarded the 
development of prostate cancer in rats (Pollard & Suckow, 2006). In contrast to this, Naik et 
al. (1994) showed that genistein added to the drinking water or intraperitonealy injected 
have no effect on the growth of the subcutaneously implanted MAT-LyLu prostate 
carcinoma in rats. 
Zhou et al. (1999) in their in vitro studies found that dietary soy products may inhibit 
experimental prostate tumor growth through a combination of direct effect on tumor cells 
and indirect effects on tumor neovasculature. In addition, dietary phytoestrogens down-
regulated androgen and estrogen receptor expression in adult male rats prostate (Lund et 
al., 2004). More recent in vitro studies demonstrated that phytoestrogens at high 
concentrations exert an anti-androgen effect through the interaction with AR (Mentor-
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Marcelet al., 2001). In vitro tests also showed that soy isoflavone genistein induced apoptosis 
and inhibited growth of both androgen-sensitive and androgen-independent prostate cancer 
cells (Hussain et al., 2003).  
Wuttke et al. (2010) in a recent review provided detailed analysis of both in vitro and animal 
experimental data and concluded that isoflavones may protect the prostate to make it less 
prone to develop cancer.  
In conclusion, based on inconsistent evidence, it is apparent that the use of phytoestrogens 
as chemopreventive agents is still in its infancy, justifying a need for further research. 
Experimental studies based on nutritionally relevant doses are needed to clarify potential 
health benefits, as well as estrogenic, antiandrogenic and/or nonestrogenic isoflavone 
activities in the breast and prostate tumors.  

5. Soybean phytoestrogens in prevention and therapy of cardiovascular 
diseases 
Soy protein and isoflavones received great attention and provoked heated discussions due 
to their potential role in reducing risks of cardiovascular diseases. Following is a historical 
overview of the most relevant results and announcements related to clinical trials, as well as 
of animal and in vitro research, providing insight into potential mechanisms of isoflavone 
action. 

5.1 Effects on serum lipid levels  
Obesity is associated with disruption in lipid and sugar metabolism, and is a principal cause 
of chronic diseases, namely cardiovascular diseases, hypertension, atherosclerosis and type 
II diabetes mellitus. This makes obesity a major health problem, which has reached 
pandemic proportions. The treatment for obesity is lifestyle change, including diet 
restriction and exercise. However, pharmacological treatment is often necessary. Isoflavones 
are of particular interest as an alternative to statins or fibrates in potential lowering of serum 
lipid levels.  
Epidemiologic studies demonstrated a reduced rate of mortality due to coronary hearth 
disease in Japanese postmenopausal women populations consuming a traditional Japanese 
diet. On the other side expatriate Japanese living in the US had higher blood pressure and 
cholesterol levels than the Japanese still living in Japan. Some authors proposed that 
detected differences are not of genetic origin but are due to diet rich in soy products, fish 
and fiber (Adlercreutz et al., 1998).  
Anderson et al. (1995) published a meta-analysis that attracted widespread attention, 
demonstrating that intake of at least 25g of soy protein per day lowered total and low 
density lipoprotein (LDL) cholesterol. Lipid lowering potential of soy protein was also 
demonstrated in various animal studies (Greaves, et al., 1999; Potter, et al., 1995). This led to 
U.S. Food and Drug Administration (FDA) issuing a health claim for soy protein and 
coronary hearth disease (1999). FDA also claimed that the evidence did not support 
significant role of isoflavones in lipid-lowering effects of soy protein. Some more recent 
reports also demonstrated a significant reduction in plasma concentrations of total and LDL 
cholesterol in humans exposed to soy proteins (Greany et al., 2004; Teixeira et al., 2000).  
Due to their estrogenic activity, isoflavones may be the bioactive component attributed to 
soy protein. This possibility was examined using different experimental approaches and 
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animal models. Some research studies highlighted a favorable hypolipidemic effect related 
to isoflavones, at least when consumed in combination with soy proteins. Removal of the 
isoflavone-containing fraction from soy protein resulted in a loss of its beneficial effect on 
the serum lipid profile and atherosclerosis progression in mice (Kirk et al., 1998), in golden 
Syrian hamsters (Lucas, et al., 2001), and in rhesus monkeys (Anthony et al. 1996). High 
isoflavone, combined with high soy protein intake leads to significantly decreased serum 
total and LDL cholesterol compared to low isoflavone intake. Some authors reported that 
ingested purified isoflavones exert lipid-lowering effects (Ae Park et al. 2006; Kojima et al. 
2002; Sosić-Jurjević et al., 2007). However, others showed minimal or no effects of isolated 
isoflavones on blood lipid levels (Greaves et al., 1999; Molsiri et al., 2004).   
Clinical trials also show diverse beneficial effects of isoflavone supplements on 
cardiovascular system. These discrepancies may be a result of different intestinal bacterial 
flora and hence bioavailability of soy isoflavone metabolites. Other reasons might be 
differences in dose–response effects (Hooper et al., 2008), sex and length of isoflavone 
supplementation (Zhan & Ho, 2005), limited number of subjects, or pre-existing metabolic 
status of subjects included in supplement trials (Villa et al., 2009). 
In contrast to previously mentioned data, in 22 random trials, isolated soy protein combined 
with isoflavones, compared with milk or other proteins, decreased LDL cholesterol by 
approximately 3%. This reduction was small in comparison to amount of soy protein 
(average 50g per day) intake (Sacks et al., 2006). There was no detected benefit on level of 
HDL cholesterol, triglycerides or blood pressure. These authors concluded that soy food 
may be beneficial to cardiovascular health because of their high content of fiber, vitamins, 
high content of polyunsaturated fat, rather than and its isoflavone content. Recent review of 
the animal models used to investigate the health benefits of soy isoflavones also concluded 
that the efficiency of isoflavones in improving lipid profile is less than earlier research 
suggested (Cooke, 2006). 
For this reason, American Hearth Association issued a discoursing statement, and warned 
that earlier research indicating clinically important favorable effects of soy products on low 
density lipoprotein (LDL) is not confirmed by most studies during the past 10 years. U.S. 
FDA announced its intent to reevaluate the data related to cardio protective effects of soy 
(2007).  
More recent research demonstrated that the combined intervention of genistein and l-
carnitine act synergistically in reducing serum lipid and LDL levels, as well as reducing 
body weight in mice and rats (Che et al., 2011; Yang et al., 2006). In addition, synergy 
portfolio diet, containing plant sterols, viscous fibers and soy protein reduced serum LDL 
cholesterol similar to traditional statin drugs (Jenkins et al., 2003). Therefore, soybean 
isoflavones, either as natural components of food or as nutritional supplements, in 
combination with other functional food may favorably alter indicators of cardiovascular 
disease risk.  
Though positive effects on metabolism in humans have been widely debated, studies in 
rodents should help in identifying and evaluating the biologically relevant mechanisms 
involved in isoflavone actions.  
ERs are important mediators of the action of estrogen on lipid metabolism both in males and 
females. Men with mutations in the aromatase gene (enzyme that converts androgens to 
estrogens) display truncal obesity, insulin resistance and hyperlipidemia (Carani et al., 
1997). Due to structural similarities of isoflavones and E2, G and D might also directly 
influence the regulation of adipogenesis. However, it must be noticed that genistein 
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Marcelet al., 2001). In vitro tests also showed that soy isoflavone genistein induced apoptosis 
and inhibited growth of both androgen-sensitive and androgen-independent prostate cancer 
cells (Hussain et al., 2003).  
Wuttke et al. (2010) in a recent review provided detailed analysis of both in vitro and animal 
experimental data and concluded that isoflavones may protect the prostate to make it less 
prone to develop cancer.  
In conclusion, based on inconsistent evidence, it is apparent that the use of phytoestrogens 
as chemopreventive agents is still in its infancy, justifying a need for further research. 
Experimental studies based on nutritionally relevant doses are needed to clarify potential 
health benefits, as well as estrogenic, antiandrogenic and/or nonestrogenic isoflavone 
activities in the breast and prostate tumors.  

5. Soybean phytoestrogens in prevention and therapy of cardiovascular 
diseases 
Soy protein and isoflavones received great attention and provoked heated discussions due 
to their potential role in reducing risks of cardiovascular diseases. Following is a historical 
overview of the most relevant results and announcements related to clinical trials, as well as 
of animal and in vitro research, providing insight into potential mechanisms of isoflavone 
action. 

5.1 Effects on serum lipid levels  
Obesity is associated with disruption in lipid and sugar metabolism, and is a principal cause 
of chronic diseases, namely cardiovascular diseases, hypertension, atherosclerosis and type 
II diabetes mellitus. This makes obesity a major health problem, which has reached 
pandemic proportions. The treatment for obesity is lifestyle change, including diet 
restriction and exercise. However, pharmacological treatment is often necessary. Isoflavones 
are of particular interest as an alternative to statins or fibrates in potential lowering of serum 
lipid levels.  
Epidemiologic studies demonstrated a reduced rate of mortality due to coronary hearth 
disease in Japanese postmenopausal women populations consuming a traditional Japanese 
diet. On the other side expatriate Japanese living in the US had higher blood pressure and 
cholesterol levels than the Japanese still living in Japan. Some authors proposed that 
detected differences are not of genetic origin but are due to diet rich in soy products, fish 
and fiber (Adlercreutz et al., 1998).  
Anderson et al. (1995) published a meta-analysis that attracted widespread attention, 
demonstrating that intake of at least 25g of soy protein per day lowered total and low 
density lipoprotein (LDL) cholesterol. Lipid lowering potential of soy protein was also 
demonstrated in various animal studies (Greaves, et al., 1999; Potter, et al., 1995). This led to 
U.S. Food and Drug Administration (FDA) issuing a health claim for soy protein and 
coronary hearth disease (1999). FDA also claimed that the evidence did not support 
significant role of isoflavones in lipid-lowering effects of soy protein. Some more recent 
reports also demonstrated a significant reduction in plasma concentrations of total and LDL 
cholesterol in humans exposed to soy proteins (Greany et al., 2004; Teixeira et al., 2000).  
Due to their estrogenic activity, isoflavones may be the bioactive component attributed to 
soy protein. This possibility was examined using different experimental approaches and 
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animal models. Some research studies highlighted a favorable hypolipidemic effect related 
to isoflavones, at least when consumed in combination with soy proteins. Removal of the 
isoflavone-containing fraction from soy protein resulted in a loss of its beneficial effect on 
the serum lipid profile and atherosclerosis progression in mice (Kirk et al., 1998), in golden 
Syrian hamsters (Lucas, et al., 2001), and in rhesus monkeys (Anthony et al. 1996). High 
isoflavone, combined with high soy protein intake leads to significantly decreased serum 
total and LDL cholesterol compared to low isoflavone intake. Some authors reported that 
ingested purified isoflavones exert lipid-lowering effects (Ae Park et al. 2006; Kojima et al. 
2002; Sosić-Jurjević et al., 2007). However, others showed minimal or no effects of isolated 
isoflavones on blood lipid levels (Greaves et al., 1999; Molsiri et al., 2004).   
Clinical trials also show diverse beneficial effects of isoflavone supplements on 
cardiovascular system. These discrepancies may be a result of different intestinal bacterial 
flora and hence bioavailability of soy isoflavone metabolites. Other reasons might be 
differences in dose–response effects (Hooper et al., 2008), sex and length of isoflavone 
supplementation (Zhan & Ho, 2005), limited number of subjects, or pre-existing metabolic 
status of subjects included in supplement trials (Villa et al., 2009). 
In contrast to previously mentioned data, in 22 random trials, isolated soy protein combined 
with isoflavones, compared with milk or other proteins, decreased LDL cholesterol by 
approximately 3%. This reduction was small in comparison to amount of soy protein 
(average 50g per day) intake (Sacks et al., 2006). There was no detected benefit on level of 
HDL cholesterol, triglycerides or blood pressure. These authors concluded that soy food 
may be beneficial to cardiovascular health because of their high content of fiber, vitamins, 
high content of polyunsaturated fat, rather than and its isoflavone content. Recent review of 
the animal models used to investigate the health benefits of soy isoflavones also concluded 
that the efficiency of isoflavones in improving lipid profile is less than earlier research 
suggested (Cooke, 2006). 
For this reason, American Hearth Association issued a discoursing statement, and warned 
that earlier research indicating clinically important favorable effects of soy products on low 
density lipoprotein (LDL) is not confirmed by most studies during the past 10 years. U.S. 
FDA announced its intent to reevaluate the data related to cardio protective effects of soy 
(2007).  
More recent research demonstrated that the combined intervention of genistein and l-
carnitine act synergistically in reducing serum lipid and LDL levels, as well as reducing 
body weight in mice and rats (Che et al., 2011; Yang et al., 2006). In addition, synergy 
portfolio diet, containing plant sterols, viscous fibers and soy protein reduced serum LDL 
cholesterol similar to traditional statin drugs (Jenkins et al., 2003). Therefore, soybean 
isoflavones, either as natural components of food or as nutritional supplements, in 
combination with other functional food may favorably alter indicators of cardiovascular 
disease risk.  
Though positive effects on metabolism in humans have been widely debated, studies in 
rodents should help in identifying and evaluating the biologically relevant mechanisms 
involved in isoflavone actions.  
ERs are important mediators of the action of estrogen on lipid metabolism both in males and 
females. Men with mutations in the aromatase gene (enzyme that converts androgens to 
estrogens) display truncal obesity, insulin resistance and hyperlipidemia (Carani et al., 
1997). Due to structural similarities of isoflavones and E2, G and D might also directly 
influence the regulation of adipogenesis. However, it must be noticed that genistein 
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preferably binds to ERβ, while ERα is predominantly found in liver. In ovariectomized mice, 
estradiol and genistein did not increase estrogen-responsive genes in the liver, and the 
authors suggested that the cholesterol–lowering ability of estrogen requires estrogen 
receptors (they postulated crosstalk between ERs and NF κβ) but not estrogen receptor-
dependent gene transcription (Evans et al., 2001).  
Isoflavones may have distinct influences on metabolism in males and females. Males have a 
different number and distribution of ERs compared to females. It is important to realize the 
impact of other hormones such as androgens and thyroid hormones on liver and other 
metabolic tissues. Using ovariectomized Wistar rats Molsiri et al. (2004) obtained no 
significant difference in serum lipid levels after s.c. genistein injections, while we detected 
lipid lowering effect of both G and D (similar to this obtained for testosterone-treated 
groups) in orchidectomized young and middle-aged adults, as well as in testis-intact 
middle-aged male rats (Sosić-Jurjević et al., 2007 and our unpublished data). 
Aside from having estrogenic activity (Potter et al., 1995), both G and D exert „phytofibrate“ 
and or „phytoglitazone“аctivity, and activate peroxisome proliferator-activated receptors 
(PPAR) α and γ (Mezei et al., 2006).  PPARs bind a wide number of ligands and directly 
affect lipid metabolism by enhancing transcription of PPAR-regulated genes (Shen et al., 
2006). Generally, PPARα controls the transcription of many genes involved in lipid 
catabolism, whereas PPARγ controls the expression of genes involved in adipocyte 
differentiation and insulin sensation. PPARα is important for β-oxidation and is mainly 
expressed in liver, kidney, heart, and muscle, where lipoprotein metabolism is important. 
PPARγ is mainly expressed in adipose tissues and is considered the master regulator of 
adipogenesis (Rosen, 2005; Ørgaard & Jensen, 2008). 
Isoflavones may also affect lipid metabolism indirectly, via effect on thyroid function 
and/or thyroid hormone action in liver. T3 and its receptor (TR) play important role in 
regulation of energy homeostasis, metabolic processes and body weight. Hypothyroidism 
causes hypercholesterolaemia characterized by increased levels of LDL (Sasaki, et al., 
2006).TRβ1 is the major TR in the liver while T3 action is mediated via TRα1 in the heart. 
TRβ1 agonist KB-141 lower cholesterol, increases metabolic rate and decreases body weight 
(Grover et al., 2005). Xiao et al. (2007) described that expression of the rat hepatic thyroid 
hormone receptor β1 is upregulated by isoflavones. In addition, E interplay with TH in 
regulation of different physiological functions including effects on growth, bone mass, and 
triglycerides. E can be viewed as a modulator whose response relies on interplay with T3 
signaling mechanisms (DiPippo et al., 1995). 
Many researchers have tried to link effects of soy intake on lipid metabolism with 
modulation of thyroid hormone levels. However, it is still difficult to demonstrate clear-cut 
effects on thyroid (this topic would be analyzed in more details in a subchapter related to 
endocrine disruptive potential of isoflavones). On the other hand, most researchers who 
examined lipid-lowering potential of isoflavones did not include in their research examining 
of the thyroid status, or deiodinase I enzyme activity in liver.  When examining the effects of 
G and D that should mimic exposure to supplements (10mg/kg) in orchidectomized 
middle-aged male rats our research team obtained that both G and D decreased the serum 
total cholesterol and LDL levels similar to control testosterone treatment, and brought about 
an increase in serum triglycerides similar to that observed after control estradiol treatment 
(Sosić-Jurjević et al., 2007). Within the same animal model we detected significant decrease 
of serum thyroid hormones (Sosić-Jurjević et al., 2010). However, when we examined 
deiodinase I enzyme activity in liver of G and D treated rats, it was significantly increased 
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(our unpublished data) in comparison to the control values. Therefore, the local production 
of T3 in liver was increased and the local increase of T3 might contribute to the detected 
decrease in total cholesterol and LDL levels. 

5.2 Effects on atherosclerosis progression 
Atherosclerosis is part of the normal aging process but its progression depends on a wide 
range of environmental and genetic factors (Davies et al., 2004). Generally, atherosclerosis 
refers to the formation and hardening of fatty plaques (atheromas) on the inner surface of 
the arteries. The arteries not only harden, they become narrow. Such narrowed vessels can 
be easily blocked by constriction or objects in the bloodstream. Atherosclerosis begins with 
injury to endothelial cells, exposing portions of the artery surface below the endothelium. 
Free radicals or other irritants could start the process, as well as high blood pressure. 
Platelets cluster around the injured endothelial cells and release prostaglandins, which 
cause the endothelial cells to proliferate. LDL-cholesterol particles release their fat into the 
areas made porous by prostaglandins. Macrophages swell themselves on oxidized LDL-
cholesterol until they become "foam cells" that invade atheromas. The atheromas are 
hardened by fibrin, which forms scar tissue, and finally calcium patches.  
The atheroprotective effects of soy-based diets have been partly attributed to the associated 
reduction in cholesterol levels in human studies (Jenkins et al., 2002). Similar findings have 
also been reported in nonhuman primates fed soy-based diets (Anthony et al., 1997; Register 
et al., 2005). Animal studies with rabbits and hamsters, which are considered a good non-
primate model for studies of atherosclerosis, demonstrated that soy isoflavones reduce 
atherosclerotic lesion areas in the aortic arch by means of LDL reduction (Alexandersen et 
al., 2001; Lucas et al., 2003). In addition, atherosclerotic changes induced by a cholesterol 
rich diet were prevented by isoflavones in rabbits, hamsters and premenopausal monkeys 
(Adams, et al. 2005; Lucas et al., 2001). The intake of genistein and daidzein decreases LDL 
oxidation (Tikkanen, et al., 1998). Both genistein and daidzein have also been shown to 
protect human umbilical cord endothelial cells and bovine aortic endothelial cells from the 
atherogenic effect of oxidized LDL (Kapiotis et al., 1997).  
However, numerous animal studies suggest that dietary soy inhibits atherosclerotic lesion 
development by mechanisms other than lowering serum cholesterol.  
Isoflavones are reported to prevent lipid peroxidation by scavenging lipid-derived peroxyl 
radicals (Patel et al., 2001) and inhibit copper-dependent LDL oxidation (Kerry & Abbey, 
1998). It is well known that oxidized LDL is more prone to induce atherosclerosis than 
unoxidized form. In addition, proteome analyses revealed protein targets that in response to 
soy isoflavones increase the anti-inflammatory response in blood mononuclear cells thereby 
contributing to the atherosclerosis-preventive activities of a soy-rich diet (Wenzel et al., 
2008). Studies in apolipoprotein E knock-out mice showed that atherosclerotic lesions are 
reduced when fed a soy-containing diet despite unchanged serum lipid levels (Adams et al., 
2002). Findings from a recent study in aged lipoprotein receptor knock-out mice has 
underscored the importance of oxidative stress coupled with a failure to up-regulate There 
is now compelling evidence that isoflavone supplementation have anti-inflammatory 
functions and hence can represent an effective therapeutic strategy to enhance Nrf2 activity 
to protect the aging vasculature (Adams et al., 2002; Mulvihill & Huff, 2010). 
Vasodilatatory effects of isoflavones may be also related to their estrogenic actions. Both 
estrogen receptors α and β are expressed in the arteries (Christian et al., 2006). Estrogens 
have been shown to stimulate inducible NO synthase in endothelial cells and the increased 
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preferably binds to ERβ, while ERα is predominantly found in liver. In ovariectomized mice, 
estradiol and genistein did not increase estrogen-responsive genes in the liver, and the 
authors suggested that the cholesterol–lowering ability of estrogen requires estrogen 
receptors (they postulated crosstalk between ERs and NF κβ) but not estrogen receptor-
dependent gene transcription (Evans et al., 2001).  
Isoflavones may have distinct influences on metabolism in males and females. Males have a 
different number and distribution of ERs compared to females. It is important to realize the 
impact of other hormones such as androgens and thyroid hormones on liver and other 
metabolic tissues. Using ovariectomized Wistar rats Molsiri et al. (2004) obtained no 
significant difference in serum lipid levels after s.c. genistein injections, while we detected 
lipid lowering effect of both G and D (similar to this obtained for testosterone-treated 
groups) in orchidectomized young and middle-aged adults, as well as in testis-intact 
middle-aged male rats (Sosić-Jurjević et al., 2007 and our unpublished data). 
Aside from having estrogenic activity (Potter et al., 1995), both G and D exert „phytofibrate“ 
and or „phytoglitazone“аctivity, and activate peroxisome proliferator-activated receptors 
(PPAR) α and γ (Mezei et al., 2006).  PPARs bind a wide number of ligands and directly 
affect lipid metabolism by enhancing transcription of PPAR-regulated genes (Shen et al., 
2006). Generally, PPARα controls the transcription of many genes involved in lipid 
catabolism, whereas PPARγ controls the expression of genes involved in adipocyte 
differentiation and insulin sensation. PPARα is important for β-oxidation and is mainly 
expressed in liver, kidney, heart, and muscle, where lipoprotein metabolism is important. 
PPARγ is mainly expressed in adipose tissues and is considered the master regulator of 
adipogenesis (Rosen, 2005; Ørgaard & Jensen, 2008). 
Isoflavones may also affect lipid metabolism indirectly, via effect on thyroid function 
and/or thyroid hormone action in liver. T3 and its receptor (TR) play important role in 
regulation of energy homeostasis, metabolic processes and body weight. Hypothyroidism 
causes hypercholesterolaemia characterized by increased levels of LDL (Sasaki, et al., 
2006).TRβ1 is the major TR in the liver while T3 action is mediated via TRα1 in the heart. 
TRβ1 agonist KB-141 lower cholesterol, increases metabolic rate and decreases body weight 
(Grover et al., 2005). Xiao et al. (2007) described that expression of the rat hepatic thyroid 
hormone receptor β1 is upregulated by isoflavones. In addition, E interplay with TH in 
regulation of different physiological functions including effects on growth, bone mass, and 
triglycerides. E can be viewed as a modulator whose response relies on interplay with T3 
signaling mechanisms (DiPippo et al., 1995). 
Many researchers have tried to link effects of soy intake on lipid metabolism with 
modulation of thyroid hormone levels. However, it is still difficult to demonstrate clear-cut 
effects on thyroid (this topic would be analyzed in more details in a subchapter related to 
endocrine disruptive potential of isoflavones). On the other hand, most researchers who 
examined lipid-lowering potential of isoflavones did not include in their research examining 
of the thyroid status, or deiodinase I enzyme activity in liver.  When examining the effects of 
G and D that should mimic exposure to supplements (10mg/kg) in orchidectomized 
middle-aged male rats our research team obtained that both G and D decreased the serum 
total cholesterol and LDL levels similar to control testosterone treatment, and brought about 
an increase in serum triglycerides similar to that observed after control estradiol treatment 
(Sosić-Jurjević et al., 2007). Within the same animal model we detected significant decrease 
of serum thyroid hormones (Sosić-Jurjević et al., 2010). However, when we examined 
deiodinase I enzyme activity in liver of G and D treated rats, it was significantly increased 
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(our unpublished data) in comparison to the control values. Therefore, the local production 
of T3 in liver was increased and the local increase of T3 might contribute to the detected 
decrease in total cholesterol and LDL levels. 

5.2 Effects on atherosclerosis progression 
Atherosclerosis is part of the normal aging process but its progression depends on a wide 
range of environmental and genetic factors (Davies et al., 2004). Generally, atherosclerosis 
refers to the formation and hardening of fatty plaques (atheromas) on the inner surface of 
the arteries. The arteries not only harden, they become narrow. Such narrowed vessels can 
be easily blocked by constriction or objects in the bloodstream. Atherosclerosis begins with 
injury to endothelial cells, exposing portions of the artery surface below the endothelium. 
Free radicals or other irritants could start the process, as well as high blood pressure. 
Platelets cluster around the injured endothelial cells and release prostaglandins, which 
cause the endothelial cells to proliferate. LDL-cholesterol particles release their fat into the 
areas made porous by prostaglandins. Macrophages swell themselves on oxidized LDL-
cholesterol until they become "foam cells" that invade atheromas. The atheromas are 
hardened by fibrin, which forms scar tissue, and finally calcium patches.  
The atheroprotective effects of soy-based diets have been partly attributed to the associated 
reduction in cholesterol levels in human studies (Jenkins et al., 2002). Similar findings have 
also been reported in nonhuman primates fed soy-based diets (Anthony et al., 1997; Register 
et al., 2005). Animal studies with rabbits and hamsters, which are considered a good non-
primate model for studies of atherosclerosis, demonstrated that soy isoflavones reduce 
atherosclerotic lesion areas in the aortic arch by means of LDL reduction (Alexandersen et 
al., 2001; Lucas et al., 2003). In addition, atherosclerotic changes induced by a cholesterol 
rich diet were prevented by isoflavones in rabbits, hamsters and premenopausal monkeys 
(Adams, et al. 2005; Lucas et al., 2001). The intake of genistein and daidzein decreases LDL 
oxidation (Tikkanen, et al., 1998). Both genistein and daidzein have also been shown to 
protect human umbilical cord endothelial cells and bovine aortic endothelial cells from the 
atherogenic effect of oxidized LDL (Kapiotis et al., 1997).  
However, numerous animal studies suggest that dietary soy inhibits atherosclerotic lesion 
development by mechanisms other than lowering serum cholesterol.  
Isoflavones are reported to prevent lipid peroxidation by scavenging lipid-derived peroxyl 
radicals (Patel et al., 2001) and inhibit copper-dependent LDL oxidation (Kerry & Abbey, 
1998). It is well known that oxidized LDL is more prone to induce atherosclerosis than 
unoxidized form. In addition, proteome analyses revealed protein targets that in response to 
soy isoflavones increase the anti-inflammatory response in blood mononuclear cells thereby 
contributing to the atherosclerosis-preventive activities of a soy-rich diet (Wenzel et al., 
2008). Studies in apolipoprotein E knock-out mice showed that atherosclerotic lesions are 
reduced when fed a soy-containing diet despite unchanged serum lipid levels (Adams et al., 
2002). Findings from a recent study in aged lipoprotein receptor knock-out mice has 
underscored the importance of oxidative stress coupled with a failure to up-regulate There 
is now compelling evidence that isoflavone supplementation have anti-inflammatory 
functions and hence can represent an effective therapeutic strategy to enhance Nrf2 activity 
to protect the aging vasculature (Adams et al., 2002; Mulvihill & Huff, 2010). 
Vasodilatatory effects of isoflavones may be also related to their estrogenic actions. Both 
estrogen receptors α and β are expressed in the arteries (Christian et al., 2006). Estrogens 
have been shown to stimulate inducible NO synthase in endothelial cells and the increased 
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NO production causes relaxation of artherial myocites (Mahn et al., 2005). Research on the 
effect of genistein on plasma nitric oxide concentrations, endothelin-1 levels and 
endothelium-dependent vasodilatation in postmenopausal women revealed that genistein 
therapy improved flow-mediated endothelium-dependent vasodilatation in healthy 
postmenopausal women. This improvement is probably mediated by a direct effect of 
genistein on vascular function and could be the result of an increased ratio of nitric oxide to 
endothelin (Squadrito et al., 2002).  
In conclusion, despite the fact that dietary soy products and isoflavones are heavily 
advertised for their hypolipidemic effect, their therapeutic potential is lesser than was 
previously hoped and depend on many factors related to inter-individual differences.  

6. Soybean phytoestrogens in bone protection 
Bone remodeling is a continuous process of bone resorption and bone formation for the 
purpose of maintaining normal bone mass. As a skeletal disease characterized by low bone 
mass and microarchitectural deterioration of bone tissues, osteoporosis is usually caused by 
a chronic imbalance in the bone remodeling cycle. This skeletal disorder occurs as part of the 
natural aging process and is associated with the rapid decline in ovarian function and 
subsequent reduction of circulating estrogen in women after the menopause and declining 
testosterone in middle-aged and older men. However, in contrast to postmenopausal 
osteoporosis in women, the age related bone loss in men is less well-defined. Observational 
studies have indicated that estrogen administration is important in bone remodeling. Thus, 
hormone replacement therapy (HRT) administered in a dose-dependent manner, not only 
significantly reduces bone loss, but also lowers the incidence of hip and vertebral fractures 
(Lindsay et al., 1976, 1984; Michaelsson et al., 1998). In the other hand, although HRT has a 
protective effect on bone tissue, it can increase the risk of breast, endometrial ovarian or 
prostate cancer developing (Davison & Davis, 2003; Loughlin & Richie, 1997; Nelson et al., 
2002). For this reason, much attention has been paid to the examination of alternative 
therapeutic compounds that may have protective effects on bone, without adverse effects on 
other tissues. Epidemiological studies have demonstrated a low incidence of 
postmenopausal fractures and high bone mineral density (BMD) in Asian populations with 
a particularly soy-rich diet (Cooper et al., 1992; Lauderdale et al., 1997; Somekawa et al., 
2002). Thus, phytoestrogens have been proposed as an alternative to conventional hormone 
therapy for preventing osteoporosis and have shown beneficial effects on bone health 
(Barnes, 2003; Morin, 2004).  
Bone remodeling is regulated by the activity of two different cell lines. Osteoblasts stimulate 
bone formation and calcification, while osteoclasts promote bone resorption. It has been 
shown that isoflavones affect osteoblastic bone formation and osteoclastic bone resorption in 
vitro. The anabolic effects of genistein and daidzein on bone metabolism have been 
investigated in culture using femoral trabecular and cortical bone tissues obtained from 
elderly female rats (Gao & Yamaguchi, 1999; Yamaguchi & Gao, 1997, 1998). Genistein 
induced a significant increase in calcium content, alkaline phosphatase activity as a marker 
of osteoblasts, as well as DNA content, which is an index of bone cell numbers in bone 
tissues (Yamaguchi & Gao, 1997). In bone tissue culture medium daidzein significantly 
elevated bone components (Gao & Yamaguchi, 1999). Both genistein and daidzein increased 
newly synthesized protein content, alkaline phosphatase activity and DNA content in 
cultures of osteoblastic MC3T3-E1 cells (Sugumoto & Yamaguchi, 2000, 2000a; Yamaguchi & 
Sugumoto, 2000).  
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In addition to effects on osteoblasts, many authors have reported that isoflavones are 
efficacious in suppressing osteoclast activity in vitro. Genistein completely inhibited bone 
resorption and osteoclast-like multinucleated cells in culture with bone-resorbing factors 
(Gao & Yamaguchi, 1999a; Yamaguchi & Gao, 1998a). Also, daidzein inhibited the 
development of osteoclasts from cultures of porcine bone marrow and reduced bone 
resorption (Rassi et al., 2002). 
While in vitro studies reveal possible actions of isoflavones on individual bone cells, in vivo 
studies provide insight into the effects of isoflavones on the intact system and coupling 
effects between osteoblasts and osteoclasts. Most of the animal bone studies investigating 
isoflavone action have been performed in rodents. Aged ovariectomized female and 
orchidectomized male rats represent a suitable model for simulating osteoporosis due to 
estrogen or androgen deficiency (Comelekoglu et al., 2007; Filipović et al., 2007; Pantelić et 
al., 2010; Turner, 2001; Vanderschueren et al., 1992). Using this animal model, 
supplementation with isoflavones has been shown to prevent bone loss (Fig. 2) induced by 
gonadal hormone deficiency (Filipović et al., 2010; Khalil et al., 2005; Lee et al., 2004; Om & 
Shim, 2007; Ren et al., 2007; Soung et al., 2006). In a randomized placebo controlled trial with 
estrogen and phytoestrogen on ovariectomized nonhuman primates, Ham et al. (2004) failed 
to show any efficacy of soy phytoestrogens in decreasing all indices of bone turnover as 
estrogen does, but soy phytoestrogens were able to increase bone volume, trabecular 
number and decrease trabecular separation, stressing the importance of phytoestrogens in 
postmenopausal osteoporosis prevention.  
 

 
Fig. 2. Trabecular bone microarchitecture of the proximal tibia in control orchidectomized 
(a) and daidzein-treated orchidectomized (b) rat; аzan staining method; unpublished image 
of Filipovic et al.  

Phytoestrogens may elicit a bone sparing effect by both genomic and nongenomic 
mechanisms. They are able to interact with enzymes and receptors and, their stable structure 
and low molecular weight enables them to pass through cell membranes (Adlercreutz et al., 
1998). The structural similarity of phytoestrogens to mammalian estrogens and their ability 
to bind to estrogen receptors (Setchell et al., 1999) suggests that the actions of 
phytoestrogens are mediated via estrogen receptors. ERα and ERβ have been detected in 
bone (Arts et al., 1997; Onoe et al., 1997). The relative binding affinity of phytoestrogens for 
ERβ is greater than that for ERα, and the protective effect of phytoestrogens on bone is 
probably produced through binding to estrogen receptors, particularly ERβ (Kuiper et al., 
1998). In addition, phytoestrogens such as coumestrol, genistein and daidzein increase 
alkaline phosphatase activity in osteoblast-like cells (Kanno et al., 2004). Daidzein stimulates 
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NO production causes relaxation of artherial myocites (Mahn et al., 2005). Research on the 
effect of genistein on plasma nitric oxide concentrations, endothelin-1 levels and 
endothelium-dependent vasodilatation in postmenopausal women revealed that genistein 
therapy improved flow-mediated endothelium-dependent vasodilatation in healthy 
postmenopausal women. This improvement is probably mediated by a direct effect of 
genistein on vascular function and could be the result of an increased ratio of nitric oxide to 
endothelin (Squadrito et al., 2002).  
In conclusion, despite the fact that dietary soy products and isoflavones are heavily 
advertised for their hypolipidemic effect, their therapeutic potential is lesser than was 
previously hoped and depend on many factors related to inter-individual differences.  
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Bone remodeling is regulated by the activity of two different cell lines. Osteoblasts stimulate 
bone formation and calcification, while osteoclasts promote bone resorption. It has been 
shown that isoflavones affect osteoblastic bone formation and osteoclastic bone resorption in 
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elderly female rats (Gao & Yamaguchi, 1999; Yamaguchi & Gao, 1997, 1998). Genistein 
induced a significant increase in calcium content, alkaline phosphatase activity as a marker 
of osteoblasts, as well as DNA content, which is an index of bone cell numbers in bone 
tissues (Yamaguchi & Gao, 1997). In bone tissue culture medium daidzein significantly 
elevated bone components (Gao & Yamaguchi, 1999). Both genistein and daidzein increased 
newly synthesized protein content, alkaline phosphatase activity and DNA content in 
cultures of osteoblastic MC3T3-E1 cells (Sugumoto & Yamaguchi, 2000, 2000a; Yamaguchi & 
Sugumoto, 2000).  
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osteoblast differentiation, induces changes in the action of the cytoskeleton responsible for 
cell adhesion and motility and activates transcription factors associated with cell 
proliferation and differentiation (de Wilde et al., 2004, Ge et al., 2006; Jia et al., 2003). Also, 
isoflavones promote insulin-like growth factor-I (IGF-I) production which enhances 
osteoblastic activity (Ajrmandi et al., 2000) 
Isoflavones inhibit bone resorption, via direct targeting of osteoclasts. They can decrease 
differentiation and increase apoptosis of osteoclasts or interfere with signaling pathways 
such as intracellular calcium, cAMP or protein kinase and protein tyrosine phosphatase 
(Gao & Yamaguchi, 2000; Sliwinski et al, 2005). Furthermore, osteoblasts are essential for in 
vitro osteoclastogenesis through cell-to-cell interactions of cytokines. Isoflavones regulate 
the expression and osteoblastic production of osteoclastogenesis-regulatory cytokines, such 
as interleukin-6 (IL-6), which stimulates osteoclast formation, and osteoprotegerin (OPG), 
which is identical to osteo-clastogenesis inhibitory factor, and the receptor activator of NF-
κB ligand (Chen et al., 2002). 
In addition to ERs, it has been shown that PPAR are new targets of phytoestrogens. PPAR 
directly influences osteogenesis and adipogenesis in a divergent way (Dang & Lowik, 2005). 
These authors suggested that biphasic dose-dependent effects of phytoestrogens are the 
result of concurrent activation of ERs and PPARs. Dominant ER-mediated effects that 
increase osteogenesis and decrease adipogenesis can only be seen at low concentrations of 
phytoestrogens, whereas dominant PPAR-mediated effects that decrease osteogenesis and 
increase adipogenesis are only evident at high concentrations. 
Calcitonin (CT), a hormone secreted from thyroid C cells is known to inhibit osteoclast 
activity directly through its receptors (Nicholson et al., 1986). It was shown that synthesis 
and release of CT from thyroid C cells decreased after ovariectomy in rats, due to lack of 
estrogens (Filipović et al., 2002; Sakai et al., 2000). On the other hand, estrogen treatment 
had a stimulatory effect on CT secretion in ovariectomized rats (Filipović et al., 2003; Grauer 
et al., 1993). However, chronic Ca treatment of ovariectomized rats positively affected CT 
release without any significant changes in morphometric parameters of the C cells, 
suggesting an important role for estrogen in the regulation of CT synthesis (Filipović et al., 
2005). Exogenous CT administration was reported to inhibit CT secretion in rats and 
therefore CT treatment probably suppresses C cell function due to a negative feedback 
(Sekulić et al., 2005). Recently, daidzein was found to stimulate CT secreting thyroid C cell 
activity in addition to increasing trabecular bone mass and decreasing bone turnover 
(Filipović et al., 2010). These results suggest that, besides direct action, daidzein may affect 
bone structure indirectly through enhancement of thyroid C cell activity. 
Although animal studies demonstrate a clear skeletal benefit of phytoestrogens, clinical 
trials have given different results. Soy isoflavones were observed to retard bone loss in some 
(Huang et al., 2006; Newton et al., 2006), but not in other studies (Arjmandi et al., 2005; 
Brink et al., 2008). To date, only one study indicated that supplementation of intact soy 
protein providing 83 mg isoflavones daily might increase both hip and spine BMD in men 
(Newton et al., 2006). Also, the results of meta-analyses of soy foods and isoflavones 
extracted from soy protein have given conflicting results concerning the prevention of bone 
loss (Liu et al., 2009; Ma et al., 2008). The large heterogeneity in these conclusions might 
have arisen because many results were pooled from different individual studies, involving 
different treatment durations, different doses of soy isoflavone and study quality (Liu et al., 
2009). These authors suggested that, because changes in bone mineral density (BMD) occur 
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slowly over time, in short-term intervention studies this change may represent a transient 
remodeling rather than a long-term steady-state. In addition, a favorable effect on the spine 
BMD was achieved with large doses of isoflavones (≥ 80 mg/day, median 99 mg/day), but 
not with lower doses (< 80 mg/day, median 60 mg/day). Thus, the potential of soy 
isoflavones to prevent bone loss can be achieved by a dosage of 80 mg/day (Huang et al., 
2006). 
Finally, a wealth of supporting data from many in vitro mechanistic studies on bone cell 
lines and in vivo investigations using models of osteoporosis shows bone-sparing effects 
from phytoestrogens. These studies indicate that positive effects of phytoestrogens, as a 
SERM, may be achieved through estrogen receptors or other mechanisms. However, the 
results of clinical studies are more inconsistent. The different efficacy of phytoestrogen 
treatments, in studies involving either animal or human subjects, depended on dose, route 
and duration of administration. The data are, however, rather tantalizing because it is 
possible that soy isoflavones may offer the maximum benefit for prevention of osteoporosis. 
Therefore, it is necessary to perform large-scale clinical dietary intervention studies with 
phytoestrogens to determine their effects on bone tissue in humans. 

7. Soybean phytoestrogens as potential endocrine disruptors 
Endocrine systems of vertebrates have essential role in regulation of growth (including bone 
growth/remodeling), reproduction, stress, lactation, metabolism, energy balance, 
osmoregulation, and all other processes involved in maintaining homeostasis. Disruption in 
function of any endocrine system, involving either  increased or decreased hormone 
secretion, result inevitably in disease, the effects of which may extend to many different 
organs and functions, and may even be life-threatening.  
An endocrine-disrupting compound (EDC) is defined by the U.S. Environmental Protection 
Agency (EPA) as "an exogenous agent that interferes with synthesis, secretion, transport, 
metabolism, binding action, or elimination of natural blood-borne hormones that are present 
in the body and are responsible for homeostasis, reproduction, and developmental process." 
All hormone-sensitive physiological systems are vulnerable to EDCs, including brain and 
hypothalamic neuroendocrine systems; pituitary; thyroid; adrenal gland; cardiovascular 
system; mammary gland; adipose tissue; pancreas; ovary and uterus in females; and testes 
and prostate in males.  
The exposure to such chemicals does not necessarily mean that disturbance of the relevant 
endocrine system will occur, as much depends on the level, duration and timing of 
exposure. However, even subtle changes, however small, in combination and/or under 
different conditions and/or in later generations might reduce the ability of humans 
(animals) to adapt. It may also happen that the magnitude of the disruption becomes 
evident only in presence of an additional stress factor. 
It is beyond the scope of this chapter to discuss the potential interference of soy isoflavones 
with all endocrine organs; instead, the focus will be on three major endocrine axes that are 
affected by soybean phytoestrogens: pituitary – gonadal, -thyroid and - adrenocortical 
systems.  

7.1 Effects on female reproductive system 
Soybean isoflavones are ligands for both ERα and ERβ, despite the fact that their estrogenic 
potency is much lower than that of E2. Therefore, they can mimic and/or antagonize the 
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osteoblast differentiation, induces changes in the action of the cytoskeleton responsible for 
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mechanisms of E2 action and thus interfere with both endocrine and reproductive functions 
of the pituitary-gonadal axis. The rat uterotrophic assay is a widely used screening test for 
the detection of estrogenic, endocrine-disrupting chemicals. Genistein administration to 
ovariectomized rats induced a dose-dependent uterine growth and altered expression of 
estrogen-regulated genes (Diel et al., 2004). As E2 does not stimulate these uterine 
parameters in ERα KO mice (Couse & Korach, 2001), this test is considered as the proof for 
estrogenic action of phytoestrogens via ERα.    
The first recognized health benefit of isoflavones was their potential to alleviate climacteric 
complaints, namely hot flushes and night sweats in perimenopausal women (Adlercreutz, 
1998). Within the short period of time, numerous isoflavone and soy products became 
available in a form of food supplements and remedies. They were advertised as natural 
alternative to hormone replacement therapy, useful in prevention of climacteric symptoms. 
However, majority of recent placebo-controlled clinical trials support the opinion that 
isoflavone preparations are not superior to placebo, as placebo effect is 30% to 50% when 
dealing with psychosomatic climacteric complaints (Patisaul & Jefferson, 2010). Animal 
studies also demonstrated that only high doses of isoflavones were able to suppress 
overactivation of hypothalamic gonadotropin –release hormone pulse generator induced by 
estrogen deprivation (the major cause of hot flushes and other climacteric symptoms 
(Wuttke et al., 2007). It is important to stress that exposure to high doses of soy isoflavones 
(150mg/kg) is similar in biological effects to classical hormone replacement therapy. 
Therefore, their consumption bears a risk of increased proliferation of endometrial and 
mammary gland tissue with so far unpredictable risk of cancer development.  
Multiple human studies demonstrated that exposure of premenopausal women to soybean 
isoflavones have a suppressive effect on pituitary-gonadal axis; consumption of isoflavones-
rich soy food suppresses serum estrogen and progesterone levels and attenuate the 
preovulatory surge of follicle-stimulating  hormone (FSH) and luteinizing hormone (LH) 
(Hooper et al., 2009; Nagata et al., 1998; Schmidt et al., 2006;). However, some researchers 
found no impact of isoflavones on female hormone levels (Maskarinec et al., 2002). Soybean 
phytoestrogens may also affect the women menstrual cycle, but findings are inconsistent. It 
was shown that a diet with soy protein delays menstruation and prolongs the follicular 
phase of the menstrual cycle (Cassidy et al., 1994). Other studies demonstrated increased or 
unchanged follicular phase length, decreased or unchanged midcycle LH and FSH, 
increased, decreased or unchanged estradiol, decreased dehidroepiandrosterone sulfate, and 
decreased or unhanged luteal phase progesterone in relation to isoflavone ingestion 
(Cassidy et al., 1994; Duncan et al., 1999). Therefore, women who try to become pregnant or 
have menstrual cycle irregularities should be cautious with consumption of isoflavone-
enriched soy products or supplements.   
Animal studies in rodents produced clear evidence of adverse effects of G on the female 
reproductive system following treatment during development (Chen et al., 2007; Kouki et 
al., 2003; National Toxicilogy Program, 2008). Studies that demonstrated clear evidence of 
developmental toxicity for G involved treatment during the period of lactation in rodents, as 
well as multigenerational studies that included exposure during gestation, lactation, and 
post-weaning. In adulthood, the effects of neonatal exposure to 50 mg G/kg bw/day were 
manifested as a lower number of live pups per litter (Padilla-Banks et al., 2006), a lower 
number of implantation sites and corpora lutea (Jefferson et al., 2005), and a higher 
incidence of histomorphological changes of the reproductive tract (i.e., cystic ovaries, 
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progressive proliferative lesions of the oviduct, cystic endometrial hyperplasia, and uterine 
carcinoma) relative to control females (Newbold et al., 2001).  
In addition, the reproductive performance of the neonatally-treated mice was tested during 
adulthood and there was a significant negative trend for the number of dams with litters. 
Because the effects were more pronounced in animals at 6 months of age than at 2 or 4 
months of age, the authors suggested that reproductive senescence may occur earlier in 
these animals as a result of the neonatal G treatments (Jefferson et al., 2005). These authors 
explained that, although G-treated mice ovulate under exogenous hormonal influence, the 
ovulation rate was changed. The lower doses of G treatment enhanced ovulation rate, while 
the higher doses decreased this parameter. Ovulation of too many oocytes early in life may 
reduce the number of oocytes available for fertilization and lead to lower fertility rates later 
in life (McLachlan et al., 1982). The development of the ovary and ovarian follicles was 
altered following neonatal G treatment (Jefferson et al., 2002). Ovaries of G-treated mice 
contained multioocyte follicles (MOFs) at 19th postnatal day. This phenotype is a marker for 
altered development of the ovary, which lead to oocytes of poor quality (Jefferson et al., 
2005). These oocytes are less potent, since the oocytes derived from single oocyte follicles 
were far more likely to be fertilized in vitro than oocytes derived from MOFs (Iguchi et al., 
1990). In our laboratory, results obtained on the ovaries of immature rats treated with 50mg 
G/kg for three days (from 19th till 21th postnatal day) showed that G disturbed the follicular 
parenchyma-ovarian stroma ratio (Fig. 3), induced increase of total ovary volume 
(Medigović et al., 2009).  
Data from experiments using DNA microarray analysis for examining the effects of 
genistein in the developing rat uterus indicate that genistein alters the expression of 6-8 
times as many genes as does E2, most of which were down-regulated (Barnes, 2004). 
Data are not consistent about onset of puberty and sexual maturation in rats and mice 
following exposure during gestation and lactation or continuous exposure to soy diet or 
supplements. An earlier onset of vaginal opening was observed in mice exposed directly to 
G during the period of lactation (Nikaido et al., 2004.) and in rats treated by sc injection as 
neonates with 10 mg G/kg bw/day  (Bateman & Patisaul, 2008). However, other authors 
reported delay in vaginal opening (Anzalone et al., 1998).  
Only a very small number of studies have been published on D and its estrogenic 
metabolite equol, and no studies have evaluated the effects of developmental exposure to 
glycitein. Detection of typical estrogenic effects in these studies are controversial. Kouki et 
al. (2003) reported no effect on estrous cyclicity in rats treated by sc injection with ~19 mg 
D/kg bw/day on PND1-5. In contrast, treatment with the same dose levels of G caused 
the predicted estrogenic effect in all of these studies. Similar to these authors, in our 
laboratory (unpublished data) no uterotrophic response was detected after subcutaneous 
injection of immature female rats with 50mg D/kg/day (treatment lasted from 19th 
postnatal till 21th postnatal day), though the same treatment with G caused predicted 
estrogenic response. 
Isoflavones can pass from mother to fetus through placenta. However, this exposure is 
considerably lower than in infants fed with soy formula. Initially developed as an 
alternative to bovine milk formulas for babies with a milk allergy, use of soy infant formula 
became more popular among environmentally oriented population with vegetarian life 
style. A recent prospective study in human infants observed that female infants fed soy-
based formulas exhibit estrogenized vaginal epithelium at times when their breast fed or 
cow milk- based formula fed peers did not (Bernbaum et al., 2008). Patisaul and Jefferson 
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(2010) concluded that further determination if soy infant formula have long-term 
reproductive health effects should be a public health imperative. 
 

 
Fig. 3. Ovaries of 21 day old control (a) and genistein – treated rat; hematoxylin - eosin 
staining method; OS, ovarian stroma; f, follicular parenchyma; hematoxylin – eosin staining 
method; unpublished image of Medigović et al. 

7.2 Effects on male reproductive system 
Soy phytoestrogens, alone or in combination with some other EDC, may adversely affect 
androgen hormone production, spermatogenesis, sperm capacitation and fertility. Results of 
recent meta-analysis suggest that neither soy foods nor isoflavone supplements alter 
bioavailable T concentration in adult men (Hamilton-Reeves et al., 2010). However, Tanaka 
et al. (2009) reported that short-term administration of soy isoflavones decreased 
testosterone and dihydrotestosterone (DHT) and increased sex hormone-binding globulin 
levels.   
Male reproductive system is particularly sensitive in prenatal stage and during early 
infancy, when disruption of the hormonal balance in favor of estrogens can lead to 
irreversible abnormalities in sex specific physiology and behavior in the adulthood (Patisaul 
& Jafferson, 2010).  
Only few animal studies reported results on the developmental effects of exposure to soy 
infant formula. Their study designs were based on the same group of male marmosets 
treated during infancy, and assessed either as juveniles (Sharpe et al., 2002) or adults (Tan et 
al., 2006). The soy infant formula-fed male marmosets had significantly lower plasma 
testosterone levels than their cow milk formula-fed co-twins. Histopathological analysis on 
the testes of a subset of the co-twins revealed an increase in Leydig cell abundance per testes 
in the soy infant formula-fed marmosets compared to their cow milk formula–fed co-twin, 
in the absence of a significant change in testicular weight. A follow up study was conducted 
on the remaining animals when they were sexually mature (80 weeks of age or older). The 
males fed with soy infant formula as infants had significantly heavier testes and increased 
number of both Leydig and Sertoli cells per testicle compared to cow milk formula-fed 
controls. In addition, there was no significant onset of puberty, level of adult plasma 
testosterone, or fertility. The authors suggest that the increase in testes weight was likely 
due to an increase in testicular cell populations. Therefore, these results demonstrated 
permanent effects on testicular cell populations, but no obvious effects on reproductive 
function, namely fertility or permanent changes in testosterone levels of experimental 
animals. 
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Some studies on rats and mice demonstrated increased testicular weight when animals were 
treated with soy diet or isoflavone supplements during gestation and lactation or 
continuous exposure, similar to the effect described above in marmosets treated with soy 
infant formula during infancy (Akingbemi et al., 2007; McVey et al., 2004; Piotrowska et al., 
2011; Ruhlen et al., 2008; Wisniewski et al., 2005). Other authors reported a decrease 
(Atanassova et al., 1999; Wisniewski et al., 2003) or no effect on testicular weight (Fielden et 
al., 2003; Kang et al., 2002). 
Controversial results are found as to the effects of lifelong exposure of rodents to 
phytoestrogens on reproductive function, namely fertility or changes in testosterone levels. 
The litter size was not affected when male rats were exposed to dietary soy throughout life 
(Atasnassova et al., 1999). Also, chronic dietary exposure to G did not adversely affect 
spermatogenesis or seminal vesicle weight in rats (Delclos et al., 2001; Roberts et al., 2000). 
On the other hand, a few studies indicate negative effects of phytoestrogens on male 
reproductive success. Thus, a continuous exposure to low combined doses of G and 
vinclozolin affects male rats’ reproductive health by inducing reproductive developmental 
anomalies, alterations in sperm production and quality, and fertility disorders (Eustache, 
2009).  
Exposure to G was found to induce hyperplasia of Leydig cells in mice (Lee et al., 2004b). 
The exposure to isoflavones during 5 weeks decreased the level of circulating 
testosterone, depending on the dose used (Weber et al., 2001). No significant differences 
in serum testosterone concentration was detected in  rats receiving high doses of G and D 
from intrauterine life through sexual maturity (Piotrowska et al., 2011). In vitro 
investigation showed that G can promote the testosterone production of rat Leydig cells at 
a low concentration, but both D and G can inhibit it at a higher concentration (Zhu et al., 
2009). 
Effect of phytoestrogens on male reproduction system is a complex process that depends on 
developmental stage and time of exposure, applied dosage, and other factors. Together, 
these factors determine the potential risk for adverse consequences with long-lasting effects 
on male reproductive function. At present, the evidence is insufficient to determine whether 
soy products cause or do not cause adverse developmental effect on male reproductive 
system, due to the small number of studies, limitations in their experimental designs, and 
failure to detect adverse functional effects. 

7.3 Effects on pituitary-thyroid axis 
Goitrogenic effects of a soybean diet in animals were reported in 1933 (McCarrison, 1933). 
Similar to animals, goiter and hypothyroidism were reported in infants fed with adapted 
soy formula without adequate iodine supply (Van Wik et al., 1959). This effect was 
eliminated by supplementing commercial soy infant formulas with iodine, or by switching 
to cow milk (Chorazy et al., 1995). However, infants with congenital hypothyroidism that 
were fed with iodine supplemented diet still needed higher doses of L-thyroxine (Jabbar et 
al., 1997). In addition, the incidence rate of autoimmune thyroid disease was doubled in 
teenage children who consumed soy formula as infants (Fort et al., 1990). However,  results 
of clinical studies with  adults are not consistent: some authors suggest that isoflavones have 
a mild or no effect on thyroid function (Dillingham et al., 2007; Duncan et al., 1999), while 
others indicate that isoflavones suppress the thyroid function (Haselkorn et al., 2003; Ralli, 
2003; Sathyapalan et al., 2011). 
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Rats provide a useful risk assessment model for various thyroid toxins (Choksi et al., 2003). 
However, compared to the human, rodent thyroid gland is more sensitive to adverse 
chemicals (Capen, 1997). Several investigators have reported induction of goiter in iodine-
deficient rats maintained on a soybean diet (Ikeda et al., 2000; Kajiya et al., 2005; Kimura et 
al., 1976), although only in cases of iodine deficiency or presence of some other goitrogenic 
factor. Rats receiving low iodine diet that included 20% of defatted soybeans developed 
severe hypothyroidism, characterized by a reduction in serum thyroxin and an increase in 
serum TSH (Ikeda et al., 2000). In addition, a diet containing higher percentage of soy (40% 
of defatted soybeans) in combination with iodine deficiency induced the development of 
thyroid carcinoma in rats (Kimura et al., 1976).  
Doerge and his associates demonstrated that genistein and daidzein inhibit the activity of 
thyroid peroxidase (TPO), the key enzyme in the synthesis of thyroid hormones (TH), 
both in vitro and in vivo (Divi et al., 1997; Chang & Doerge, 2000; Doerge et al., 2002). 
However, despite significant inactivation of this enzyme, serum thyroid hormone levels 
were unaffected by isoflavone treatments in young adult rats of both sexes. Most other 
authors, who performed their studies on young adult animals of both sexes, also reported 
that soy or isoflavones alone, in the absence of other goitrogenic stimulus, did not affect 
thyroid weights, histopathology and the serum levels of TSH and thyroid hormones 
(Chang & Doerge, 2000, Schmutzler et al., 2004). The authors suggested that soy could 
cause goiter, but only in animals or humans consuming diets marginally adequate in 
iodine, or who were predisposed to develop goiter, or exposed to additional goitrogenic 
compounds such as perchlorate, a potent inhibitor of the sodium-iodide-symporter (NIS) 
of thyrocytes.  
Increasing evidence is available that set points of the HPT axis change during various life 
phases and tend to be less sensitive to negative feedback by thyroid hormones in aging 
individuals. However, the results on isoflavone effects in aged humans and rodents are 
scarce. In rodent models, we are the first who demonstrated that both genistein and 
daidzein induce micro-follicular changes in the thyroid tissue, including hypertrophy of Tg-
immunopositive follicular epithelium and colloid depletion (Fig.4), and reduce the level of 
serum thyroid hormones in orchidectomized (Orx) middle-aged male rats, a model of 
andropause (Šošić-Jurjević et al., 2010). The concentration of total T4 in serum decreased 
more prominently than concentration of total T3 in serum in comparison to the 
corresponding control values. This reduction consequently led to a feedback stimulation of 
pituitary TSH cells, detected by the increase in cell volume and relative volume density of 
TSHβ-immunopositive cells per pituitary unit volume, as well as by the increased 
concentration of TSH in serum. Besides the TPO, there might be other molecular targets for 
isoflavone interference with the pituitary-thyroid axis.  
Soy isoflavones may interfere with thyroid hormones at binding sites of serum distribution 
proteins such as transthyretin (TTR). In vitro analysis demonstrated that soy isoflavones are 
potent competitors for T4 binding to TTR in serum and cerebrospinal fluid (Radović et al., 
2006). As an outcome of this interference, isoflavones may alter free thyroid hormone 
concentrations, resulting in altered availability and metabolism of thyroid hormones in 
target tissues (Köhrle, 2008; Radović et al., 2006). The role of serum binding proteins for 
thyroid hormone in thyroid homeostasis is not well understood. No single serum T4 - 
binding protein is essential for good health or for the maintenance of euthyroid state in 
humans (Robbins, 2000). There are a number of clinical situations in which serum binding 
proteins are elevated or reduced (even completely absent) and the thyroid state remain  
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normal (Refetoff, 1989). In contrast, there is evidence that the role of serum binding proteins 
is to allow the equal distribution of hormone delivery to tissues (Mendel et al., 1987). In rats, 
TTR is a major serum transport protein of thyroid hormones. In humans TTR is produced in 
the choroid plexus and appears to be important for thyroid hormone action in the brain 
(Richardson et al., 2007). Thus, TTR may mediate transport of environmental chemicals into 
various compartments such as placenta (Meerts et al., 2002). Chemical binding to the TTR 
may not only decrease the availability of thyroid hormone to various tissues, it may also 
selectively target these chemicals for transport and uptake.  
 

 
Fig. 4. Thyroid gland tissue of control orchidectomized (a and b) and daidzein-treated 
orchidectomized (c and d) rat; hematoxylin - eosin and immuno-staining for thyroglobulin; 
unpublished image of  Šošić-Jurjević et al. 

In order to accurately asses thyroid function it must be understood that deiodinase 
enzymes are essential control points of cellular thyroid activity that determine 
intracellular activation and deactivation of thyroid hormones. Apart from the hormone 
synthesis by the thyroid gland, deiodination pathways in liver and kidney are the main 
contributors to thyroid hormone metabolism, turnover and homeostasis. Enzyme 5′-
deiodinase type I (5′DI) is the key enzyme in thyroid hormone activation and inactivation 
in extra thyroidal tissues. This enzyme catalyzes deiodination of the thyroid hormone 
precursor thyroxine (T4) to the biologically active triiodo-thyronine (T3), as well as the 
inactivation of T4 and T3 to „reverse” T3 and T2. It is expressed in different tissues, with 
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highest expression rate found in rat liver, kidney, thyroid gland and pituitary (Bianco et 
al., 2002). It is regulated in a TH-dependent manner (Köhrle, 2002). In response to iodine 
deficiency or hypothyroidism, plasma TH values are reduced, TSH is increased and the 
organism tries to restore normal T3 levels by down-regulation of 5’DI in brain and liver, 
respectively. In addition, activity of 5’DI in different tissues seems to be sex- (Köhrle et al., 
1995; Lisboa et al., 2001) and age- dependent (Corrêa da Costa et al., 2001). According to 
Corrêa da Costa et al. (2001) decreased serum T3 was detected only in old males, which 
was explained by a two-times-higher hepatic deiodination of T4 to T3, detected in aged 
females in comparison to males. Genistein was shown to increase hepatic 5’DI activity of 
about 33% in young adult female rats, but the detected increase was not statistically 
significant (Schmutzler et al., 2004).  In our model – system (orchidectomized middle-aged 
rats) G significantly increased (p<0.05) 5’DI activity by 33% (unpublished data). However, 
neither 5’DI in thyroid nor pituitary 5’DII activity were affected by G or D treatment 
(unpublished data). These data indicate that although pituitary-thyroid axis in male rats is 
more vulnerable compared to the one in young adults, it still has great ability to 
compensate the adverse effects of isoflavones. 
Isoflavones may also affect the thyroid function indirectly, via its estrogenic action. Estrogen 
receptors were located both in pituitary thyrotrophs and in thyroid follicular cells (González 
et al., 2008; Hampl et al., 1985). Donda et al. (1990) found that pituitary TSH cells in adult 
female rats have a higher density of T3 and TRH receptors than in male rats, probably due to 
a modulatory effect of estradiol. Males are more prone to develop goitrogenesis in response 
to goitrogenic stimuli, probably due to higher TSH levels in comparison to females (Capen, 
1997). It seems that estradiol make the TSH cells more sensitive to the negative feedback 
regulation with thyroid hormones (Ahlquist et al., 1987). In orchidectomized middle-aged 
rats we demonstrated that pharmacological doses of testosterone and estradiol disturbed the 
endocrine homeostasis of pituitary-thyroid axis, but in different directions. Testosterone 
acted stimulatory, probably through central stimulation of pituitary TSH cells, since both 
serum TSH and T4 levels were increased. Estradiol acted inhibitory and, though detected 
structural changes corresponded to centrally induced hypothyroidism, the level of TSH in 
serum was not significantly altered, suggesting that estradiol may interfere with TSH action 
within the thyrocytes (Sekulic et al., 2010).  
Estrogen was also demonstrated to inhibit activity of thyroid follicular cells in the absence of 
TSH both in vitro and in vivo (Furlanetto et al., 2001; Vidal et al., 2001). Our previous 
research of a young adult and middle-aged rat menopause models indicated that chronic 
estradiol treatment modulated pituitary TSH cells and thyroid structure and decreased 
serum levels of thyroid hormones, with no significant changes in serum TSH level (Šošić-
Jurjević et al., 2005, 2006). Genistein acted as estrogen agonist in an estrogen-responsive 
pituitary cell line (Stahl et al., 1998). 
In conclusion, though there are multiple molecular targets for interference of isoflavones 
with pituitary-thyroid-peripheral network, this system has considerable capacity to 
compensate disturbances of its feedback mechanism. If thyroid function is impaired, the risk 
of developing hypothyroidism increases. Elderly population and individuals with thyroid 
dysfunction should be aware of potential risk when use isoflavone supplements.  

7.4 Effects on pituitary-adrenocortical axis 
Results concerning the potential effects of the soy phytoestrogens on pituitary-
adrenocortical axis in humans are very limited. The animal studies and in vitro experiments 
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demonstrated remarkable influence of isoflavones on morphology and function of adrenal 
cortex. The continuous administration of genistein (40mg/kg) to weanling rats resulted in 
greater total protein content in zona fasciculata (ZF) and zona reticularis (ZR) of adrenal 
cortex, and low serum corticosterone concentration (corticosterone is a major glucocorticoid 
hormone in rats; Ohno et al., 2003). Genistein administration to orchidectomized middle-
aged rats, as a model of andropause, increased zona glomerulosa (ZG), ZF (Fig. 5) and ZR 
cell volumes, and decreased serum aldosterone and corticosterone concentrations (p<0.05), 
whereas serum DHEA concentration significantly increased (Ajdžanović et al., 2009a). 
Genistein and daidzein increased androgen and decreased glucocorticoid production 
(Mesiano et al., 1999) in human adrenocortical cells in a culture. Recent study on human 
adrenocortical H295R cell line demonstrated that daidzein and genistein strongly inhibited 
secretion of cortisol with IC50 values below 1 μM (Ohlsson et al., 2010).  
 

 
Fig. 5. Zona fasciculata of adrenal cortex in control orchidectomized (a) and genistein-
treated orchidectomized (b) rat; azan staining method; unpublished image of Ajdžanović  
et al.  

The isoflavones possess structural features similar to estradiol, which enables them to act via 
ERs (Lephart et al., 2004). Production of steroids in human fetal adrenocortical cells is 
modulated by estrogens (Fujieda et al., 1982, Mesiano & Jaffe, 1993; Voutilainen et al., 1979). 
It was shown that 17β-estradiol in high concentrations increased ACTH-stimulated 
androgen production and inhibited glucocorticoid synthesis in cultured human fetal adrenal 
cortical cells (Mesiano & Jaffe, 1993). Although these results indicate the influence of 
estrogens on the adrenocortical cells in vitro, their physiological significance is still unclear. 
Under physiological conditions the endogenous estrogen concentration does not reach 1 
µM/L in nonpregnant adults. However, it is possible that dietary phytoestrogens, as 
estrogen-related compounds, could reach circulating levels high enough to exert estrogenic 
actions. Consuming the large amounts of soy-derived foods, for example in Japanese diet, 
circulating concentrations of phytoestrogens can reach higher levels (1-5 micromole/L) 
(Adlercreutz & Mazur, 1997).  
Isoflavones may also affect activity or expression of steroidogenic enzymes, which seems to 
be the case for its action on rat adrenal cortex (Malendowicz et al., 2006; Mesiano et al., 1999; 
Ohno et al., 2003). Within the adrenals, steroids are produced through the action of five 
forms of cytochrome P450 and 3β-hydroxysteroid dehydrogenase (3βHSD) (Simpson & 
Waterman, 1992). Differential expression of these enzymes in the three adrenocortical zones 
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leads to the production of specific steroids within each zone (Suzuki et al., 2000). As a 
precursor of steroidogenesis, the glomerulosa cells use pregnenolone which can be 
metabolized by either 3βHSD or 17α-hydroxylase, 17, 20-lyase. The relative expression of 
these enzymes influences the synthesis of aldosterone and cortisol/corticosterone in ZG and 
ZF, as well as adrenal androgens in ZR (Conley & Bird, 1997). The major physiological 
regulators of adrenal aldosterone production are angiotenzin II (Ang II) and potassium. Ang 
II stimulates aldosteron production through the activation of multiple intracellular signaling 
pathways including a number of tyrosine kinases (Berk & Corson, 1997; Ishida et al., 1995). 
It was showed that genistein, as a potent inhibitor of various tyrosine kinases may inhibit 
aldosteron production (Akiyama et al., 1987; Dhar et al., 1990). Genistein and daidzein are 
also potent competitive inhibitors of human adrenocortical 3βHSD and cytochrome P450 21-
hydroxylase, suppressing cortisol and stimulating DHEA production in vitro (Mesiano et 
al., 1999). Part of the inhibition of aldosteron production may result from an increase in 17α-
hydroxylase, 17, 20-lyase activity, which removes the substrate from the pathway leading to 
aldosterone and directs it towards the synthesis of adrenal androgens (Sirianni et al., 2001).  
Isoflavones could also affect adrenal function indirectly, by affecting pituitary ACTH cells. It 
was previously reported that estrogen replacement lowered the proopiomelanocortin (POMC) 
gene mRNA level and the ACTH response to repeated stressful stimuli in ovariectomized 
rats (Redei et al., 1994). A certain synergism between CRH (corticotrophin releasing hormone) 
and the various cytokines, namely IL-1, IL-2 and IL-6, has been shown to exist in stimulation 
of the pituitary ACTH secretion (Bateman et al., 1989; Besedowsky & del Ray, 1996). 
Genistein may interrupt the stimulatory effects of CRH and cytokines on POMC gene 
transcription and reduce the level of ACTH, through inhibition of tyrosine kinase 
phosphorylation cascades (Katahira et al., 1998), but the biological significance of this 
mechanism is still unclear. We treated orchidectomized middle-aged rats with different 
doses of genistein or daidzein (10 and 30mg/kg body weight); (Ajdžanović et al., 2009; 
Ajdžanović et al., 2010, Milošević et al., 2009), and detected similar decrease in pituitary 
ACTH cellular volume and plasma ACTH levels. Corticosterone levels were also decreased, 
supporting that some other mechanism, aside from feedback regulation, is involved in effect 
of isoflavones on pituitary ACTH cell regulation. Keeping in mind that aging is associated 
with augmented activity of the pituitary-adrenal axis and higher incidence of stress-related 
psychiatric disorders (Hatzinger et al. 2000), this decline might be considered beneficial at 
some point.  
On the other hand, chronic treatment of weanling rats with genistein (40mg/kg body 
weight) elevated ACTH level, most probably due to decreased serum corticosterone level 
and thus release from a negative feedback regulation (Ohno et al., 2003). This finding is of 
importance since glucocorticoids have important “programming” effects during 
development. This means that alternations in the circulating levels of glucocorticoid 
hormones may affect the timing and set points of other endocrine axes (Manojlovic-
Stojanoski et al., 2010), as well as brain development, memory and learning capabilities in 
adults (de Kloet et al., 1988).  
Based on animal studies and in vitro research it may be concluded that soy isoflavones 
interfere with the function of pituitary-adrenocortical axis. This hormonal axis plays a major 
role in control of stress response and regulation of numerous body processes (digestion, 
metabolism of carbohydrates, protein and fat, attenuation of the inflammatory response, 
mood, emotions and sexuality). Therefore, the biological impact of this interference is high. 
Potential health risks for various age groups should be further assessed.  
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8. Conclusion 
So, are soy isoflavones friends or foes? The answer is complex and may ultimately depend 
on age, sex, health status, quantity of intake, and even the composition of an individual’s 
intestinal micro flora. In vitro and animal research, as well as human research including 
both clinical and epidemiologic data, suggests that isoflavone-containing products pose a 
risk to estrogen-sensitive breast cancer patients and in women at high risk of developing 
this disease. Results of animal and human studies suggest a modest benefit in prevention of 
prostate cancer. Exposure to isoflavones by feeding soy infant formula bears a risk of 
adverse effects on the long–term development of infants. Women who tend to get pregnant 
or have irregularities in menstrual cycle, as well as persons who are at risk of thyroid 
dysfunction, should avoid soy isoflavone supplements. The usage of soy protein (with or 
without isoflavones) seems to have a modest beneficial effect on cardiovascular system and 
protective role in prevention and treatment of osteoporosis. Research of potential synergy of 
isoflavones and drugs, and/or other functional food could be a new promising strategy in 
reducing risk of age-related diseases, improving life quality and expanding life span. 
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1. Introduction 
Soy is a legume and has been successfully cultivated around the world. Today, the world’s 
top producers of soy are the United States, Brazil, Argentina, China and India. According 
Brazilian Association of Vegetable Oil Industries (Abiove), the Brazil is responsible for some 
28 percent of the world's soybean production, with the estimate of a production of 57 
million tons. The Brazil is the world's second largest producer and exporter of soybeans, 
soybean meal and soybean oil. The soybean complex, which gathers the productive chain of 
soybean, soybean meal and soybean oil, is the main item in the country's Trade Balance. 
Other activity that involves the use of soy products (oil) is the production of biodiesel. 
In fact, so much in the Brazil as in most of the countries of the World, the soy represents one 
of the largest oilseeds of the world and to main source of vegetable protein for the poultry 
and swine feeding. 

2. The nutritional composition of the soybeans and soybean products used 
in the feeding of poultry and swine  
Soybeans and soybean products are now used widely in animal feeding. The crop is grown 
as a source of protein and oil for the human market and for the animal feed market. Soybean 
meal is generally regarded as the best of plant protein source in terms of its nutritional 
value. Also, it has a complementary relationship with cereal grains in meeting the amino 
acids (AA) requirements of farm animals. Consequently, it is the standard to which other 
plant protein sources are compared (Blair, 2008). 
Soybeans provide an excellent source of both energy and protein for poultry and swine. As 
with any ingredient, their usage rate depends upon economics, although in the case of 
soybeans such economics relate to the relative price of soybean meal and of supplemental 
fats. Soybeans contain about 38% crude protein, and around 20% oil (Leeson  Summers, 
2008). However, soybeans contain compounds that inhibit the activity of the proteolytic 
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enzyme trypsin. They also contain other antinutrients, including hemagglutinins or lectins, 
which contribute to reduce nutrient use. Nutritional composition of the soybeans and 
soybean products is affecting by percentage of anti-nutritional factors (ANFs), variety 
genetic,   efficiency of the oil-extraction process and the amount of residual hulls present, the 
heat processing and other factors.  

2.1 Anti-nutritional factors (ANFs) and nutritional quality 
The nutritional quality of soybean products for poultry and swine feeding is determined not 
only by the quantity of nutrients (protein, amino acids, fat and others), but mainly by 
nutrients availability for the animals. According Durigan (1989), anti-nutritional factor 
whole substance is synthesized by normal plant metabolism, which may result from 
different mechanisms to reduce the efficiency of utilization of the diet. The ANFs present in 
soybean can to affect the nutrients availability for poultry and swine.  
Most of the ANFs present in the raw soybeans, as protease inhibitors and lectins is heat-
labile, but others as  phytic acid and polysaccharides non starch (PNS) only decrease with 
enzyme addition in diet, because poultry and swine has no ability to produce enzymes to 
degrade the PNS. 
From Liener (1994), soybeans contain some heat-labile protease inhibitors and 
hemagglutinins. Soy also contains factors that are relatively heat-stable, though of lesser 
significance, such as: Goitrogens: substances that cause goiters, an enlargement of the 
thyroid gland; Tannins: complex plant compounds that are often bitter or astringent; Flatus-
producing oligosaccharides: carbohydrates of small molecular weight that cause flatulence 
(gas); Phytates: which bind minerals preventing absorption; Saponins and Antivitamins.  
This ANFs of soybean can cause inhibition of growth, decreased feed efficiency, goitrogenic 
responses, pancreatic hypertrophy, hypoglycemia, and liver damage in nonruminant 
animals depending on species, age, size, sex, state of health and plane of nutrition (Palacios 
et al., 2004) 

2.1.1 Proteases inhibitors  
Proteases inhibitors are substances that ability has to inhibit the activity of certain digestive 
enzymes (Durigan, 1989). They are polypeptides of 181 and 71 amino acid residues, 
respectively, which form well-characterized stable enzyme inhibitor complexes with 
pancreatic trypsin on a one-to-one molar ratio. The content of soya bean trypsin inhibitors 
varies in different varieties of soya bean and germination process (Bau et al., 1997). These 
are known as the Kunitz inhibitor and the Bowman-Birk inhibitor which are active against 
trypsin, while the latter is also active against chymotrypsin (Liener, 1994), because Bowman 
(1944) identified a protein in soy can inhibit trypsin and chymotrypsin and subsequently 
purified by Birk et al (1961), called Bowman-Birk inhibitor. It is a heat-stable protein, due to 
its large number of sulfur bridges. Later Kunitz (1945) identified and crystallized other 
protein, Kunitz trypsin inhibitor, which strongly inhibited the activity of digestive enzyme 
trypsin. 
These protease inhibitors interfere with the digestion of proteins, resulting in decreased 
animal growth. Protease inhibitors stimulate protein synthesis and enzyme secretion from 
the pancreas. Inhibition of proteolysis, the presence of undigested protein in the intestinal 
tract, and a decreased release of amino acids in raw soy diets induce a compensatory 
reaction in the pancreas and a general stimulatory effect on other endogenous secretions 
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(Rackis & Gumbmann, 1981). The compensatory effect  of the pancreas is effective since that 
the urease activity of the soy is in up to 0,20 (Butolo, 2010). The effect 8of hypertrophy of 
pancreas followed by a stimulation of its secretory activity can also result in an endogenous 
loss of the pancreatic enzymes, trypsin and chymotrypsin which are rich in the sulphur-
containing amino acids, and thus accentuating the deficiency of methionine, being the first 
limiting amino acid in soybean (Johri, 2005) 
Coca-Sinova et al. (2008) had evaluated the coefficient of apparent ileal digestibility (%) of 
DM, N, energy, and amino acids (AA) of the diet with different soybean meal (SBM) origin 
in broilers of 21 d of Age. They observed that digestibility coefficients were higher for SBM 
contained lower levels of TIA - trypsin inhibitor activity (1,8 mg/g), when compared with 
SBM with higher levels of TIA (4,8mg/g).  

2.1.2 Lectins (haemagglutinins) 
Lectins are glycoproteins with the ability to bind carbohydrate-containing molecules on the 
epithelial cells of the intestinal mucosa, with the property of agglutinating the erythrocytes 
of higher animals (Liener, 2000).) The cells of the intestine in the presence of lectin, tend to 
collapse by reducing the absorption (Butolo, 2010). According Fasina et al. (2004), when 
lectins are ingested by animals, they can be degraded by intestinal digestive enzymes or 
survive intestinal digestion and bind to enterocytes on the brush border membrane (BBM). 
However if bind, lectins may cause antinutritional effects such as disruption of the intestinal 
microvilli, shortening or blunting of villi, impairment of nutrient digestion and absorption, 
increased endogenous nitrogen loss, bacterial proliferation, and increased intestinal weight 
and size (Pusztai, 1993 cited by Fasina et al., 2004).  

2.1.3 Goitrogens  
The soybean and its products have been considered goitrogenic in humans and animals 
(Doerge et al., 2002)., because the acidic methanolic extract of soybeans contains compounds 
that inhibit thyroid peroxidase-(TPO) catalyzed reactions essential to thyroid hormone 
synthesis (Divi et al., 1997). Pigs feeding goitrogens (0.075% 1-methyl-2-mercaptoimidazole 
or .5% potassium thiocyanate) produced symptoms of hypothyroidism in a relative short 
period of time, usually 3 to 4 weeks with pronounced growth depression, but when the 
goitrogens were withdrawn from the diet, there was a marked increase in growth rate. The 
effects of goitrogens are more common in humans, mainly infants (Shepard et al., 1960), 
than in pigs, because the soybeans used in feed for pigs is generally thermally processed.  
the goitrogens of soybean can removed by heat treatment (Liener, 1970; Zhenyu et al., 2000).  

2.1.4 Tannins 
Tannins are complex plant compounds that are often bitter or astringent, they are naturally-
occurring plant polyphenols which combine with proteins and other polymers such as 
cellulose, hemicellulose and pectin, to form stable complexes (Mangan, 1988). Egounlety et 
al. (2003) observed that the hulls were much richer in tannins than the whole soybean (2. 31 
x 1.52 mg catechin equivalent/g). Soaking soybean for 12–14 h reduced the tannin content 
by 54.6%. No tannin was detected in dehulled and cooked and in fermented Soybean.  
In contrast to the position with ruminant animals where tannins in the diet may have 
considerable benefits, and in plants where tannins give partial protection against predators, 
in simple-stomached animals, including man, tannins in the diet are generally undesirable, 
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because they present effects as decrease of protein digestibility and reduction of the animal 
growth(Mangan, 1988). 

2.1.5 Saponins  
Saponins are steroid or triterpenoid glycosides, common in a large number of plants and 
plant products that are important in human and animal nutrition (Francis et al., 2002). 
Saponins have long been known to cause lysis of the erthrocytes when given in  vitro. The 
hemolytic activity of saponins, coupled with this cholesterol inhibition effect, has been 
extensively used as a means of detecting and quantifying saponins in plant material. Such 
saponins activity results from their affinity for membrane sterols (Yoshiki et al., 1998).  
Most listings of soybean antinutritional factors in the past included saponins, although with 
little or no justification. Toxicity was attributed to them simply by analogy with saponins 
from other sources that, in deed, are toxic (Anderson et al., 1995). Soyabean saponins did not 
impair growth of chicks when added at five times the  concentration in a normal soyabean-
supplemented diet (Ishaaya et al., 1969 as cited in Francis et al., 2002). Acording Yoshiki et 
al. (1998) no hemolytic activity in soybean saponin was observed, while 80% methanolic 
soybean extract had strong activity.  As a result of detailed studies, the hemolytic 
compounds in soybean are indentified as linoleic acid and lipoxin, wich are secondary 
metabolitic products from lipoxigenase. 

2.1.6 Antivitamins 
There exists a fairly large category of natural substances that interfere with the utilization of 
certain minerals and vitamins. As examples, isolated soya-bean protein has been shown to 
interfere with the availability of such minerals as zinc, manganese, copper and iron as well 
as vitamin D (Liner, 1970) or other diverse but ill-defined factors appear to increase the 
requirements for vitamins A, B12, D, and E (Liner, 1994). 
Raw soybean contains an enzyme lypoxygenase which catalyses oxidation of carotene, the 
precursor of vitamin A and can be destroyed by heating soybeans for 15 min at atmospheric 
pressure. Autoclaving of soybean protein or supplementation with vitamin D3 for about 8-
10 times can eliminate the rachitogenic activity (Johri, 2005).  Fisher et al. (1969) reported 
anti-vitamin E activity of isolated soy protein for the chick.  

2.1.7 Olygosaccharides and polysaccharides non starch 
Soybean carbohydrates make up approximately 35% of soybean (SB) seed and 40% of 
soybean meal (SBM) dry matter (DM). Approximately half of these carbohydrates are 
nonstructural in nature, including low molecular weight sugars, oligosaccharides, and small 
amounts of starch, while the other half are structural polysaccharides, including a large 
amount of pectic polysaccharides (Karr-Lilienthal et al., 2005). The fibre component of the 
grain consists primarily of nonstarchpolysaccharides (NSP) which in cereals form part of the 
cell wall structure. In legumes, NSP also play a role as an energy storage material. The role 
of fibre in monogastric diets has attracted much attention in recent years, due to the facts 
that (a) the soluble NSP elicit anti-nutritive effects (Choct, 1997). The components of non-
digestible carbohydrates of a feedstuff are NSP, consisting of water insoluble cellulose and 
water soluble gums, hemicelluloses, pectic substances and mucilages (Mekbungwan, 2007) . 
Polysaccharides are plymers of monosaccharides joined through glycosidic linkages and are 
defined and classified in terms of the following structural (Choct, 1997). Choct et al. (1995) 
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showed that the addition of 40 g/kg NSP to a commercial broiler diet decreased the weight 
gain, feed efficiency and apparent metabolizable energy (AME) by 28.6, 27.0 and 21.2%, 
respectively.  
According Smits & Annison (1996) the physicochemical properties of non-starch 
polysaccharides (NSPs) are responsible for their antinutritive activities in the poultry and 
swine. In particular, soluble viscous NSPs depress the digestibilities of protein, starch and 
fat. It is suggested that the gut microflora can mediate the antinutritive effects of soluble and 
viscous NSP. On the other hand, insoluble and non-viscous NSPs may have a beneficial 
effect. Hetland et al. (2004) reported that digestibility of starch is higher and digesta passage 
rate faster when a moderate level of insoluble fibre is present in the diet. The effect of 
insoluble fibre on gut functions stems from its ability to accumulate in the gizzard, which 
seems to regulate digesta passage rate and nutrient digestion in the intestine.  NSP content 
of soybean meal is approximately 61 and 103 g kg-1 (dry matter basis) for soluble NSP and 
insoluble NSP, respectively (Bach Knudsen, 1997).  
Choct et al.  (2010) reported in review that non-digestible oligosaccharides can be fermented 
throughout all sections of the gastrointestinal tract including the large intestine, and the 
effects are most variation depends of specie. Soy oligosaccharides increased microbial 
activities as indicated by the increased volatile fat acids (VFA) contents and can cause 
intestinal disorder.  
The –galactoside family of oligosaccharides cause a reduction in metabolizable energy 
with reduced fiber digestion and quicker digesta transit time. Birds do not have an -1:6 
galactosidase enzyme in the intestinal mucosa (Leeson & Summers, 2008). Enzyme addition 
in diet for poultry and swine is most utilized for improve the nutritional value of soybean 
products. Zanella et al. (1999) found better body weight gain for broilers fed soybean meal 
(45% CP), extruded soybeans (38% CP) and roasted soybeans with addition of blend enzyme 
(xylanase, protease and amylase) ,when compared to without enzyme.. 

2.1.8 Phytate 
Three terminologies, namely phytate, phytin and phytic acid, are used in the literature to 
describe the substrate for phytase enzymes. The most commonly used term, phytate, 
refers to the mixed salt of phytic acid (myo-inositol hexaphosphate; IP6). The term, 
phytin, specifically refers to the deposited complex of IP6 with potassium, magnesium 
and calcium as it occurs in plants, whereas phytic acid is the free form of IP6 (Selle & 
Ravindran, 2007). Historically, phytates have been considered solely as antinutrients 
because they are known as strong chelators of divalent minerals such as Ca2+, Mg2+, Zn2+ 
and Fe2+. Moreover, phytates are also capable of binding with starch and proteins while 
preventing their assimilation through the digestive system (Afinah et al., 2010). The 
soybean meal present 0.34% of phytate the soybean has 0.34% of phytate which represents 
approximately 60% of the amount of total phosphorus (Kornegay, 2000).  To improve the 
utilization of phosphorus and other nutrients complexed to phytate has been used in the 
enzyme phytase in diets for poultry and pigs. In Brazil more than 50% of poultry diets 
were formulated using phytase. 

2.2 Soybean processing 
Soybean processing is useful and necessary to destroy or remove  undesirable constituents, 
make nutrients more accessible or to improve palatability. However, processing toward 
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because they present effects as decrease of protein digestibility and reduction of the animal 
growth(Mangan, 1988). 
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showed that the addition of 40 g/kg NSP to a commercial broiler diet decreased the weight 
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describe the substrate for phytase enzymes. The most commonly used term, phytate, 
refers to the mixed salt of phytic acid (myo-inositol hexaphosphate; IP6). The term, 
phytin, specifically refers to the deposited complex of IP6 with potassium, magnesium 
and calcium as it occurs in plants, whereas phytic acid is the free form of IP6 (Selle & 
Ravindran, 2007). Historically, phytates have been considered solely as antinutrients 
because they are known as strong chelators of divalent minerals such as Ca2+, Mg2+, Zn2+ 
and Fe2+. Moreover, phytates are also capable of binding with starch and proteins while 
preventing their assimilation through the digestive system (Afinah et al., 2010). The 
soybean meal present 0.34% of phytate the soybean has 0.34% of phytate which represents 
approximately 60% of the amount of total phosphorus (Kornegay, 2000).  To improve the 
utilization of phosphorus and other nutrients complexed to phytate has been used in the 
enzyme phytase in diets for poultry and pigs. In Brazil more than 50% of poultry diets 
were formulated using phytase. 
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Soybean processing is useful and necessary to destroy or remove  undesirable constituents, 
make nutrients more accessible or to improve palatability. However, processing toward 
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these ends also leads to changes in the composition of the various soybean materials 
compared with whole soybeans. These changes may be intentional, as in the case of heating 
to diminish trypsin inhibitor activity (Anderson et al.,1995). Although exist other options for 
reducing the antinutritional effects of soybean products, the cheaper and more efficient is 
heat-processing (Pusztai et al., 1997). 
The most common procedures have involved a combination or extraction, cooking and 
fermentation. With soybeans, moist-heat treatment is particularly effective in reducing 
trypsin inhibitor activity below biological threshold levels, as determined by short-term 
animal bioassay. With present day manufacturing processes, residual trypsin inhibitor 
activity in edible-grade soy protein products is about 5-20% of the activity originally present 
in raw soybeans (Rackis & Gumbmann, 1981).  
The heat necessary to destroy trypsin inhibitors and other hemagglutinins found in raw 
soybeans is dependent upon exposure time, and so high temperatures for a shorter time 
period are as effective as lower temperatures for longer times (Leeson & Summers, 2008).  
In the 1930’s, soybeans were mechanically processed using hydraulic or screw presses, 
which squeezed out the oil of the heated or cooked soybeans. In the late 1940’s and early 
1950’s, most of the industry converted to the solvent-extraction process, which removes 
more oil from the soybean. Today, more than 99 percent of the U.S. processing capacity is 
using the solvent extraction process produced in large crushing facilities that produce meals 
of consistent high quality (Johnson  Smith, sd). 
According Soybean Meal INFOcenter, the soybean products appear with the initial 
processes that included cleaned and dehulled and other three processes is used to separate 
the soybean oil from the protein meal. The first is solvent extraction, which is the one used 
most commonly around the world, uses hexane to leach or wash (extract) the oil from flaked 
oilseeds. This method reduces the level of oil in the extracted flakes to one percent or less. 
After this continuous pressing is performed at elevated temperatures, using a screw press to 
express the oil from ground and properly conditioned soybeans. The pressed cake is 
reduced to between 4 percent and 6 percent oil content by this method. At the end, 
dydraulic or batch pressing, this is an intermittent pressing operation carried out at elevated 
temperatures in a mechanical or hydraulic press after the soybeans have been rolled into 
flakes and properly conditioned by heat treatment. It is the oldest known method of 
processing oilseeds. According Butolo (2010), the industrialization flow for obtaining 
soybean oil, soybean meal or full fat soybean is divided into four distinct phases, which are 
shown in Figure 1. 
A great processing variety exists, in table 1 sowed the composition of soybean feed 
ingredient products. 
The quality of soya meal is the result of many factors, including bean variety, origin and 
storage. The various processing steps employed from the time the bean is received can affect 
the quality of the resulting meal and oil obtained. Heat treatment of the meal is essential to 
optimize its protein quality. The variables of moisture, temperature and time are 
interrelated and are important to achieve proper cooking conditions. The magnitude of 
these variables must be determined for each plant, preferably using a biological assay for 
evaluation. Many in vitro tests designed to measure protein quality in soya have been 
proposed and evaluated (Wright, 1968). Simple crude protein or amino acid assays provide 
information on the protein, but do not provide useful information on the quality of the 
protein. Chemists have used trypsin inhibitor analyses, urease activity, protein solubility in 
potassium hydroxide, protein solubility in water and dye binding methods to assay for 
protein quality (Johnson  Smith, nd).  
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Fig. 1. The simple flowchart of soybean processing (Adapted of Butolo, 2010). 

Inadequate heating fails to completely destroy the ANFs, which may have a detrimental 
impact on animal performance, while excessive heating reduces the availability of lysine via 
the Maillard reaction and possibly, to a lesser extent, of other amino acids (Caprita et al. 
2010). While processed beans should be periodically tested for trypsin inhibitor or urease 
levels, a simple on-going test is to taste the beans. Under-heated beans have a characteristic 
‘nutty’ taste, while over-heated beans have a much darker color and a burnt taste. The 
problem with overheating is potential destruction of lysine and other heat-sensitive amino 
acids (Leeson  Summers, 2008). 
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flakes and properly conditioned by heat treatment. It is the oldest known method of 
processing oilseeds. According Butolo (2010), the industrialization flow for obtaining 
soybean oil, soybean meal or full fat soybean is divided into four distinct phases, which are 
shown in Figure 1. 
A great processing variety exists, in table 1 sowed the composition of soybean feed 
ingredient products. 
The quality of soya meal is the result of many factors, including bean variety, origin and 
storage. The various processing steps employed from the time the bean is received can affect 
the quality of the resulting meal and oil obtained. Heat treatment of the meal is essential to 
optimize its protein quality. The variables of moisture, temperature and time are 
interrelated and are important to achieve proper cooking conditions. The magnitude of 
these variables must be determined for each plant, preferably using a biological assay for 
evaluation. Many in vitro tests designed to measure protein quality in soya have been 
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information on the protein, but do not provide useful information on the quality of the 
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Nutrient profile 
Full-fat 

extruded 
soybean 

Soybean 
meal 
(48%) 

Soybean 
protein 

concentrate

Soybean 
Hulls 

Soy 
oil 

Dry matter (%) 90.47 88.21 89.88 88.80 99.60 
Gross energy (Kcal kg-1) 4938 4164 4495 3854 9333 
Starch (%) 6.70 3.00 - - - 
Fat (%) 17.64 1.40 0.43 2.86 99.60 
Crude fibre (%) 6.24 4.27 2.64 33.00 - 
Crude protein(%) 37.00 47.90 62.92 13.50 - 
Arginine(%) 2.71 3.50 5.32 0.81 - 
Lysine (%) 2.23 2.92 4.07 0.89 - 
Methionine + cystine (%) 1.08 1.37 1.90 0.39 - 
Threonine (%) 1.47 1.86 2.60 0.51 - 
Triptophan (%) 0.47 0.64 0.87 0.14 - 
Calcium (%) 0.23 0.31 0.27 0.49 - 
Av. Phosphorus(%) 0.17 0.21 0.27 0.05 - 
Potassium(%) 1.67 2.11 2.18 - - 
Poultry 
Metabolizable energy (Kcal kg-1) 3429 2302 2677 871 8790 
Dig. Arginine(%) 2.54 3.31 5.12 0.64 - 
Dig. Lysine (%) 2.02 2.70 3.75 0.59 - 
Dig. Methionine + cystine (%) 0.93 1.21 1.67 0.21 - 
Dig. Threonine (%) 1.29 1.66 2.29 0.25 - 
Dig. Triptophan (%) 0.43 0.58 0.79 0.09 - 
Swine 
Digestible energy (Kcal kg-1) 4250 3540 4035 2370 8600 
Dig. Arginine(%) 2.52 3.31  0.68 - 
Dig. Lysine (%) 1.99 2.66  0.53 - 
Dig. Methionine + cystine (%) 0.93 1.23  0.26 - 
Dig. Threonine (%) 1.28 1.62  0.31 - 
Dig. Triptophan (%) 0.40 0.57  0.09 - 

Table 1. Nutrient profile of soybean products for poultry and swine nutrition (From 
Rostagno et al., 2005). 

The most widely adopted method more economical and faster is the measurement of 
urease activity (urease test or urease index), however difficult the correlation of the 
protein solubility in KOH. Levels of the enzyme urease are used as an indicator of trypsin 
inhibitor activity. Urease is much easier and cheap to measure than is trypsin inhibitor 
and both molecules show similar characteristics of heat sensitivity. Two analytical 
methods for urease test were described, the first is based on ph difference in which 200 
mg of  sample (soybean or soybean product) is incubated in 10.0 ml of phosphate buffered 
urea solution at 300C for 30 minutes, after which the increase in pH units (ΔpH) from pH 
7.00 is recorded (Palić et al. 2008; Butolo, 2010). The second is based a simple colorimetric 
assay in which urea-phenol-red solution is brought to an amber color by using either 0.1 
N HCl or 0.1 N NaOH. About 25 g of soybean meal is then added to 50 ml of indicator in a 
petri dish. After 5 minutes, the sample is viewed for the presence of red particles. If there 
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are no red particles showing, the mixture should stand another 30 minutes, and again if 
no red color is seen, it suggests overheating of the meal. If up to 25% of the surface is 
covered in red particles, it is an indication of acceptable urease activity, while 25 – 50% 
coverage suggest need for more detailed analysis. Over 50% incidence of red colored 
particles suggests an under-heated meal (Leeson  Summers, 2008). But urease index is 
not useful to determine excessive heat treatment since additional heating has no effect on 
the urease index (Caprita et al. 2010). 
The KOH protein solubility test is based on the solubility of soybean proteins in a dilute 
solution of potassium hydroxide. The procedure involves the incubation of a sample with a 
0.2% KOH solution for 20 min at room temperature. Following this incubation, the sample is 
centrifuged and the supernatant is analyzed for the protein concentration. The solubility of 
the protein, expressed as a percentage, was calculatedby dividing the protein content of the 
KOH extracted solution by the protein content of the original soybean sample (Caprita et al. 
2010). KOH protein solubility is a better indicator of overprocessing than underprocessing 
of soybeans (Batal et al., 2000). In table 2 are shown the levels of urease activity and protein 
solubility in potassium hydroxide acceptable in most soybeans processing. 
Protein Dispersibility Index (PDI) can be used to measure protein quality. According Butolo 
(2010) to determine the protein dispersibility index should be mixed 8g of soybean meal 
with 150ml water, then it is centrifuged to 8.500ppm for 10 minutes, filter and determining 
the soluble nitrogen by the Kjeldahl method. Batal et al. (2000) indicated that PDI 
demonstrates more consistent response to heating of soyflakes than did urease index or 
protein solubility in KOH, because the urease index is not linear and that it rapidly falls 
from approximately 2.0 units of pH change to near zero as SBM is heated contributes to the 
difficulty in determining a precise maximum acceptable.  
 

Degree of soybean 
processing Urease test (pH change) KOH Protein solubility (%) 

Under-processed > 0.20 90 
Normal - 85 
Adequately processed 0.05 - 0.20 77-80 
Over-processed - < 77 

Table 2. Globally accepted relation between the degree of soybean processing for urease 
activity and protein solubility in potassium hydroxide (from Palić et al. 2008; Butolo, 2010). 

Nitrogen Solubility Index (NSI) is other methods can be used for determines protein quality. 
It uses a slow stirring technique. Nitrogen is extracted from the ground flour by placing  
approximately 1.5 g into a 200 ml beaker and adding 75 ml of 0.5% KOH. The sample is 
stirred 20 minutes at 120 rpm.  PDI and NSI are a more consistent and sensitive indicator for 
monitoring both underheating and over-heating of SBM (Caprita et al. 2010). 
It is very important whether the assessment process quality of soybeans for the animal is 
unlikely to have decreased performance. 

2.3 Storage and genetic variety  
The storage and genetic variation are factors that can alter the nutritional composition of 
soybean as well as the performance of monogastric animals. Narayan et al., (1988) found 
that chemical characteristics, moisture content, fat, water-soluble nitrogen (WSN), nitrogen 
solubility index (NSI), sugars, trypsin inhibitor activity, available lysine, pigment and 
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7.00 is recorded (Palić et al. 2008; Butolo, 2010). The second is based a simple colorimetric 
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are no red particles showing, the mixture should stand another 30 minutes, and again if 
no red color is seen, it suggests overheating of the meal. If up to 25% of the surface is 
covered in red particles, it is an indication of acceptable urease activity, while 25 – 50% 
coverage suggest need for more detailed analysis. Over 50% incidence of red colored 
particles suggests an under-heated meal (Leeson  Summers, 2008). But urease index is 
not useful to determine excessive heat treatment since additional heating has no effect on 
the urease index (Caprita et al. 2010). 
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Degree of soybean 
processing Urease test (pH change) KOH Protein solubility (%) 

Under-processed > 0.20 90 
Normal - 85 
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Table 2. Globally accepted relation between the degree of soybean processing for urease 
activity and protein solubility in potassium hydroxide (from Palić et al. 2008; Butolo, 2010). 

Nitrogen Solubility Index (NSI) is other methods can be used for determines protein quality. 
It uses a slow stirring technique. Nitrogen is extracted from the ground flour by placing  
approximately 1.5 g into a 200 ml beaker and adding 75 ml of 0.5% KOH. The sample is 
stirred 20 minutes at 120 rpm.  PDI and NSI are a more consistent and sensitive indicator for 
monitoring both underheating and over-heating of SBM (Caprita et al. 2010). 
It is very important whether the assessment process quality of soybeans for the animal is 
unlikely to have decreased performance. 

2.3 Storage and genetic variety  
The storage and genetic variation are factors that can alter the nutritional composition of 
soybean as well as the performance of monogastric animals. Narayan et al., (1988) found 
that chemical characteristics, moisture content, fat, water-soluble nitrogen (WSN), nitrogen 
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lipoxygenase activity of seeds decreased during storage whereas non-protein nitrogen 
(NPN), extent of browning, free fatty acid (FFA) content and peroxide value are increased. 
According Cromwell et al. (2002) the rate and efficiency of weight gain, scanned backfat and 
longissimus area, and calculated carcass lean percentage were not different (P > 0.05) for 
pigs fed diets containing conventional or genetically modified, herbicide (glyphosate)-
tolerant soybean. For poultry, Taylor  et al. (2007) concluded that the diets containing 
soybean meal produced from genetically modified (GM) glyphosate-tolerant were 
nutritionally equivalent to diets containing soybean meal produced from the control and 
conventional reference soybean varieties when fed to broilers. 
Other genetically modified soybeans were study for Palacios et al. (2004) that  compared 
the growth performance of chicks and pigs fed diets containing modified soybeans: 
Kunitz trypsin inhibitor-free (KF), lectin-free (LF), lectin and Kunitz trypsin inhibitor-free 
(LFKF), conventional soybeans (CSB), and commercially obtained, dehulled, solvent-
extracted soybean meal (SBM). They verify that Chicks fed diets containing any of the raw 
soybean varieties gained less weight than did chicks and among the raw soybean 
treatments, there was a greater effect on growth performance by removing both lectins 
and Kunitz trypsin inhibitor (LFKF), than by removing each antinutritional factor 
separately. Feeding raw soybeans to chicks decreased average daily gain (ADG) by 49% 
for CSB, 37% for KF, 38% for LF, and 27% for LFKF compared with the ADG achieved by 
chicks fed SBM. For to pigs deprecreased ADG by 78% for CSB, 60% for LF, and 35% for 
LFKF compared with the ADG achieved by pigs fed the same variety but extruded. This 
results and others (Brune et al., 2010; Becker-Ritt et al., 2004; Vasconcelos et al., 1997) 
prove that variability in the amounts of these components (proteases inhibitors and 
lectins) can be affect by cultivars differences.  
As observed, there seems great potential for reduction in content of anti-nutrients within 
GM soybeans, as studies have shown that the isogenic variant lacking the Kunitz trypsin 
inhibitor and other soybean variants low in Kunitz trypsin inhibitor  are nutritionally 
superior to conventional raw soybeans but not as good as commercial soybean meal. Others 
genetic improvements in reducing the phytate-bound phosphorous, and reduction or 
elimination of oligosaccharide carbohydrates are the most important economical traits that 
are being researched 

3. Soybean products for poultry and swine nutrition 
3.1 Soybean meal and full fat soybean 
Soybean meal is the most popular source of supplemental protein in livestock feeds  
(Table 3). That popularity derives from its nutrient content, its relative freedom from 
intractable antinutritional factors, and other issues (Pettigrew et al.2002). 
Many studies are conducted comparing the inclusion of soybean meal with other soy 
products or other protein source, and where the animals fed soybean meal has a better 
perform in most cases. In general, full-fat soybeans may replace soybean meal in swine and 
poultry diets with similar performance anticipated. The decision on which soybean product 
to use needs to be based on the product's composition, availability and unit costs. Bertol et 
al. (2001) observed that substitution of 50% of soybean meal by full-fat extruded soybeans, 
texturized soybean protein and concentrated soybean protein in the weaning diet, promoted 
better performance, with additional 1 to 2 kg of body weight gains per piglet at the end of 
the nursery phase.  
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Protein Source Million Metric Tons Percent 
Soybean meal 152.1 66.5 
Rapeseed meal 30.7 13.5 
Cottonseed meal 14.4 6.3 
Sunflower meal 12.2 5.3 
Palm kernel meal 6.1 2.7 
Peanut meal 5.9 2.6 
Fish meal 5.3 2.3 
Copra meal 1.9 0.8 
TOTAL 228.6  

* Soy Stats (2010) 

Table 3. World Protein Meal Consumption*. 

Micronizing is the name given to a cooking process that uses infrared rays to cook cereals 
and pulses at lower temperatures and for shorter times than other heating methods. Gas 
burners are used to generate the infrared rays that are absorbed by the products. The raw 
materials are passed under the burners on variable speed belts to achieve the desired level 
of "cook". The product is then passed through a roller mill to create flakes. These flakes can 
be used whole or ground into a meal (MMfeeds). The increase available energy and improve 
digestibility are both achieve due to the gelatinisation of starch molecules during the 
cooking process. Trindade Neto et al. (2002) observed that pigs fed micronized soybean 
takes more days to reach  50 and 90 kg of body weight when compared with those fed 
soybean meal. 

3.2 Soybean hulls 
Soybean hulls, due to their high fiber contents, are known to be poorly digested by non-
ruminant animals. Recent studies, however, suggest that the hulls have potential as an 
alternative feed ingredient for swine and poultry. The soybean hulls can be included up to 
10 and 12% for growing or finishing pig diets, respectively, replacing the wheat bran on a 
weight basis without any adverse effects on palatability of diets and animal performances 
(Chee et al., 2005). However, Moreira et al. (2009) not recommend the use of soybean hulls to 
piglets due reducing daily feed intake and daily weight gain  for the animals fed feed 
containing soybean hull (15% inclusion in the diet) compared to the control feed without 
soybean hull.  
Esonu et al. (2005) studing laying hens, found that inclusion of up to 20% soybean hulls, 
improves the Feed cost/dozen eggs, and when cellulolytic enzyme supplementation at 30% 
dietary level of soybean hull meal in layer diet could not significantly affect the performance 
of laying hens. 
Currently, it is very common the use of soybean hulls in programmers of feed restriction 
and welfare of breeders and laying hens. 

3.3 Soy protein isolates 
Soybean protein concentrate (or soy protein concentrate) is the product obtained by 
removing most of the oil and water-soluble non-protein constituents from selected, sound, 
cleaned, dehulled soybeans. The traded product among  650 to 900 g/kg CP on a moisture-
free basis. Soybean protein isolate (or soy protein isolate) is the dried product obtained by 
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removing most of the non-protein constituents from selected, sound, cleaned, dehulled 
soybeans. Both soy protein concentrate and isolate have the potential to be used in poultry 
diets as a source of protein and AA (Blair, 2008). In Table 4 are showed broilers performance 
when feed with different soybean products in diets. 
 

Protein source Weight gain (g) 
Casein 364 b 
Soybean meal 405 a 
Soy protein concentrate 356 b 
Soy protein isolate 366 b 

Batal  Parson (2003) 

Table 4. Effect of protein sources on weight gain of chicks(week 0-3). 

3.4 Soy oil 
Soy oil has found many food uses due to its excellent nutritional qualities, widespread 
availability, economic value and wide-use functionality. Soy oil is a highly concentrated 
source of feed energy. Its caloric value is the major reason for its increased use.  
Gaiotto et al. (2000) evaluated performance of broilers fed diets containing 4% supplemental 
fat from the sources: soybean oil (SOY4), beef tallow (TAL4), acidulated soapstock (SOAP4), 
mixtures 2%:2% (SOAP2/TAL2), (SOAP2/SOY2) and (SOY2/TAL2), and confirmed the 
superiority of soybean oil relative to the other fat sources fed to broiler and demonstrated 
that the quality of acidulated soapstock and beef tallow may be improved when used in 1:1 
mixtures with soybean oil.  
For laying hens Costa et al. (2008) evaluated soy and canola oil, and they observed better 
results for those characteristics were obtained as soybean oil increased. However, the egg 
mass conversion was negatively influenced by increase of canola oil. The addition of  
soybean oil promoted better performance as compared to canola oil. 
For swine, Mascarenhas et al. (2002) evaluated the effects from two lipid sources (soybean 
oil and coconut oil) on performance from 60 to 100 kg boars and they observed that diets 
with coconut oil as lipidic source showed the best results of weight gain. 

4. Conclusion 
The benefits of the use of soybean and soybean products can be observed in the nutrition of 
poultry and swine, but it is very important to know the factors that affect the composition of 
the same ingredients for that may be included in adequate amounts without reducing 
animal performance. 
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1. Introduction 
Since 2001 the European Commission banned the use of meat and bone meal and its by-
products in diets for livestock animals (EC directive 999/2001) in order to assure consumer 
safety on animal products. Consequently, soybean meal became the most utilised protein 
source in the intensive livestock systems.  
Moreover, the proteins of this source are low degradable in the rumen and well 
proportioned to the non structural carbohydrates (NSC).  
Soybean meal solvent extract (s.e.) is a by-product of oil industry, where soybean seeds are 
treated with organic solvents (e.g. hexane) and subsequently with high temperature. For this 
reason soybean meal has been banned in the organic livestock (EC directive 2092/1991; EC 
directive 834/2007).  
Even if in Europe the high part of soybean is imported, soybean solvent extract represents 
the less expensive protein source for its high crude protein content (44-50 % as fed). 
However soybean meal costs and availability are strongly related with the price 
development of agricultural commodities on the world market (Jezierny et al., 2010). Factors 
which may influence world market prices include variations in population and economic 
growth, changes in consumer’s product preferences, but world market prices are also 
dependent on weather conditions (Gill, 1997; Trostle, 2008).  
Finally, another factor has to be evaluated that is the genetically modification (GM) of 
soybean. Indeed, public concerns  are increasing in GM food consumption due to the fact, 
even if for several years no direct evidence that it may represent a possible danger for health 
has been reported, recently, a number of papers have been published with controversial 
results.  
Thus, the search for alternative protein sources has led to an increasing interest in the use of 
grain legumes, as they supply the important source of plant protein.  
The botanical family of grain legumes is known as Fabaceae, also referred to as Leguminosae. 
Grain legumes are cultivated primarily for their seeds which are harvested at maturity, and 
which are rich in protein and energy. The mature dry seeds of grain legumes are used either 
as animal feed ingredient or for human consumption (Singh et al., 2007). Beans, lentils and 
chickpeas are utilised exclusively for human nutrition, while the other grains are used in 
animal feeding too.  
In Italy grain legumes cultivation is progressively increased due the presence of new 
cultivars more hardy and productive. These new cultivars were selected principally in 
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France and are characterised by lower water requirements, higher production and higher 
resistance to the parasitic infestations and to the adverse environmental conditions.  
Generally, legumes are characterised by their ability to use atmospheric nitrogen as a 
nutrient due to the symbiosis with nitrogen-fixing bacteria from the Rhizobium species 
(Sprent and Thomas, 1984; Zahran, 1999). Therefore, unlike other cultivated plants, legume 
crops need less nitrogen fertiliser for optimal growth, and the use of legumes in crop 
rotation systems reduces the need of nitrogen fertiliser in subsequent crops (López-Bellido 
et al., 2005). Nitrogen benefits in legume-cereal rotation systems have been attributed not 
only to the transfer of biologically fixed nitrogen (Díaz-Ambrona and Mínguez, 2001; Evans 
et al., 2001), but also to lower immobilisation of nitrate in the soil during the decomposition 
of legumes compared to cereal residues (Green and Blackmer, 1995), also termed as the 
nitrogen-sparing effect. Thus, nitrogen benefits may result from a combination of legume 
nitrogen sparing effects and the bacterial nitrogen fixation (Chalk et al., 1993; Herridge et al., 
1995). In addition, crop rotation and intercropping with legumes may provide successful 
strategies for weed suppression (Liebman and Dyck, 1993; Bulson et al., 1997). Weed growth 
and development may be disrupted due to varying cultivation conditions prevailing for the 
different crops used (e.g. fertiliser requirements, planting or maturation dates), thereby 
preventing domination of only a few weed species (Froud-Williams, 1988; Liebman and 
Janke, 1990). Due to these crop effects, cultivation of grain legumes is an important part of 
crop rotation, particularly in organic farming (Badgley et al., 2007).  
In animal nutrition, grain legumes are mainly used as protein supplements, but also as a 
valuable energy source, due to their partly high contents of starch (faba bean, peas) and 
lipids (lupins) (Gatel, 1994; Bach Knudsen, 1997; Salgado et al., 2002a).  
However, the use of grain legumes in animal nutrition has been hampered due to partially 
high concentrations of secondary plant metabolites, also referred as antinutritional factors 
(ANFs), including condensed tannins, protease inhibitors, alkaloids, lectins, pyrimidine 
glycosides and saponins. Possible negative effects of these secondary plant metabolites 
include, for example, feed refusals (tannins, alkaloids), reduced nutrient digestibility 
(tannins, protease inhibitors, lectins) or even toxic effects (alkaloids) (Rubio and Brenes, 
1995; Lallès and Jansman, 1998; Huisman and Tolman, 2001).  
The objectives of the following chapters are the comparison of chemical composition as well 
as the nutritive value of soybean, soybean meal solvent extract and several legume grain 
(e.g.: peas, lupine, faba bean). In addition, in order to evaluate the opportunity of soybean 
replacement with grain, the results of in vitro studies are described and the influence of 
protein sources on meat quality are discussed. 

2. Nutritional characteristics of soybean meal solvent extract and legume 
grains  
The chemical composition of some grain legumes in comparison to soybean and soybean 
meals s.e are pictured in Table 1.  
Soybeans (Soja hispida) are characterized by high protein (380 g/kg dry matter) and lipid 
(200 g/kg dry matter) concentrations, which provide high energy density (1.1-1.2 UFL/kg 
dry matter). In ruminant feeding, soybean integral seeds could represent the only source of 
protein supplementation for cattle fattening. However, in dairy cows  it is preferable not to 
exceed the dry matter administration of soybean seeds as it may modify  fatty acid profile of 
milk fat and worse butter consistency and conservation. 
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Soybean meal s.e. proteins, due to the heat treatment, are medium to low degradable in the 
rumen (Chaubility et al., 1991; Infascelli et al., 1995). In addition, soybean meal shows an 
elevated ratio of protein/non structural carbohydrates. 
Legume grains are characterised by high energy density allowed to the high protein, starch 
and/or fat concentrations, as more than sufficient is their calcium concentration.  
The proteins of legume grain are highly degradable in the rumen and digestible in the 
intestine. Notwithstanding, large part of legume grain shows anti-nutritional factors (i.e. 
lecithin, trypsin inhibitors, tannins, saponin, phytase), that are inactivated by the enzymes 
produced by the bacteria present in the rumen. Within the grain legumes, lupins have 
higher amounts of crude protein (324–381 g/kg dry matter), compared to faba beans (301 
g/kg dry matter) and peas (246 g/kg dry matter) (Degussa, 2006). Jezierny et al. (2007) 
reported similar contents of crude protein in different batches of lupins, faba beans and peas 
averaging 387, 308 and 249 g/kg dry matter, respectively. In comparison to soybean meal, 
faba beans and peas contain between 45 to 55% and lupins (L. albus) even up to 70% of its 
crude protein content (Degussa, 2006). 
The ether extract content in peas and faba beans is generally rather low compared to lupins; 
crude fat contents of faba beans and peas range from 15 to 20 g/kg dry matter, thus being in 
a similar range as values for soybean meal (15–28 g/kg dry matter) (DLG, 1999; Jezierny et 
al., 2007). In lupins, the crude fat content varies between cultivars, with values of about 57 
g/kg dry matter (L. luteus, L. angustifolius) to 88 g/kg dry matter (L. albus) (DLG, 1999).  
The carbohydrate fraction includes the low molecular-weight sugars, starch and various 
non-starch-polysaccharides (NSP) (Bach Knudsen, 1997). The NSP and lignin are the 
principal components of cell walls and are commonly referred to as dietary fibre (Theander 
et al., 1989; Canibe and Bach Knudsen, 2002). Generally, faba beans and peas are rich in 
starch (422–451 and 478–534 g/kg dry matter, respectively) (DLG, 1999; Jezierny, 2009), 
whereas lupins have comparatively low levels of starch (42–101 g/kg dry matter) (DLG, 
1999; Jezierny, 2010). However, it needs to be emphasized that the determination of starch in 
grain legumes may be confounded by the analytical method used (Hall et al., 2000).  
Faba beans and peas contain rather low amounts of fibre fractions in comparison to lupins 
(Bach Knudsen, 1997; Jezierny, 2009), and, with regard to lignin content, faba beans and L. 
angustifolius have similar amounts of lignin (1 to 7 and 6 to 9 g/kg dry matter, respectively), 
whereas the lignin content in peas is of minor importance (0.4–3 g/kg dry matter) (Salgado 
et al., 2002a; Jezierny, 2010).  
The NSP fraction of faba beans consists mainly of cellulose (89–115 g/kg dry matter), with 
lower levels of hemicellulose (21–57 g/kg dry matter) (Salgado et al., 2002a,b; Jezierny, 
2009).  
Hemicellulose contents in peas range from 23 to 95 g/kg dry matter and cellulose contents 
range from 52 to 77 g/kg dry matter  (Salgado et al., 2002a,b; Jezierny, 2009).  
Lupins contain high levels of NSP, with contents of cellulose generally being higher than 
hemicellulose (131 to 199 vs. 40 to 66 g/kg dry matter) (Bach Knudsen, 1997; Salgado et al., 
2002a,b; Jezierny, 2009), and they also have considerable amounts of oligosaccharides (Bach 
Knudsen, 1997; Salgado et al., 2002a).  
Comparing the different batches in each species, lupin show  lower variability than faba 
bean and peas, probably because the genetic selection in this species was addressed 
principally on the reduction of secondary plant metabolites (Colombini, 2004) than to the 
improving of chemical characteristics.  
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France and are characterised by lower water requirements, higher production and higher 
resistance to the parasitic infestations and to the adverse environmental conditions.  
Generally, legumes are characterised by their ability to use atmospheric nitrogen as a 
nutrient due to the symbiosis with nitrogen-fixing bacteria from the Rhizobium species 
(Sprent and Thomas, 1984; Zahran, 1999). Therefore, unlike other cultivated plants, legume 
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rotation systems reduces the need of nitrogen fertiliser in subsequent crops (López-Bellido 
et al., 2005). Nitrogen benefits in legume-cereal rotation systems have been attributed not 
only to the transfer of biologically fixed nitrogen (Díaz-Ambrona and Mínguez, 2001; Evans 
et al., 2001), but also to lower immobilisation of nitrate in the soil during the decomposition 
of legumes compared to cereal residues (Green and Blackmer, 1995), also termed as the 
nitrogen-sparing effect. Thus, nitrogen benefits may result from a combination of legume 
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strategies for weed suppression (Liebman and Dyck, 1993; Bulson et al., 1997). Weed growth 
and development may be disrupted due to varying cultivation conditions prevailing for the 
different crops used (e.g. fertiliser requirements, planting or maturation dates), thereby 
preventing domination of only a few weed species (Froud-Williams, 1988; Liebman and 
Janke, 1990). Due to these crop effects, cultivation of grain legumes is an important part of 
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(ANFs), including condensed tannins, protease inhibitors, alkaloids, lectins, pyrimidine 
glycosides and saponins. Possible negative effects of these secondary plant metabolites 
include, for example, feed refusals (tannins, alkaloids), reduced nutrient digestibility 
(tannins, protease inhibitors, lectins) or even toxic effects (alkaloids) (Rubio and Brenes, 
1995; Lallès and Jansman, 1998; Huisman and Tolman, 2001).  
The objectives of the following chapters are the comparison of chemical composition as well 
as the nutritive value of soybean, soybean meal solvent extract and several legume grain 
(e.g.: peas, lupine, faba bean). In addition, in order to evaluate the opportunity of soybean 
replacement with grain, the results of in vitro studies are described and the influence of 
protein sources on meat quality are discussed. 

2. Nutritional characteristics of soybean meal solvent extract and legume 
grains  
The chemical composition of some grain legumes in comparison to soybean and soybean 
meals s.e are pictured in Table 1.  
Soybeans (Soja hispida) are characterized by high protein (380 g/kg dry matter) and lipid 
(200 g/kg dry matter) concentrations, which provide high energy density (1.1-1.2 UFL/kg 
dry matter). In ruminant feeding, soybean integral seeds could represent the only source of 
protein supplementation for cattle fattening. However, in dairy cows  it is preferable not to 
exceed the dry matter administration of soybean seeds as it may modify  fatty acid profile of 
milk fat and worse butter consistency and conservation. 
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Soybean meal s.e. proteins, due to the heat treatment, are medium to low degradable in the 
rumen (Chaubility et al., 1991; Infascelli et al., 1995). In addition, soybean meal shows an 
elevated ratio of protein/non structural carbohydrates. 
Legume grains are characterised by high energy density allowed to the high protein, starch 
and/or fat concentrations, as more than sufficient is their calcium concentration.  
The proteins of legume grain are highly degradable in the rumen and digestible in the 
intestine. Notwithstanding, large part of legume grain shows anti-nutritional factors (i.e. 
lecithin, trypsin inhibitors, tannins, saponin, phytase), that are inactivated by the enzymes 
produced by the bacteria present in the rumen. Within the grain legumes, lupins have 
higher amounts of crude protein (324–381 g/kg dry matter), compared to faba beans (301 
g/kg dry matter) and peas (246 g/kg dry matter) (Degussa, 2006). Jezierny et al. (2007) 
reported similar contents of crude protein in different batches of lupins, faba beans and peas 
averaging 387, 308 and 249 g/kg dry matter, respectively. In comparison to soybean meal, 
faba beans and peas contain between 45 to 55% and lupins (L. albus) even up to 70% of its 
crude protein content (Degussa, 2006). 
The ether extract content in peas and faba beans is generally rather low compared to lupins; 
crude fat contents of faba beans and peas range from 15 to 20 g/kg dry matter, thus being in 
a similar range as values for soybean meal (15–28 g/kg dry matter) (DLG, 1999; Jezierny et 
al., 2007). In lupins, the crude fat content varies between cultivars, with values of about 57 
g/kg dry matter (L. luteus, L. angustifolius) to 88 g/kg dry matter (L. albus) (DLG, 1999).  
The carbohydrate fraction includes the low molecular-weight sugars, starch and various 
non-starch-polysaccharides (NSP) (Bach Knudsen, 1997). The NSP and lignin are the 
principal components of cell walls and are commonly referred to as dietary fibre (Theander 
et al., 1989; Canibe and Bach Knudsen, 2002). Generally, faba beans and peas are rich in 
starch (422–451 and 478–534 g/kg dry matter, respectively) (DLG, 1999; Jezierny, 2009), 
whereas lupins have comparatively low levels of starch (42–101 g/kg dry matter) (DLG, 
1999; Jezierny, 2010). However, it needs to be emphasized that the determination of starch in 
grain legumes may be confounded by the analytical method used (Hall et al., 2000).  
Faba beans and peas contain rather low amounts of fibre fractions in comparison to lupins 
(Bach Knudsen, 1997; Jezierny, 2009), and, with regard to lignin content, faba beans and L. 
angustifolius have similar amounts of lignin (1 to 7 and 6 to 9 g/kg dry matter, respectively), 
whereas the lignin content in peas is of minor importance (0.4–3 g/kg dry matter) (Salgado 
et al., 2002a; Jezierny, 2010).  
The NSP fraction of faba beans consists mainly of cellulose (89–115 g/kg dry matter), with 
lower levels of hemicellulose (21–57 g/kg dry matter) (Salgado et al., 2002a,b; Jezierny, 
2009).  
Hemicellulose contents in peas range from 23 to 95 g/kg dry matter and cellulose contents 
range from 52 to 77 g/kg dry matter  (Salgado et al., 2002a,b; Jezierny, 2009).  
Lupins contain high levels of NSP, with contents of cellulose generally being higher than 
hemicellulose (131 to 199 vs. 40 to 66 g/kg dry matter) (Bach Knudsen, 1997; Salgado et al., 
2002a,b; Jezierny, 2009), and they also have considerable amounts of oligosaccharides (Bach 
Knudsen, 1997; Salgado et al., 2002a).  
Comparing the different batches in each species, lupin show  lower variability than faba 
bean and peas, probably because the genetic selection in this species was addressed 
principally on the reduction of secondary plant metabolites (Colombini, 2004) than to the 
improving of chemical characteristics.  
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The protein of faba beans and peas contains similar or even higher proportions of lysine (70 
and 80 g/kg crude protein, respectively), when compared to protein from soybean meal s.e. 
(69 g/kg crude protein) or lupins (51 to 54 g/kg crude protein) (Degussa, 2006).  
Comparing the different batches in each species, lupin show  lower variability than faba 
bean and peas, probably because the genetic selection in this species was addressed 
principally on the reduction of secondary plant metabolites (Colombini, 2004) than to the 
improving of chemical characteristics.  
Comparing the different batches in each species, lupin show  lower variability than faba 
bean and peas, probably because the genetic selection in this species was addressed 
principally on the reduction of secondary plant metabolites (Colombini, 2004) than to the 
improving of chemical characteristics.  
 

Protein sources DM CP EE Ash NDF 
Soybean  93.30 33.2 25.0 5.57 14.5 
Soybean meal s.e. 89.80 41.3 1.36 6.00 22.2 
Lupin Lublanc 93.26 36.92 6.78 4.33 4.33 
Lupin Lutteur 94.31 35.30 5.73 4.19 4.19 
Lupin Multitalia 93.97 36.67 9.54 3.92 3.92 
Faba bean Irena 89.22 25.62 1.05 3.99 20.94 
Faba bean Lady 88.48 25.17 1.02 4.21 25.82 
Faba bean Scuro di Torre Lama 90.55 26.91 0.90 4.32 21.75 
Faba bean Chiaro di Torre Lama 90.80 24.69 1.01 4.19 21.23 
Faba bean ProtHABAT69 90.60 28.69 1.10 4.51 18.21 
Faba bean Sicania 90.29 26.52 0.95 3.89 21.43 
Peas Alembo 88.49 31.27 0.73 3.94 21.60 
Peas Alliance 89.20 28.47 0.56 3.82 20.40 
Peas Attika 89.68 25.04 0.81 4.01 18.09 
Peas Corallo 88.80 28.50 0.80 3.69 21.82 
Peas Iceberg 90.08 27.30 0.78 4.12 22.75 
Peas Ideal 89.94 28.28 0.88 4.17 18.37 
Peas Spirale 93.00 28.74 0.55 4.30 19.05 

Table 1. Mean values of chemical composition (%dry matter) of different protein sources 
(Calabrò et al., 2001; Calabrò et al., 2009; Calabrò et al., 2010). 

Comparing the different batches in each species, lupin show  lower variability than faba 
bean and peas, probably because the genetic selection in this species was addressed 
principally on the reduction of secondary plant metabolites (Colombini, 2004) than to the 
improving of chemical characteristics.  
The protein of faba beans and peas contains similar or even higher proportions of lysine (70 
and 80 g/kg crude protein, respectively), when compared to protein from soybean meal (69 
g/kg crude protein) or lupins (51 to 54 g/kg crude protein) (Degussa, 2006).  
The proportion of threonine in grain legume protein (38 to 42 g/kg crude protein) is similar 
to that in soybean meal (45 g/kg soybean meal) (Degussa, 2006), however, there is a severe 
deficiency in the sulphur containing AA methionine + cystine, while tryptophan is 
marginally deficient to fulfill nutrient requirements for pigs (20 to 50 kg body weight) (NRC, 
1998; Degussa, 2006). In fact, apart from L. albus, the seeds of faba beans, peas and lupins 
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contain less than 50% of these AA in comparison to soybean meal (Table 2), thus 
constraining the use of grain legumes as sole protein source in pig diets.  
 

 Vicia faba Pisum sativum Lupinus albus Lupinus 
angustifolius 

Lupinus 
luteus SBM 

CP 301 246 381 324 361 541 
Indispensable AA 

Arginine 26.4 21.0 39.3 33.5 38.0 39.7 
Histidine 7.8 6.1 9.3 8.8 9.7 14.4 
Isoleucine 11.8 10 15.3 12.7 14.2 24.3 
Leucine 21.4 17.4 27.5 21.5 24.1 40.9 
Lysine 18.4 17.3 18.2 15 16.3 33.1 
Methionine 2.2 2.2 2.5 2.0 2.0 7.3 
Phenyl-
alanine 12.6 11.7 14.9 12.5 13.6 27.2 

Threonine 10.5 9.1 13.3 10.9 11.9 21.3 
Tryptophan 2.6 2.2 3.0 2.6 3.0 7.4 
Valine 13.3 11.4 14.5 12.5 13.6 25.5 

Dispensable AA 
Alanine 11.9 10.5 12.5 10.9 11.8 23.3 
Aspartic 
acid 31.6 28.2 38.5 31.5 35.1 62.0 

Cystine 3.5 3.5 6.7 4.3 4.8 8.0 
Glutamic 
acid 46.9 40.0 79.3 65.6 72.5 97.6 

Glycine 12.2 10.6 15.0 13.4 14.3 23.0 
Proline 11.8 10.2 15.3 13.5 14.3 27.5 
Serine 14.1 11.5 19.0 15.3 17.0 27.3 

Table 2. Amino acid contents of grain legumes compared to soybean meal (g/kg dry matter) 
(Jezierny et al., 2010) SBM= soybean meal; CP= crude protein; AA= amino acids. 

As concerns the fatty acid profile, the rather high proportion of essential unsaturated fatty 
acids of some grain legumes, e.g. some Vicia species (Akpinar et al., 2001) or L. albus (Erbas¸ 
et al., 2005) may be attractive both from the human and animal nutrition perspective (Bézard 
et al., 1994), while adverse effects of unsaturated fatty acids on meat quality should be taken 
into account (Wood et al., 2003). For example, in faba beans a ratio of saturated to 
unsaturated fatty acids of 40–60 has been reported (Akpinar et al., 2001), whereas in L. albus, 
a ratio of saturated, monounsaturated and polyunsaturated fatty acids of 13.5 to 55.4 to 31.1 
has been established (Erbas¸ et al., 2005). 
As concerns the mineral composition of soybean and grain legumes, only few data are 
reported in literature.  
The calcium concentration ranges between 1.0 g/kg (faba beans) and 1.9 g/kg (L. 
angustifolius). Phosphorus concentration varies between 4.2 g/kg (L. angustifolius) and 7.6 
g/kg (L. luteus). No extreme differences in trace mineral concentrations occurred except for 
the manganese concentration of L. albus, which containes approximately 10 times more 
manganese than the other legume grains (Brand et al., 2004).  
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The protein of faba beans and peas contains similar or even higher proportions of lysine (70 
and 80 g/kg crude protein, respectively), when compared to protein from soybean meal s.e. 
(69 g/kg crude protein) or lupins (51 to 54 g/kg crude protein) (Degussa, 2006).  
Comparing the different batches in each species, lupin show  lower variability than faba 
bean and peas, probably because the genetic selection in this species was addressed 
principally on the reduction of secondary plant metabolites (Colombini, 2004) than to the 
improving of chemical characteristics.  
Comparing the different batches in each species, lupin show  lower variability than faba 
bean and peas, probably because the genetic selection in this species was addressed 
principally on the reduction of secondary plant metabolites (Colombini, 2004) than to the 
improving of chemical characteristics.  
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Soybean  93.30 33.2 25.0 5.57 14.5 
Soybean meal s.e. 89.80 41.3 1.36 6.00 22.2 
Lupin Lublanc 93.26 36.92 6.78 4.33 4.33 
Lupin Lutteur 94.31 35.30 5.73 4.19 4.19 
Lupin Multitalia 93.97 36.67 9.54 3.92 3.92 
Faba bean Irena 89.22 25.62 1.05 3.99 20.94 
Faba bean Lady 88.48 25.17 1.02 4.21 25.82 
Faba bean Scuro di Torre Lama 90.55 26.91 0.90 4.32 21.75 
Faba bean Chiaro di Torre Lama 90.80 24.69 1.01 4.19 21.23 
Faba bean ProtHABAT69 90.60 28.69 1.10 4.51 18.21 
Faba bean Sicania 90.29 26.52 0.95 3.89 21.43 
Peas Alembo 88.49 31.27 0.73 3.94 21.60 
Peas Alliance 89.20 28.47 0.56 3.82 20.40 
Peas Attika 89.68 25.04 0.81 4.01 18.09 
Peas Corallo 88.80 28.50 0.80 3.69 21.82 
Peas Iceberg 90.08 27.30 0.78 4.12 22.75 
Peas Ideal 89.94 28.28 0.88 4.17 18.37 
Peas Spirale 93.00 28.74 0.55 4.30 19.05 

Table 1. Mean values of chemical composition (%dry matter) of different protein sources 
(Calabrò et al., 2001; Calabrò et al., 2009; Calabrò et al., 2010). 

Comparing the different batches in each species, lupin show  lower variability than faba 
bean and peas, probably because the genetic selection in this species was addressed 
principally on the reduction of secondary plant metabolites (Colombini, 2004) than to the 
improving of chemical characteristics.  
The protein of faba beans and peas contains similar or even higher proportions of lysine (70 
and 80 g/kg crude protein, respectively), when compared to protein from soybean meal (69 
g/kg crude protein) or lupins (51 to 54 g/kg crude protein) (Degussa, 2006).  
The proportion of threonine in grain legume protein (38 to 42 g/kg crude protein) is similar 
to that in soybean meal (45 g/kg soybean meal) (Degussa, 2006), however, there is a severe 
deficiency in the sulphur containing AA methionine + cystine, while tryptophan is 
marginally deficient to fulfill nutrient requirements for pigs (20 to 50 kg body weight) (NRC, 
1998; Degussa, 2006). In fact, apart from L. albus, the seeds of faba beans, peas and lupins 
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contain less than 50% of these AA in comparison to soybean meal (Table 2), thus 
constraining the use of grain legumes as sole protein source in pig diets.  
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angustifolius 
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Arginine 26.4 21.0 39.3 33.5 38.0 39.7 
Histidine 7.8 6.1 9.3 8.8 9.7 14.4 
Isoleucine 11.8 10 15.3 12.7 14.2 24.3 
Leucine 21.4 17.4 27.5 21.5 24.1 40.9 
Lysine 18.4 17.3 18.2 15 16.3 33.1 
Methionine 2.2 2.2 2.5 2.0 2.0 7.3 
Phenyl-
alanine 12.6 11.7 14.9 12.5 13.6 27.2 

Threonine 10.5 9.1 13.3 10.9 11.9 21.3 
Tryptophan 2.6 2.2 3.0 2.6 3.0 7.4 
Valine 13.3 11.4 14.5 12.5 13.6 25.5 

Dispensable AA 
Alanine 11.9 10.5 12.5 10.9 11.8 23.3 
Aspartic 
acid 31.6 28.2 38.5 31.5 35.1 62.0 

Cystine 3.5 3.5 6.7 4.3 4.8 8.0 
Glutamic 
acid 46.9 40.0 79.3 65.6 72.5 97.6 

Glycine 12.2 10.6 15.0 13.4 14.3 23.0 
Proline 11.8 10.2 15.3 13.5 14.3 27.5 
Serine 14.1 11.5 19.0 15.3 17.0 27.3 

Table 2. Amino acid contents of grain legumes compared to soybean meal (g/kg dry matter) 
(Jezierny et al., 2010) SBM= soybean meal; CP= crude protein; AA= amino acids. 

As concerns the fatty acid profile, the rather high proportion of essential unsaturated fatty 
acids of some grain legumes, e.g. some Vicia species (Akpinar et al., 2001) or L. albus (Erbas¸ 
et al., 2005) may be attractive both from the human and animal nutrition perspective (Bézard 
et al., 1994), while adverse effects of unsaturated fatty acids on meat quality should be taken 
into account (Wood et al., 2003). For example, in faba beans a ratio of saturated to 
unsaturated fatty acids of 40–60 has been reported (Akpinar et al., 2001), whereas in L. albus, 
a ratio of saturated, monounsaturated and polyunsaturated fatty acids of 13.5 to 55.4 to 31.1 
has been established (Erbas¸ et al., 2005). 
As concerns the mineral composition of soybean and grain legumes, only few data are 
reported in literature.  
The calcium concentration ranges between 1.0 g/kg (faba beans) and 1.9 g/kg (L. 
angustifolius). Phosphorus concentration varies between 4.2 g/kg (L. angustifolius) and 7.6 
g/kg (L. luteus). No extreme differences in trace mineral concentrations occurred except for 
the manganese concentration of L. albus, which containes approximately 10 times more 
manganese than the other legume grains (Brand et al., 2004).  
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Concerning the trace elements, Cabrera et al (2003) reported that in legumes their levels 
ranged from 1.5–5.0 μg Cu/g, 0.05–0.60 μg Cr/g, 18.8–82.4 μg Fe/g, 32.6–70.2 μg Zn/g, 2.7–
45.8 μg Al/g, 0.02–0.35 μg Ni/g, 0.32–0.70 μg Pb/g and not detectable—0.018 μg Cd/g. In 
nuts, the levels ranged from 4.0–25.6 μg Cu/g, 0.25–1.05 μg Cr/g, 7.3–75.6 μg Fe/g, 25.6–
69.0 μg Zn/g, 1.2–20.1 μg Al/g, 0.10–0.64 μg Ni/g, 0.14–0.39 μg Pb/g, and not detectable—
0.018 μg Cd/g. The authors  found a direct statistical correlation between Cu–Cr, Zn–Al and 
Cr–Ni (P<0.05), and Al–Pb (P<0.001).  
Sankara Rao and  Deosthale (2006) comparing for their total ash, calcium, phosphorus, iron, 
magnesium, zinc, manganese, copper, and chromium contents five grain legumes (indian 
legumes, chick pea, pigeon pea, green gram, and black gram), found significant varietal 
differences only for chromium content in black gram. The cotyledons of these legumes were 
significantly lower in calcium content as compared to the whole grains. The authors 
concluded that for human nutrition, differences in mineral composition of whole grain and 
cotyledons were marginal except for calcium. These legumes as whole grain and cotyledons, 
appeared to be significant contributors to the daily requirements of magnesium, manganese, 
and copper in the diet. 
As concerns the mineral composition of soybean and grain legumes, only few data are 
reported in literature.  
The calcium concentration ranges between 1.0 g/kg (faba beans) and 1.9 g/kg (L. 
angustifolius). Phosphorus concentration varies between 4.2 g/kg (L. angustifolius) and 7.6 
g/kg (L. luteus). No extreme differences in trace mineral concentrations occurred except for 
the manganese concentration of L. albus, which containes approximately 10 times more 
manganese than the other legume grains (Brand et al., 2004).  
Concerning the trace elements, Cabrera et al (2003) reported that in legumes their levels 
ranged from 1.5–5.0 μg Cu/g, 0.05–0.60 μg Cr/g, 18.8–82.4 μg Fe/g, 32.6–70.2 μg Zn/g, 2.7–
45.8 μg Al/g, 0.02–0.35 μg Ni/g, 0.32–0.70 μg Pb/g and not detectable—0.018 μg Cd/g. In 
nuts, the levels ranged from 4.0–25.6 μg Cu/g, 0.25–1.05 μg Cr/g, 7.3–75.6 μg Fe/g, 25.6–
69.0 μg Zn/g, 1.2–20.1 μg Al/g, 0.10–0.64 μg Ni/g, 0.14–0.39 μg Pb/g, and not detectable—
0.018 μg Cd/g. The authors  found a direct statistical correlation between Cu–Cr, Zn–Al and 
Cr–Ni (P<0.05), and Al–Pb (P<0.001).  
Sankara Rao and  Deosthale (2006) comparing for their total ash, calcium, phosphorus, iron, 
magnesium, zinc, manganese, copper, and chromium contents five grain legumes (indian 
legumes, chick pea, pigeon pea, green gram, and black gram), found significant varietal 
differences only for chromium content in black gram. The cotyledons of these legumes were 
significantly lower in calcium content as compared to the whole grains. The authors 
concluded that for human nutrition, differences in mineral composition of whole grain and 
cotyledons were marginal except for calcium. These legumes as whole grain and cotyledons, 
appeared to be significant contributors to the daily requirements of magnesium, manganese, 
and copper in the diet. 

3. In vitro evaluation of soybean and legume grains 
The nutritive value of a feed is assessed by its chemical composition, digestibility and level 
of voluntary intake. Feed evaluation methods are use to express nutritive value of feed. It is 
basically description of feeds interns that allow for a prediction of the performance of 
animals offered the feeds (Medsen et al., 1997).  
Several methods  are used in feed evaluation such as chemical analysis, rumen degradability 
measurement using the nylon bag technique, digestibility measurement and feed intake 
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prediction. However, the tables supply mean values, which cannot be used for individual 
lots, and all the in vivo techniques are very expensive and time consuming while accuracy 
may be low. 
The in vitro gas production technique (IVGPT, Theodorou et al., 1994) has proved to be a 
potentially useful technique for ruminant feed evaluation (Herrero et al., 1996; Getachew et 
al., 2004), as it is capable of measuring rate and extent of nutrient degradation (Groot et al., 
1996; Cone et al., 1996).  
To evaluate a feedstuff by IVGPT, it is incubated at 39°C and under anaerobiosis condition 
with buffered rumen fluid and gas produced is measured as an indirect indicator of 
fermentation kinetics. During the incubation the feedstuff is first degraded and the 
degraded fraction may either be fermented to produce gas (CO2 and methane) and 
fermentation acids, or incorporated into microbial biomass.  
The IVGPT is considered the most complete in vitro technique, because it allows to estimate 
the fermentation kinetics and contemporary gives information on the fermentation products 
(degradability of dry matter, volatile fatty acids). 
The IVGPT  has been used by our research group for many years in order to investigate feed 
fermentation kinetics.  
In particular, in this chapter we report some results obtained incubating different protein 
sources (i.e. soybean and legumes grains) in order to compare their fermentation kinetics 
(Calabrò et al., 2001a), to assess the effect of some technological treatments (i.e. crushing and 
flaking) on the carbohydrates fermentation kinetics (Calabrò et al., 2001b) and to test 
different legumes grain cultivars (Calabrò et al., 2009).  
Calabrò et al. (2001a), in order to study the in vitro fermentation characteristics and kinetics 
proposed the following protocol: the samples (about 1.00 g), ground to pass a 1 mm screen, 
were incubated in triplicate at 39°C in 120 ml serum bottles under anaerobic conditions. 
Rumen liquor for the inoculum was collected from four buffaloes fed a standard diet, and 
immediately transported to the laboratory where it was homogenised and filtered.  
The gas measurements was made at 2-24 time intervals using a manual a pressure 
transducer (figure 1).  
The cumulative gas produced at each time was fitted to the Groot et al. (1996) model which 
estimates the asymptotic value (A, ml/g), the time after incubation at which A/2 is formed 
(B, h), the time to reach the maximum rate (tmax, h) and the maximum rate (Rmax, ml/h).  
At the end of incubation, the degraded organic matter (dOM, %) was calculated as a 
difference between incubated and residual OM (filtering the bottle content through pre-
weighed glass crucibles and burning at 550°C for 3 hours), and pH and volatile fatty acid 
concentration (VFA, mM/g) were determined, using a pH-meter and a gas chromatography, 
respectively. 
Several concentrate ingredients such as cereals and grain legumes, used in ruminant diets in 
order to increase production levels, were evaluated. In particular barley, maize, hard wheat, 
soft wheat, oats, faba bean and pea were used as test substrates.  
Carbohydrates fractionation was carried out according to Cornell Net Carbohydrate and 
Protein System (CNCPS, Sniffen et al., 1992).  
The Cornell Net Carbohydrate and Protein System was developed to predict requirements, 
feed utilization, animal performance and nutrient excretion for dairy and beef cattle and 
sheep, using accumulated knowledge about feed composition, digestion, and metabolism in 
supplying nutrients to meet requirements.  
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Concerning the trace elements, Cabrera et al (2003) reported that in legumes their levels 
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significantly lower in calcium content as compared to the whole grains. The authors 
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prediction. However, the tables supply mean values, which cannot be used for individual 
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may be low. 
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with buffered rumen fluid and gas produced is measured as an indirect indicator of 
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degraded fraction may either be fermented to produce gas (CO2 and methane) and 
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The IVGPT is considered the most complete in vitro technique, because it allows to estimate 
the fermentation kinetics and contemporary gives information on the fermentation products 
(degradability of dry matter, volatile fatty acids). 
The IVGPT  has been used by our research group for many years in order to investigate feed 
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(Calabrò et al., 2001a), to assess the effect of some technological treatments (i.e. crushing and 
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proposed the following protocol: the samples (about 1.00 g), ground to pass a 1 mm screen, 
were incubated in triplicate at 39°C in 120 ml serum bottles under anaerobic conditions. 
Rumen liquor for the inoculum was collected from four buffaloes fed a standard diet, and 
immediately transported to the laboratory where it was homogenised and filtered.  
The gas measurements was made at 2-24 time intervals using a manual a pressure 
transducer (figure 1).  
The cumulative gas produced at each time was fitted to the Groot et al. (1996) model which 
estimates the asymptotic value (A, ml/g), the time after incubation at which A/2 is formed 
(B, h), the time to reach the maximum rate (tmax, h) and the maximum rate (Rmax, ml/h).  
At the end of incubation, the degraded organic matter (dOM, %) was calculated as a 
difference between incubated and residual OM (filtering the bottle content through pre-
weighed glass crucibles and burning at 550°C for 3 hours), and pH and volatile fatty acid 
concentration (VFA, mM/g) were determined, using a pH-meter and a gas chromatography, 
respectively. 
Several concentrate ingredients such as cereals and grain legumes, used in ruminant diets in 
order to increase production levels, were evaluated. In particular barley, maize, hard wheat, 
soft wheat, oats, faba bean and pea were used as test substrates.  
Carbohydrates fractionation was carried out according to Cornell Net Carbohydrate and 
Protein System (CNCPS, Sniffen et al., 1992).  
The Cornell Net Carbohydrate and Protein System was developed to predict requirements, 
feed utilization, animal performance and nutrient excretion for dairy and beef cattle and 
sheep, using accumulated knowledge about feed composition, digestion, and metabolism in 
supplying nutrients to meet requirements.  
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Fig. 1. Pressure transducer. 

The CNCPS partitions crude protein into fractions A, B, and C, depending on their rate and 
extent of degradability in the rumen (NRC, 2001). Fraction A represents the non-protein N 
(NPN) (ammonia, peptides, amino acids) and is considered to be completely soluble; 
fraction B, subdivided into B1, B2, and B3, consists of true protein with progressively 
declining ruminal degradability. Fraction C is unavailable true protein. Broadly, these crude 
protein fractions are categorized into rumen degradable protein (RDP) and rumen 
undegradable protein (RUP). The rumen degradable protein meets protein requirements for 
ruminal microbial growth and protein synthesis. 
Once reaching the rumen, feed and protein degradation is a function of microbial activity. 
Rumen microbial activity, growth and protein synthesis is primarily limited by the rate and 
extent of carbohydrate fermentation in the rumen. Consequently, dietary fiber fractions in 
the forage determine the animal response to feed. 
Microbial protein and rumen undegradable protein reaching the small intestine are 
absorbed to meet the ruminant’s protein requirement. When rumen degradable protein 
exceeds the capacity of the rumen microbes to assimilate it, ammonia builds up in the 
rumen. This is followed by absorption of ammonia into the blood, conversion into urea by 
the liver, and excretion in the urine. The conversion of ammonia to urea costs the dairy cow 
energy that could otherwise be used for milk production. This loss of dietary crude protein 
and energy reduces the utilization efficiency of rumen degradable protein and therefore, 
reduced ruminant production (NRC, 2001). It also causes a negative energy balance that 
leads to a reduced fertility.  
In the study of Calabrò et al. (2001a), the CNCPS carbohydrate fractions (table 3) was 
consistent with the values reported by Sniffen et al. (1992). 
Oats (table 4) had the lowest potential gas production (A: 251 ml/g, P<0.0) and a very fast 
fermentation process (evidenced by low B and high RM). This result was probably due to its 
high soluble sugars contents (A fraction). Interestingly, oat values were very high compared 
to in situ observations. As reported by Van Soest et al., (1992), maize proved to be the 
slowest because of its high starch content (B1 fraction), which degraded slowly. Hard and 
soft wheat showed very similar fermentation characteristics according to their chemical 
composition. Barley has fermentation kinetics between those of wheat and maize. Results 
related to these last three grains were similar to the results obtained in vitro using the IGPT 
(Mould et al., 2005).  
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 Barley Maize Oats Hard 
wheat 

Soft 
wheat Faba bean Pea 

CP  
(% DM) 11.0 8.79 12.2 14.4 13.5 29.8 23.9 

A 3.80 0.49 12.6 2.40 5.00 6.00 18.0 
B1 66.4 75.4 45.6 67.6 65.7 43.6 40.8 
B2 11.4 6.14 16.0 9.86 9.64 9.99 7.92 
C 3.60 2.57 6.77 2.64 2.16 6.41 4.18 

Table 3. Chemical composition and CNCPS fraction of the tested grains. 

Legumes were characterised by high gas production alongside a rather slow fermentative 
process. However, interpretation of faba bean and pea data was complicated by their high 
protein content, whose degradation can interact with gas production (Schofield., 2000).  
Organic matter degradability for all tested grains was always higher than 95%.  
At 72 h the pH always remains good to guarantee microbial activity.  
Oats reached the maximum rate before all the other grains (figure 2) and remained the 
highest until 12 incubation hours, subsequently decreasing below the soft wheat level. Until 
6 hours of incubation barley was faster than the two wheat, later becoming slower until the 
end; up to this time the three sharp curves were practically overlapping, suggesting that the 
fermentation trend was similar for the three grains. Maize, faba bean and pea always 
showed the slowest fermentation rate with overlapping trends: fermentation slowly reaches 
its maximum rate and slowly decreases. The results of this investigation evidenced the 
validity of the IVGPT in describing the kinetics fermentation of the examined grains.  
The range of rates obtained with the GPT (oats>wheat>barley>maize>legumes) 
approximately reflects that reported by other authors cited by Sniffen et al. (1992): 
wheat>oats>barley>maize.  
 

 
Fig. 2. Gas production fractional rate plots of different grains. 
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In the second investigation Calabrò et al. (2001b) evaluated the effects of flaking and 
crushing on some cereal and legume grains, using the in vitro cumulative gas production 
technique (Theodorou et al., 1994).  
The grains used in animal nutrition are commonly subjected to different technological 
treatments (i.e.: grounding, crushing, flaking, extrusion, cooking, micronization). Flaking is 
a hydrothermal-mechanical process which causes starch gelatinization and increases the 
enzymatic hydrolysis rate of the polysaccharide, which in turn favours the rumen microbial 
attack. Crushing differs from flaking in the shorter exposure to vapour. Also in this case, the 
obtained product presents a larger surface area compared to the primary grain, and a 
modified starch, which promotes faster fermentation kinetics.  
Several investigations to evaluate the effect of flaking on organic matter degradability in the 
rumen, indicated the considerable influence of the primary grain (Arieli et al., 1995; Bittante 
et al., 1989); by contrast, little was known about the effects of crushing.  
 

  VCSOI A B RM dOM Y VFA 

  ml/g ml/g h h-1 % ml/g mM/g 

Maize 
wholegrain 340 362 14.9 0.078 92.9 363 99.1 
flaked grain 338 347 13.2 0.096 96.6 343 83.3 

whole + flaked 339A 355A 14.1B 0.087B 94.8 353A 91.2A 

Barley 
wholegrain 304 323 10.2 0.125 90.6 341 92.4 
flaked grain 346 369 11.7 0.104 97.9 359 94.8 

whole + flaked 325B 346A 11.0C 0.115A 92.6 350A 93.6A 

Soybe
an 

wholegrain 204 236 15.5 0.051 96.7 209 71.6 
flaked grain 225 280 19.8 0.039 86.8 257 76.0 

whole + flaked 215C 258B 17.6A 0.045C 91.8 233B 73.8B 

Main effect
 grain *** *** *** *** n.s. *** ** 
 treatment *** ** ** n.s. n.s. ** n.s. 
         

Interaction
 grain. x treat. *** *** *** *** *** *** n.s. 

Var.er. 87.9 135 1.21 0.00009 10.5 206 103 

OMCV, cumulative gas production related to incubated OM at 120 h; A, potential gas production; B, time at 
which A/2 is produced; Rmax, maximum fermentation rate; Y, yield related to the degraded OM; VFA, volatile 
fatty acids related to degraded OM. 
 a,b,c: P<0.05; A,B: P<0.001ns, not significant;***: p < 0.001. 

Table 4. In vitro fermentation characteristics  of whole and flaked grains. 

In this experiment three whole and flaked  grains (barley, maize, soybean) and four whole 
and crushed grains (barley, oats, maize, faba bean) were used as test substrates.  
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Fermentation characteristics (Table 4 and 5) were affected by the grain type and treatment; 
in addition, the two factors interacted with each other.  
 

  OMC
V A B Rmax dOM Y VFA 

  ml/g  H h-1 % ml/g mM/g 

Oats 
whole grain 321 334 10.6 0.107 87.8 362 90.6 

crushed grain 272 311 10.3 0.106 86.9 332 90.5 
whole +crushed 296B 322B 10.4C 0.0106Aa 87.3aCD 347B 90.5AB 

Faba bean 
whole grain 335 360 14.4 0.071 96.7 344 94.3 

crushed grain 325 367 14.8 0.062 89.9 359 79.3 
whole +crushed 330A 364A 14.6A 0.066B 93.3B 352B 86.8AbB 

Maize 
whole grain 324 348 12.2 0.099 97.6 331 90.6 

crushed grain 327 350 13.4 0.092 96.7 338 100 
whole +crushed 326Ab 349A 12.8B 0.096AbC 97.2A 335B 95.5aA 

Barley 
whole grain 310 327 8.68 0.138 81.5 398 77.3 

crushed grain 370 386 9.59 0.128 90.1 395 91.7 
whole +crushed 340Aa 357A 9.13D 0.133D 85.8bD 397A 84.5B 

Main effect 
 Grain *** *** *** *** *** *** *** 
 Treatment n.s. n.s. * n.s. n.s. n.s. n.s. 

Interaction 
 gran x treat *** *** n.s. n.s. *** *** n.s. 
 Var. er 204 398 0.73 1•10-1 1.85 437 48.19 

OMCV, cumulative gas production related to incubated OM at 120 h; A, potential gas production; B, time at 
which A/2 is produced; Rmax, maximum fermentation rate; Y, yield related to the degraded OM; VFA, volatile 
fatty acids related to degraded OM. 
 a,b,c: P<0.05; A,B: P<0.001ns, not significant;***: p < 0.001. 

Table 5. In vitro fermentation characteristics  of whole and crushed. 

Flaking increased the potential gas production (A) for soybean and barley (P< 0.01), and 
slowed their fermentation kinetics (increased t/1/2 and decreased RM values). By contrast, 
maize flakes showed lower gas production (P<0.05) and the fermentation process was faster 
(P<0.01), compared to whole grain.  
Organic matter degradability decreased after the treatment for soybean (P<0.01), while it 
increased for barley (P<0.01) and, not significantly, for maize. The slower fermentative 
process for barley flakes (increased t/1/2and decreased RM values) agrees with the results 
of other authors on treated cereals for both in vitro (Bittante et al., 1989) and in situ 
experiments (Arieli et al., 1995). 
Comparing each grain with the respective flakes, OM degradability did not strictly follow 
the trend of potential gas production, confirming that not all the degraded OM is fermented. 
This result holds mainly for soybean flakes, which had a higher A (P<0.01) and a lower 
dOM (P<0.01) compared to the whole grain.  
Such decreased OM degradability was probably due to the thermal treatment causing a 
decrease in the rapidly degradable fraction (Sarubbi, 1999).  
Overall, the two cereals showed higher gas and VFA production, as well as a faster 
fermentative process.  
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Table 4. In vitro fermentation characteristics  of whole and flaked grains. 

In this experiment three whole and flaked  grains (barley, maize, soybean) and four whole 
and crushed grains (barley, oats, maize, faba bean) were used as test substrates.  
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Fermentation characteristics (Table 4 and 5) were affected by the grain type and treatment; 
in addition, the two factors interacted with each other.  
 

  OMC
V A B Rmax dOM Y VFA 

  ml/g  H h-1 % ml/g mM/g 
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whole +crushed 296B 322B 10.4C 0.0106Aa 87.3aCD 347B 90.5AB 
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crushed grain 325 367 14.8 0.062 89.9 359 79.3 
whole +crushed 330A 364A 14.6A 0.066B 93.3B 352B 86.8AbB 
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whole +crushed 340Aa 357A 9.13D 0.133D 85.8bD 397A 84.5B 

Main effect 
 Grain *** *** *** *** *** *** *** 
 Treatment n.s. n.s. * n.s. n.s. n.s. n.s. 

Interaction 
 gran x treat *** *** n.s. n.s. *** *** n.s. 
 Var. er 204 398 0.73 1•10-1 1.85 437 48.19 

OMCV, cumulative gas production related to incubated OM at 120 h; A, potential gas production; B, time at 
which A/2 is produced; Rmax, maximum fermentation rate; Y, yield related to the degraded OM; VFA, volatile 
fatty acids related to degraded OM. 
 a,b,c: P<0.05; A,B: P<0.001ns, not significant;***: p < 0.001. 

Table 5. In vitro fermentation characteristics  of whole and crushed. 

Flaking increased the potential gas production (A) for soybean and barley (P< 0.01), and 
slowed their fermentation kinetics (increased t/1/2 and decreased RM values). By contrast, 
maize flakes showed lower gas production (P<0.05) and the fermentation process was faster 
(P<0.01), compared to whole grain.  
Organic matter degradability decreased after the treatment for soybean (P<0.01), while it 
increased for barley (P<0.01) and, not significantly, for maize. The slower fermentative 
process for barley flakes (increased t/1/2and decreased RM values) agrees with the results 
of other authors on treated cereals for both in vitro (Bittante et al., 1989) and in situ 
experiments (Arieli et al., 1995). 
Comparing each grain with the respective flakes, OM degradability did not strictly follow 
the trend of potential gas production, confirming that not all the degraded OM is fermented. 
This result holds mainly for soybean flakes, which had a higher A (P<0.01) and a lower 
dOM (P<0.01) compared to the whole grain.  
Such decreased OM degradability was probably due to the thermal treatment causing a 
decrease in the rapidly degradable fraction (Sarubbi, 1999).  
Overall, the two cereals showed higher gas and VFA production, as well as a faster 
fermentative process.  
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Crushing showed slighter effects compared to flaking, and also the results of the grain x 
treatment interaction were less important.  
The different technological condition of the two treatments (less drastic for crushing) may 
well have contributed to this trend. In particular, crushed barley presents, with respect to 
the whole grain, the same behaviour as the flakes (higher A and dOM, P<0.001; higher t/1/2 
and lower RM,  not significant).  
Interestingly, there was a decrease in faba bean degradability due to the treatment (P<0.01), 
which agrees with the results of a contemporaneous in situ trial (Sarubbi, 1999). Besides, 
faba bean also showed a lower VFA concentration, which was probably also caused by the 
considerable decrease in their protein degradability (P<0.001) as found in situ (Sarubbi, 
1999). As usually observed in vivo in young bulls fed a cereal-rich diet, pH values were 
always quite low.  
In the third study Calabrò et al. (2009) evaluated the fermentation characteristics of different 
cultivars of grain legumes using IVGPT.  
Three grain legumes were tested: lupine (Lupinus spp.) (Lublanc, Luteur, Multitalia), faba 
bean (Vicia faba L.) (Chiaro di Torre Lama, Irena, Lady, ProtHABAT69, Scuro di Torre 
Lama, Sicania) and peas (Pisum sativum) (Alembo, Alliance, Attika, Corallo, Iceberg, Ideal, 
Spirale).  
The fermentation characteristics are reported in table 6.  
The values of pH ranged between 6.35 and 6.72, indicating a normal pattern of fermentation, 
and were consistent to the crude protein content.  
As regards faba bean, the cultivar “Scuro di Torre Lama” showed significantly (P<0.01) 
lower values of dOM and OMCV than the other 5 cultivars.  
In the case of lupine the cultivar “Lublanc” had lower (P<0.01) OMCV than the other 2 
cultivars and for peas the cultivar “Spirale” produced less gas and showed a faster kinetics 
than the other 6 cultivars.  
As expected, the OM degradability resulted very high in any case. However, comparing the 
pools of the grain legumes, dOM was in each case lower than that of soybean meal. OMCV 
was significantly (P<0.01) higher for pea than faba bean (330 vs. 316 ml/g, P <0.05) and 
lupine (330 vs. 258 ml/g, P <0.01). Gas production of peas was always higher than that of 
lupine, faba bean and also soybean meal according to the results of Buccioni et al. (2007) 
who studied the in vitro fermentation of soybean meal, faba bean and pea, and found in the 
latter the best balance between energy and nitrogen inputs.  
The slower fermentation kinetics  of faba bean may be due to the content in polyphenols 
while that of lupine may be caused by the very low starch content (INRA, 1988).  
From the data obtained, the authors concluded that the tested grain legumes show only few 
differences compared to soybean meal (higher dOM and lower OMCV), consequently they 
may be considered in replacing, totally or partially, soybean.  
The reported results are of particular importance as well as highlight the differences in 
dietary and nutritional characteristics of soybean and legume grains, provide data on the 
effects of the treatments of these feedstuffs and the differences among the cultivars present 
on the European market.  
With this information, the nutritionist may from time to time choose the most suitable 
protein source in order to satisfy animal requirements ensuring the simultaneous 
availability of nitrogen and energy for the bacteria present in the rumen with beneficial 
effects on livestock production and environmental impact.  
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Cultivar pH dOM OMCV Yield A B tmax Rmax 
  % ml/g ml/g ml/g h h ml/h 

Faba bean 
Irene 6.46 92.9 370 397 328 22.9 12.42 9.14 
Lady 6.35 93.3 354 363 333 24.5 15.67 9.26 

Scuro di Torre 
Lama 6.49 87.8 308 351 269 22.0 15.39 8.84 

Chiaro di Torre 
Lama 6.41 91.8 348 379 310 23.1 13.20 8.69 

ProtHABAT69 6.47 93.8 359 383 303 20.2 12.49 10.02 
Sicania 6.40 92.9 324 349 299 21.0 12.83 9.71 
MSD 0.135 3.19 60.1 49.3 60.1 3.90 3.65 1.89 

Lupine 
Lublanc 6.63 93.4 256 279 283 26.1 10.25 6.73 
Luteur 6.69 92.4 275 298 309 25.6 5.58 7.83 

Multitalia 6.72 91.2 273 297 303 27.0 8.48 7.08 
MSD 0.219 5.40 26.6 91.5 13.9 45.8 15.6 4.74 

Peas 
Alembo 6.57 99.0 406 410 361 20.6 12.52 11.73 
Alliance 6.49 99.3 397 396 358 20.1 11.99 11.72 
Attika 6.57 98.4 397 404 360 20.5 11.82 11.46 

Corallo 6.53 98.9 393 394 365 22.3 11.42 10.38 
Iceberg 6.55 98.8 381 385 347 21.0 12.45 10.86 

Ideal 6.58 97.0 371 383 336 20.7 13.24 11.06 
Spirale 6.58 98.8 344 343 310 17.1 10.66 12.14 
MSD 0.188 2.81 52.5 53.5 3.68 74.1 5.22 2.47 

         
Faba bean1 6.52Ab 90.9b 368B 405A 321a 21.1ab 12.4 10.0Ab 

Lupine1 6.64B 91.8ab 284C 309B 293b 24.4a 9.03 7.42B 
Peas1 6.60a 95.1a 394A 413A 336a 18.2b 11.4 12.6Aa 

Soybean meal2 6.73 96.5 295 306 323 18.7 6.01 10.67 
MSE 0.001 2.31 56.2 30.5 101 4.40 2.99 0.56 

MSD: Minimum Significant Differences for P<0.01. MSE: Mean Square Error.,In the column A,B,C: P<0.01; 
a,b,c: P<0.05. 1Data obtained from the grain legumes incubated in vitro as a pool. 2Data not statistically assessed. 

Table 6. Fermentation characteristics of the different grain legume cultivars and soybean 
meal. 

4. Effect of different protein sources on animal performance 
Several researches have been carried out in order to compare the nutritional characteristics 
of soybean solvent extract and legume grains, as faba bean, peas and lupine, for ruminant 
feeding.  
Di Francia et al. (2007) evaluated the effect of partial replacement of soybean cake with 
extruded peas in the diet of lactating buffalo cows on milk yield and quality over the first 
100 days of lactation. Their results showed that peas could represent an attractive GMO free 
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of soybean solvent extract and legume grains, as faba bean, peas and lupine, for ruminant 
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protein feed when approaching the problem of the choice of a protein source alternative to 
soybean in diet formulation for buffalo cows raised in organic farms.  
On the other hand Morbidini et al (2005) investigating on the effect of two different fattening 
diets with different protein sources - soybean meal and flaked faba bean -  on slaughtering 
performance and carcass quality in light Apennine and Italian Merino lambs, observed that 
the use of faba beans lightly depressed growth performance (Morbidini et al., 2004) and 
slaughtering weight, even if did not affect the carcass quality.  
In order to make a contribution on this issue, our research group conducted a trial on the 
effect of protein source on growth performance and meat quality of Marchigiana young 
bulls (Cutrignelli et al 2008 a, b).  
The trial was carried out on a farm situated at 700 m a.s.l. in Campania Region (Southern 
Italy), where 12 weaned young bulls (129 d of age) were equally divided into two groups. 
Each animal was placed in individual box up to the slaughtering weight (620 kg).  
The groups were fed diets with the same protein and energy concentrations and the same 
forage/concentrate ratios (F/C), but differing in protein source: faba bean (Vicia faba minor 
L.)  vs soybean meal (Soja hispida).  
All the animals were regularly weighed until the body weight (BW) of 620 kg fixed in 
advance as slaughter weight, was reached. All animals were slaughtered in an authorized 
slaughterhouse according to EU legislation (EU Regulation EC No 882/2004).  
Live animals and carcasses were weighed and measured according to ASPA (1991). After 9 
days of refrigeration at 4 ± 1 °C, dissection of the carcasses was carried out.  
Samples of Longissimus thoracis (LT), Semitendinosus (ST), Iliopsoas plus Psoas minor (IP) 
muscles, perirenal (PF) and subcutaneous (SF) adipose tissues were collected and rapidly 
transported, upon refrigeration temperature, to the laboratories for the chemical analysis in 
order to evaluate the rheological (water holding capacity) and nutritional (chemical 
composition fatty acid profile, cholesterol and hydrossiproline contents) characteristics of 
meat. 
The protein source did not affect any infra vitam parameters except the body weight (BW) at 
180 d of age ( 173 vs. 186 kg, for group FB and SB, respectively; P<0.01).  
The difference was probably due to the higher non-protein nitrogen (NPN) concentration of 
the faba bean than the soybean meal (about 12 vs 1.3% of crude protein, respectively). 
Indeed, in the months immediately following the weaning it should be preferable to 
administer diets with higher rumen undegradable protein content because at this age the 
rumen is not yet perfectly functional and microbial protein synthesis is less efficient. 
Furthermore, for the same reason, the animals in this period are probably unable to 
neutralize possible anti-nutritional factors of faba beans.  
As respects the influence of the replacement of soybean meal solvent extract with legumes 
seeds, the literature results are contrasting. Moss et al. (1997) found no significant effects on 
weight gain and feed intake when soybean meal was replaced on an iso-protein basis by 
lupin seeds in diets for growing bulls (BW from 182 to 243 kg); similar results are reported 
by Kwak and Kim (2001) on Korean native bulls (BW from 247 to 427 kg) utilising two 
different concentrations (15 and 30%) of flaked lupin. Instead, according to our results, 
Murphy and McNiven (1994) found significantly higher weight gain in growing steers (BW 
from 235.2 to 343.7 kg) fed soybean meal vs raw or roasted lupin although the differences 
were not significant in the finishing phase (final BW 503.4 kg).  
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No significant differences between the groups were found for carcass measurements. In 
each case the carcass measurements of this trial ranged into the interval indicated by Keane 
(2003) for European/North American breeds.  
No differences were found in dressing out, organs and tare incidence on net weight.  
Protein source influenced neither body and carcasses conformations nor dressing out with 
the exception of the incidence of long bones showed a significant difference (6.2 vs 6.7 for 
faba and soybean, respectively; P<0.05).  
The first quality meat cuts were acceptable in both groups (58.1 and 57.8%, for faba and 
soybean, respectively). Concerning the comparison between the two protein sources, only 
the incidence of long bones showed a significant difference (6.2 vs 6.7 for faba and soybean, 
respectively; P<0.05). It is important to underline that the sample cut measurements were 
contradictory and conflicted with the data obtained from total carcass dissection. The results 
of the sample cut dissection indicated a significant (P<0.05) difference between groups faba 
and soybean in meat incidence (69.4 vs 66.9, for faba and soybean, respectively); while no 
differences were found between groups at carcass dissection. Moreover, sample cut of 
soybean group showed in the meantime the smallest meat incidence and the highest LT area 
(88.4 vs. 84 for soybean and faba group, respectively). 
The animals fed faba bean showed significantly higher water losses, measured with the 
compression method (WHC 7.6 vs. 5.7% for faba and soybean group, respectively; P<0.01).  
Our grilling loss data (31.7 vs. 28.3 % for faba and soybean group, respectively; P>0.01) were 
higher than those reported by Sami et al. (2004) in Simmental young bulls but they were in 
agreement with those reported by Pen et al. (2005) cooking ST samples of Holstein steers in 
an oven, on the contrary our drip loss data resulted higher than that reported by these 
authors. 
The chemical composition of LT was not statistically different between groups. Meat from 
both groups showed a very low fat content (<3%) and higher protein concentrations than 
the Holstein steers (Pen et al., 2005), confirming the high quality of the Marchigiana meat. 
Hydroxyproline (60.0 vs. 62.6 mg 100g-1 of meat, in group faba and soybean, respectively) 
contents were not influenced by protein sources. Regarding the differences registered for 
this parameter among the texted muscles (LT: Longissimus thoracis; ST: Semitendinosus; IP: 
Iliopsoas plus Psoas minor) the IP samples, which correspond to the tenderloin, showed in all 
the groups significantly (P<0.01) lower hydroxyproline concentrations than the other two 
muscles; also between the LT and ST muscles the differences were statistically significant 
(P<0.05) being lower for the former. 
Cholesterol content (56.3 vs.55.1 mg 100g-1 of meat, in group faba and soybean, respectively) 
was not influenced by protein sources according to the observations of Cutrignelli (2000) on 
Podolian young bulls and by Poli et al. (1996) on Chianina young bulls.  
Considering the differences among the muscles, cholesterol values were significantly 
(P<0.05) lower for IP. Cifuni et al. (2004) found no differences in cholesterol contents among 
muscles, while Rusman et al. (2003) found significant differences. This contradiction is 
probably due to the different muscles analysed in each experiment. As theorised by Wheeler 
et al. (1987) the cholesterol content may be affected by the different physiological function of 
the muscles. In both groups, and especially for LT and ST muscles, the cholesterol contents 
were slightly higher than the value (less than 50 mg100g-1 of muscle) indicated by the 
Protected Geographical Indication (PGI) of the “Vitellone Bianco dell’Appennino Centrale” 
(Council Regulation EEC No 2081/92; Floroni, 2002). Nevertheless, our results are very close 
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to those reported for Italian meat breeds (Poli et al. 1996; Cifuni et al., 2004) and lower than 
those from other breeds (Migdal et al., 2004). 
Regarding the fatty acids profile in both groups and in each analysed tissues (intramuscular, 
perirenal and subcutaneous adipose tissues) palmitic (C16:0), stearic (C18:0) and oleic 
(C18:1) acids were the most widely represented fatty acids. In particular, in intramuscular 
fat, the sum of oleic, stearic and palmitic acids represents over 50% of total fatty acids, 
according to the observations of  Cifuni et al. (2004) and Migdal et al. (2004). 
Comparing the data of groups faba and soybean, the only significant (P<0.01) difference was 
for stearic acid being higher for bulls fed faba bean than for those fed soybean meal solvent 
extract. However this result did not significantly affect the SFA concentration, or AI and TI 
indexes (table 7). 
Protein source did not affected the fatty acids composition of the analysed adipose tissues. 
This is probably due to the very low concentration of phospholipids in subcutaneous and 
perirenal fat tissue.  
Comparing the fatty acid composition of the three adipose tissues the following differences 
were noted: 
- the erucic (C22:1), docosahexaenoic (DHA, C22:6, ω-3) eicosapentaenoic (C 20:5, ω-3) 

and docosapentaenoic (C 22:5, ω-3) acids, were present only in intramuscular fat, due to 
the lower level of intramuscular fat compared to the two adipose tissues. Lower fat 
content is associated with fewer and smaller adipocytes containing fewer triglycerides, 
accompanied by a relative increase in the proportion of phospholipids in total lipids 
and an increased PUFA content (Scollan et al., 2006); 

- the proportion of total SFA was minimal in LT and maximal in SF (mean values 46.56 vs 
54.50 and 59.35% of total fatty acids; in LT, PF and SF, respectively, Figure 1); the single 
saturated fatty acids amounts also showed a similar trend. These data are partly in 
contrast with those of Kim et al. (2004) who in Hanwoo cattle found a higher SFA 
proportion in perirenal than in subcutaneous fat. Even if the differences in the fatty 
acids profile between internal and external fat deposits have not been fully elucidated, 
Eguinoa et al. (2003) suggested that the lipogenic enzyme activities per cell could be 
influenced by several factors such as adipocite size, nutrient supply, etc.; 

- the proportion of total polyunsaturated fatty acids (PUFA) was higher in LT and lower 
in the perirenal adipose tissue (mean values 22.23 vs 11.36 vs 11.02% of total fatty acids, 
respectively in LT, SF and PF, Figure 1). This difference may be primarily ascribed to 
the lower concentration of ω-6 PUFA and to the absence DHA in SF and PF adipose 
tissues; 

- the atherogenic and thrombogenic indexes were considerably higher in SF and PF 
tissues than in LT. This is due to the high SFA concentration of SF and PF adipose 
tissues as well as to the high PUFA concentration of LT. 

The LT fatty acid profile was similar to those reported by Raes et al. (2003) for Longissimus 
lumborum of Belgian Blue and Limousin beef (SFA: 338 and 506 mg 100g-1 edible portion; 
MUFA: 323 and 554 mg 100g-1 edible portion; PUFA: 195 and 195 mg 100g-1 edible portion; 
in Belgian Blue and Limousin bulls, respectively) and different from values found in Irish 
and Argentine beef. The latter showed significantly higher total intramuscular fatty acid 
content compared to the former, probably due to genetic selection.  
This observation confirms that of Carnovale and Nicoli (2000) who concluded that Italian 
meat showed a favourable intramuscular fatty acid composition with high PUFA content. 
Muscle with a high percentage of unsaturated fatty acids (UFA) generally scored higher in 
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taste panel evaluation (Westerling and Hedrick, 1979) and food with high UFA, especially 
PUFA, is good for human health (Rusman et al., 2003). The ω-6/ω-3 ratio was higher than 
the value (less than 3) reported by Scollan et al. (2006) but lower than that registered by 
Warren et al. (2003) for steers fed corn silage and concentrates (8.9). 
It has to be underlined that the fatty acid profile o the food arouse high interest in human 
medicine due to their influence on the functionality of the cardio-circulatory apparatus. A 
number of epidemiological researches put in evidence that diets with high content of 
saturated fatty acids (SFA) were associated with high levels of serum cholesterol (especially 
of low density lipoprotein, LDL) which appear important in atheroma. Successively, 
Ulbricht and Southgate (1991) reported that:  
1. diets high in C18:0, stearic acid, do not raise serum cholesterol;  
2. short-chain SFA (C 10 and below) likewise do not raise blood cholesterol, so the 

putative atherogenic SFA are C12:0 (lauric), C14:0 (myristic) and C16:0 (palmitic). 
Myristic acid is the most atherogenic, with about four times the cholestrol-raising 
potential of palmitic acid. 

PUFA are considered protective factors: ω-6 fatty acids show mainly anti-atherogenic 
activity while ω-3 fatty acids have anti-thrombogenic activity. More recently, high 
prominence is attributed to the role developed by the MUFA, and particularly by the oleic 
acid that, reducing the oxidation of the cholesterol LDL, may slow the progression of 
atherosclerosis. 
As was pointed out above, the P/S (poliunsaturated/saturated) ratio is not suitable measure 
of the atherogenicity or thrombogenicity of a diet or foods. Currently they are expressed as 
follows: 

Index of atherogenicity: C12:0 + (4 x C14:0) + C16:0/ ω-3 + ω-6 + MUFA 

Index of thrombogenicity: C14:0 + C16:0 +C18:0/(0,5 x C18:1) + (0,5 other MUFA) + 0,5(ω-6) + 
3(ω-3) + (ω-3/ ω-6). 

The AI of the meat in this trial was particularly interesting, rather lower than the data 
reported by Ulbricht and Southgate (1991) for raw minced beef and than those reported by 
Badiani et al. (2002) for cooked beef (0.72 and 0.77, respectively); our data were similar to 
those of Poli et al. (1996) on Chianina young bulls (AI: 0.58).  
 

 FB SB Significance 
SFA 365.1  39.1 330.6  26.9 Ns 

MUFA 244.3  39.5 271.7  29.4 Ns 
PUFA 186.6  20.5 201.9  15.7 Ns 
-6 174.2  19.9 188.3  12.9 Ns 
-3 12.39  1.5 13.57  0.8 Ns 
AI 0.54  0.04 0.49  0.07 Ns 
TI 1.46  0.12 1.20  0.09 Ns 

FB: faba bean; SB: soybean meal solvent extract;AI: atherogenic index; TI thrombogenic index. 
ns: not significant. 

Table 7. Fatty acid profile of Longissimus thoracis  muscle (mg 100g-1 of edible part). 



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

206 

to those reported for Italian meat breeds (Poli et al. 1996; Cifuni et al., 2004) and lower than 
those from other breeds (Migdal et al., 2004). 
Regarding the fatty acids profile in both groups and in each analysed tissues (intramuscular, 
perirenal and subcutaneous adipose tissues) palmitic (C16:0), stearic (C18:0) and oleic 
(C18:1) acids were the most widely represented fatty acids. In particular, in intramuscular 
fat, the sum of oleic, stearic and palmitic acids represents over 50% of total fatty acids, 
according to the observations of  Cifuni et al. (2004) and Migdal et al. (2004). 
Comparing the data of groups faba and soybean, the only significant (P<0.01) difference was 
for stearic acid being higher for bulls fed faba bean than for those fed soybean meal solvent 
extract. However this result did not significantly affect the SFA concentration, or AI and TI 
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taste panel evaluation (Westerling and Hedrick, 1979) and food with high UFA, especially 
PUFA, is good for human health (Rusman et al., 2003). The ω-6/ω-3 ratio was higher than 
the value (less than 3) reported by Scollan et al. (2006) but lower than that registered by 
Warren et al. (2003) for steers fed corn silage and concentrates (8.9). 
It has to be underlined that the fatty acid profile o the food arouse high interest in human 
medicine due to their influence on the functionality of the cardio-circulatory apparatus. A 
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putative atherogenic SFA are C12:0 (lauric), C14:0 (myristic) and C16:0 (palmitic). 
Myristic acid is the most atherogenic, with about four times the cholestrol-raising 
potential of palmitic acid. 

PUFA are considered protective factors: ω-6 fatty acids show mainly anti-atherogenic 
activity while ω-3 fatty acids have anti-thrombogenic activity. More recently, high 
prominence is attributed to the role developed by the MUFA, and particularly by the oleic 
acid that, reducing the oxidation of the cholesterol LDL, may slow the progression of 
atherosclerosis. 
As was pointed out above, the P/S (poliunsaturated/saturated) ratio is not suitable measure 
of the atherogenicity or thrombogenicity of a diet or foods. Currently they are expressed as 
follows: 
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However, the index of thrombogenicity in this trial was higher than the findings of the 
above-cited authors (1.27 and 1.30 for Ulbricht and Southgate, 1991 and Poli et al., 1996, 
respectively); only the TI (1.77) reported by Badiani et al. (2002) was similar to our data. 
These results show that the faba bean could be used as an alternative protein source to 
soybean meal solvent extract as it did not affect the growth rate (body weight, daily weight 
gain and biological efficiency of growth) or the feed conversion indexes during the whole 
experimental period, and offers decided agronomical, economical and healthy advantages.  
Nevertheless, in the first period after weaning the faba bean reduced the growth rate, 
probably due to the higher concentrations of NPN and anti-nutritional factors. It might be 
useful in this period to use this protein source associated with other richer in rumen 
undegradable.  
Our results contribute to show that both protein sources (soybean meal and faba bean) 
could be utilised in the diet for young Marchigiana bulls ensuring the high quality of the 
meat obtained by this breed.  
Although the meat of group fed faba bean had significantly higher concentrations of stearic 
acid compared to the level found in soybean group, neither the atherogenic and 
thrombogenic indexes, nor the cholesterol content were influenced.  
As regards the effect of protein source on organolepitc characteristics, our results on 
hydroxyproline content and  water holding capacity were conflicting. While the meat of the 
group fed soybean meal solvent extract showed a potential low tenderness (higher level of 
hydroxiproline) the water holding capacity measured by compression was lower for the 
group receiving faba bean. 
From our results it is also possible to formulate a favourable assessment of the nutritional 
characteristics of the of meat Marchigiana young bulls. Indeed, the cholesterol values were 
very close to those indicated by the PGI of the “Vitellone Bianco dell’Appennino Centrale” 
and lower than those found in other breeds. Moreover, the fatty acids profile of LT confirms 
that the meat of the Italian breed specialised in meat production has higher unsaturated 
fatty acids concentration and lower saturated fatty acids levels, which in turn ensures 
medium-low atherogenic and thrombogenic indexes. 

5. Conclusions 
The protein source largely used in ruminant nutrition (soybean, soybean meal solvent 
extract and grain legumes) are characterised by several differences in chemical composition, 
in particular as concerns crude protein, ether extract and carbohydrates concentrations. Also 
the technological treatments as flaking and crushing could affect these parameters. In 
addition, mainly concerning the grain legumes, the contents of different nutrients is affected 
by the cultivar.  
In order to better estimate the nutritive value of protein source, the in vitro gas production 
technique seems to be the most useful methods, as it allow to study also the kinetics of 
degradation in the rumen.  The knowledge of the latter phenomenon is particularly useful, 
since the nutritionist may choose to treat a particular protein source in order to synchronize 
the availability of nitrogen and energy for rumen bacteria.  
From our in vitro data, faba bean, lupin and peas, even if from different cultivars, may be 
considered in replacing, totally or partially, soybean as only few differences were found 
among these feeds.  
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In addition, our in vivo studies concerning the infra vitam and post mortem performances of 
young bulls fed either faba bean or soybean showed: 
- no influence of protein source on growth rate (body weight, daily weight gain and 

biological efficiency of growth) and feed conversion indexes; 
- no influence of protein source on the nutritional characteristics of meat. Indeed, even if 

the meat of group fed faba bean had significantly higher concentrations of stearic acid 
compared to the level found in soybean group, neither the atherogenic and 
thrombogenic indexes, nor the cholesterol content were influenced; 

- conflicting results on hydroxyproline content and on water holding capacity. Indeed, 
while the meat of the group fed soybean showed a potential low tenderness (higher 
level of hydroxiproline), the water holding capacity measured by compression was 
lower for the group receiving faba bean. 

From these results, it can be concluded that the use of grain legumes as a protein source in 
ruminant diets could be used as alternative to soybean meal. However, mainly in the 
intensive livestock system the soybean meal solvent extract represents the protein source 
par excellence for the high protein content (in particular undegradable fraction), the absence 
of anti-nutritional factors and the extremely favourable biological value of its proteins. Not 
insignificant, then is the economic assessment, soybean is, especially in the areas where the 
ruminants breeding has been particularly developed, the protein source with the 
quality/price ratio more favourable. 
By contrast, it has to be underlined that biotech herbicide tolerant soybean continued to be 
the principal biotech crop in 2010, occupying 73.3 million hectares or 50% of global biotech 
area. Farm animals are currently fed soybean and soybean meal developed from genetic 
transformation. Europe is strongly dependent upon the American continent for its protein 
requirements amounting up to 90 to 95%.  
Thus, the possible risk connected to genetically modified organisms use in animal breeding 
has led to the reconsideration of animal production processes with special reference to the 
use of alternative protein sources (e.g. faba beans, dried peas, lupine seeds, chickpeas) able 
to replace soybean. These legumes have agronomic importance because they improve soil 
fertility and reduce nitrogenous dressing, with positive effects on environmental pollution. 
Moreover, they need a limited initial investment for their modest requirements of chemical 
and energetic inputs and their short culture cycle. 
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1. Introduction 

The need to meet animal protein demand of ever growing world population, currently at 
approximately 6.8 billion (US Census Bureau, 2010), is set to increase at an even greater rate 
as the economies of developing countries improve and their growing affluent populace alter 
their dietary habits. This means production of soybean, which is used extensively as animal 
feed, must increase beyond current production level of about 246 million metric tonnes 
(FAS/USDA, 2009).  
Soybean (Glycine max, L) is not only a source of high quality edible oil for humans, but also a 
high quality vegetable protein in animal feed worldwide. Its universal acceptability in 
animal feed has been due to favourable attributes such as relatively high protein content 
and suitable amino acid profile except methionine, minimal variation in nutrient content, 
ready availability year-round, and relative freedom from intractable anti-nutritive factors if 
properly processed. Also, attention has been focused on soybean utilisation as an alternate 
protein source in animal diets due to the changing availability or allowed uses of animal 
proteins coupled with relatively low cost.  
Despite soybean’s pivotal role in animal production, it cannot be fed raw because there 
are a number of anti-nutritive factors (ANFs) present that exert a negative impact on the 
nutritional quality of the protein. The main ANFs are protease inhibitors (trypsin 
inhibitors) and lectins (Liener, 1994), which fortunately can be destroyed by heat 
treatment. The trypsin inhibitors cause pancreatic hypertrophy/hyperplasia with 
consequent inhibition of growth, while lectins inhibit growth by interfering with nutrient 
absorption (Liener, 1994). The elimination of these ANFs and those of less significance can 
be achieved through various processing methods. These methods have different impact 
on the nutritional quality of the products derived such as full-fat soybeans, soybean meal 
and soybean protein concentrates. Of these, soybean meal has been the major ingredient 
in both poultry and livestock diets.  
This chapter discusses soybean production and consumption, primary soybean products 
and their nutritional value for feeding animals, anti-nutritive factors present and ways of 
eliminating them, and utilisation in animal feeds as well as future challenges of using 
soybeans as a major source of animal feed. 
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2. Soybean production and consumption 
Soybean (Glycine max, L) is an annual crop that belongs to the Fabaceae or Leguminosae 
family. It originated from East Asia, but now grown over a wide geographical area 
worldwide with United States of America, Brazil and Argentina being the leading producers 
(Table 1). It is used primarily for production of vegetable oil and oilseed meal for animal 
feeding. The surge in the use of soybean meal in feeding animal as replacement protein 
source for animal protein feeds has been the main driving force in soybean production.  
Table 1 shows the major soybean producing countries and their relative supplies. Generally, 
there has been an increase of supply with a slight depression in most producing countries 
between 2006 and 2008 cropping seasons. The US and China tend to consume virtually what 
they produce, while Argentina and Brazil are major exporters with exports largely to the EU 
(Table 2).   
 

Major producing 
countries 2005/06 2006/07 2007/08 2008/09 2009/10 

October 
United States 83,507 87,001 72,859 80,749 88,454 
Brazil 57,000 59,000 61,000 57,000 62,000 
Argentina 40,500 48,800 46,200 32,000 52,500 
China 16,350 15,967 14,000 15,500 14,500 
India 7,000 7,690 9,470 9,100 9,000 
Paraguay 3,640 5,856 6,900 3,900 6,700 
Canada 3,161 3,460 2,700 3,300 3,500 
Other 9,512 9,337 8,004 9,090 9,413 
World Total 220,670 237,111 221,133 210,639 246,067 

Source: FAS/USDA (2009) 

Table 1. World soybean supply (million tonnes) and distribution. 
 

Countries 2009/10 2010/11 
 Production Consumption Production Consumption 
China 37.42 35.82 41.71 40.36 
US 37.31 27.22 35.41 27.58 
Argentina 27.13 0.70 29.95 0.60 
Brazil 24.41 12.80 25.42 13.38 
EU 9.85 31.49 9.77 32.30 
India 4.85 2.85 6.08 3.08 
Others 20.58 49.60 21.30 51.20 
World Total 161.63 159.77 169.64 167.89 

Source: FAS/USDA (2009) 

Table 2. World soybean meal production and consumption outlooks for 2010/11 in million 
tonnes. 

3. Primary soybean products for animal feeding 
Figure 1 shows a schematic processing of soybeans into various high quality protein 
products. The processes involved either reduce or eliminate the ANFs in the beans and 
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improve the nutritional value substantially for all classes of animals. Several steps involved 
in processing these products can have either positive or negative effect on the quality of the 
protein depending on the conditions used in processing. The heat applied in processing is 
identified as the single most important factor that affects soybean meal protein quality. 
Proper processing conditions such as moisture content, heating time and temperature 
inactivate ANFs such as trypsin inhibitors and lectins, which results in improved 
performance when fed to monogastric animals (Araba, 1990). High processing temperatures 
of oilseeds has deleterious effects on proteins and amino acids due to formation of Maillard 
reaction products (Hurell, 1990) or denaturation (Parsons et al., 1992).   
 

 
Fig. 1. Processing of soybeans into soybean products (USSEC, 2008). 
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3.1 Full-fat soybeans 
These are whole soybeans in which the oil is not extracted. These products are produced by 
a variety of processes such as extruding (dry or wet), cooking/autoclaving, 
roasting/toasting, micronizing and jet-sploding to inactivate the ANFs. All of these 
processes have a different impact on the nutritive value of the products depending on heat 
damage or degree of inactivation of ANFs. Normally, soybeans are processed into defatted 
meals for feed formulation, particularly for poultry and pigs. However, the amount of full-
fat soybeans used has been increasing in the livestock industry due to development of new 
varieties with limited number or levels of ANFs (Gu et al., 2010). Also, properly processed 
full-fat soybeans are a valuable feed ingredient for animal feeding because of their high 
energy content.  

3.2 Soybean meal 
Soybeans yield 18.6% of oil and 78.7% of soybean meal with the rest being waste (FEFAC, 
2007). The oil can be extracted either mechanically or by solvent means. There are two main 
types of soybean meal. The dehulled soybean meal and soybean meal, depending on 
whether the testa (seed coat) is removed or not. Both products vary in their nutrient 
composition, but are quite high in protein content with a good amino acid balance except 
methionine, low in fibre, high in energy, and have little or no anti-nutritive factors when 
properly processed. 
The amino acid profile of soybean meal is close to that of fishmeal, except methionine 
(INRA, 2004). This deficiency can easily be corrected in monogastric diets using synthetic 
source of methionine. Also, soybean meal is superior to other vegetable protein sources in 
terms of crude protein content and matches or exceeds them in both total and digestible 
amino acid content (Table 3a). Soybean meal protein digestibility in poultry is 
approximately 85% (Woodworth et al., 2001), ranging between 82% and 94% for individual 
amino acid digestibility. Among the vegetable protein sources, soybean meal is used to meet 
the animal’s requirement for limiting amino acids in cereal-based (e.g. maize) diets (Table 
3b), because it is usually the most cost-effective source of amino acids (Kerley and Allee, 
2003).  
The carbohydrates in soybean meal are incompletely digested by colonic microbiota in 
monogastrics (Kerley and Allee, 2003). Thus removal of raffinose and stachyose improved 
metabolisable energy content by 12% (Graham et al., 2002). 

3.3 Soybean protein concentrate (SPC) 
SPC is produced from the defatted flakes by the removal of the soluble carbohydrates. This 
can be achieved by two methods, either by ethanol extraction or enzymatic degradation 
(Figure 1). SPC is valuable as milk replacer feed for calves and as piglet pre-starter feed. This 
is because it contains only traces of the heat-stable oligosaccharides and the antigenic 
substances (Table 5). In milk replacer feed, it has been largely substituted for dried skim 
milk; whilst in pig starter feeds it can replace dried skim milk, whey powder and fishmeal. 

3.4 Soybean oil 
Soybean oil is produced primarily for human consumption. However, it has become a useful 
source of feed-grade fat for animals due to a need to formulate high-energy diets for modern 
breeds. Feed-grade soybean oil is popularly used in high energy diets, particularly for 
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 Soybean Canola Cottonseed Palm 
kernel Peanut Sunflower 

Crude protein 43.0 36.2 39.6 13.2 45.2 32.8 
Amino acid       
Lysine 90.7 78.6 62.8 58.9 78.1 80.4 
Methionine 90.6 88.6 71.9 83.7 85.6 91.2 
Cystine 82.1 73.1 70.9 66.6 78.5 79.2 
Threonine 84.1 77.6 67.2 69.2 83.8 83.7 
Tryptophan 87.9 80.0 80.3 - 75.6 - 
Arginine 91.1 90.6 85.3 88.6 89.6 93.1 
Isoleucine 91.2 89.0 72.8 81.0 89.3 88.9 
Leucine 90.7 94.1 74.8 85.0 89.7 88.7 
Valine 88.9 87.8 76.3 80.1 88.9 85.8 
Histidine 88.5 88.5 64.1 80.3 85.4 86.1 
Phenylalanine 91.6 91.6 84.0 85.3 92.3 90.8 

Source: Ajinomoto Heartland Lysine LLC Revision 7 (2006) 

Table 3a. True digestibility (%) of essential amino acids in common oilseed meal proteins for 
poultry. 
 

Amino Acid1 Soybean meal
(475.0 g/kg CP)

Palm kernel meal
(200.0 g/kg CP)

Maize 
(85.0 g/kg CP) 

Arginine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Cystine 
Phenylalanine 
Threonine 
Tryptophan 
Valine 

73.3
26.9 
44.6 
78.7 
62.3 
14.1 
15.2 
49.3 
39.4 
15.6 
46.7

135.0
23.0 
32.0 
60.0 
36.0 
20.0 
15.0 
39.0 
35.0 
10.0 
57.0

44.7 
27.1 
34.1 
117.6 
30.6 
21.2 
21.2 
44.7 
34.1 
7.1 

47.0 
1Data are adapted from Elkin (2002).   

Table 3b. Comparative amino acid composition (g/kg protein basis) of soybean meal with 
palm kernel meal and maize. 
poultry, because of its high digestibility and metabolisable energy content compared with 
other vegetable fats/oils (Table 4a). It is used widely in rations for broiler chickens and 
growing turkeys as a feed-grade fat to increase energy density of feeds and improve 
efficiency of feed utilisation (Sell et al., 1978). The high energy value of soybean oil is 
attributed to its high percentage of (poly) unsaturated fatty acids (Table 4b), which are well 
absorbed and utilised as a source of energy by the animal (Huyghebaert et al., 1988). Also, 
the high polyunsaturated fatty acids (PUFA) in soybean oil appears to have an energy 
independent effect on improving reproduction in dairy cattle (Lucy et al., 1990; Kerley and 
Allee, 2003), and this has been attributed to the role of linoleic acid in reproduction (Staples 
et al., 1998).  
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3.1 Full-fat soybeans 
These are whole soybeans in which the oil is not extracted. These products are produced by 
a variety of processes such as extruding (dry or wet), cooking/autoclaving, 
roasting/toasting, micronizing and jet-sploding to inactivate the ANFs. All of these 
processes have a different impact on the nutritive value of the products depending on heat 
damage or degree of inactivation of ANFs. Normally, soybeans are processed into defatted 
meals for feed formulation, particularly for poultry and pigs. However, the amount of full-
fat soybeans used has been increasing in the livestock industry due to development of new 
varieties with limited number or levels of ANFs (Gu et al., 2010). Also, properly processed 
full-fat soybeans are a valuable feed ingredient for animal feeding because of their high 
energy content.  
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2007). The oil can be extracted either mechanically or by solvent means. There are two main 
types of soybean meal. The dehulled soybean meal and soybean meal, depending on 
whether the testa (seed coat) is removed or not. Both products vary in their nutrient 
composition, but are quite high in protein content with a good amino acid balance except 
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amino acid digestibility. Among the vegetable protein sources, soybean meal is used to meet 
the animal’s requirement for limiting amino acids in cereal-based (e.g. maize) diets (Table 
3b), because it is usually the most cost-effective source of amino acids (Kerley and Allee, 
2003).  
The carbohydrates in soybean meal are incompletely digested by colonic microbiota in 
monogastrics (Kerley and Allee, 2003). Thus removal of raffinose and stachyose improved 
metabolisable energy content by 12% (Graham et al., 2002). 

3.3 Soybean protein concentrate (SPC) 
SPC is produced from the defatted flakes by the removal of the soluble carbohydrates. This 
can be achieved by two methods, either by ethanol extraction or enzymatic degradation 
(Figure 1). SPC is valuable as milk replacer feed for calves and as piglet pre-starter feed. This 
is because it contains only traces of the heat-stable oligosaccharides and the antigenic 
substances (Table 5). In milk replacer feed, it has been largely substituted for dried skim 
milk; whilst in pig starter feeds it can replace dried skim milk, whey powder and fishmeal. 

3.4 Soybean oil 
Soybean oil is produced primarily for human consumption. However, it has become a useful 
source of feed-grade fat for animals due to a need to formulate high-energy diets for modern 
breeds. Feed-grade soybean oil is popularly used in high energy diets, particularly for 
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Leucine 90.7 94.1 74.8 85.0 89.7 88.7 
Valine 88.9 87.8 76.3 80.1 88.9 85.8 
Histidine 88.5 88.5 64.1 80.3 85.4 86.1 
Phenylalanine 91.6 91.6 84.0 85.3 92.3 90.8 

Source: Ajinomoto Heartland Lysine LLC Revision 7 (2006) 

Table 3a. True digestibility (%) of essential amino acids in common oilseed meal proteins for 
poultry. 
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Table 3b. Comparative amino acid composition (g/kg protein basis) of soybean meal with 
palm kernel meal and maize. 
poultry, because of its high digestibility and metabolisable energy content compared with 
other vegetable fats/oils (Table 4a). It is used widely in rations for broiler chickens and 
growing turkeys as a feed-grade fat to increase energy density of feeds and improve 
efficiency of feed utilisation (Sell et al., 1978). The high energy value of soybean oil is 
attributed to its high percentage of (poly) unsaturated fatty acids (Table 4b), which are well 
absorbed and utilised as a source of energy by the animal (Huyghebaert et al., 1988). Also, 
the high polyunsaturated fatty acids (PUFA) in soybean oil appears to have an energy 
independent effect on improving reproduction in dairy cattle (Lucy et al., 1990; Kerley and 
Allee, 2003), and this has been attributed to the role of linoleic acid in reproduction (Staples 
et al., 1998).  
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Source Digestibility (%) Metabolisable energy (MJ/kg) 
3-4 weeks >4 weeks 1-3 weeks 7.5 weeks 

Soybean oil 
Corn (maize) oil 
Lard 
Beef tallow 
Menhaden oil 
Palm oil 
Sunflower oil 

96+ 
84+ 
92+ 
70+ 
88+ 
74** 

85**** 

96+ 
95+ 
93+ 
76+ 
97+ 

- 
88**** 

38.5* 
- 

30.8*** 
30.9* 
35.9# 
27.7* 

- 

38.5* 
41.3# 

- 
32.9* 
37.6# 
32.3* 
40.4# 

+Leeson and Summers (2001), *Wiseman and Salvador (1991), ** Zumbado et al. (1999), ***Huyghebaert 
et al. (1988), ****Ortiz et al. (1998), #NRC (1994) 

Table 4a. Comparison of digestibility and metabolisable energy values of triglycerides in 
broiler chickens fed soybean oil and selected dietary fats/oils. 
 

Fatty acid Soybean 
oil2

Palm 
oil2

Sunflower
Oil3

Corn
Oil4 Tallow2 Lard5 Poultry 

oil4 
Lauric acid (C12:0)
Myristic acid (C14:0) 
Palmitic acid (C16:0) 
Palmitoleic acid (C16:1) 
Stearic acid (C18:0) 
Oleic acid (C18:1) 
Linoleic acid (C18:2) 
Linolenic acid (C18:3)
Arachidic acid (C20:0)

1
2 

161 
6 

61 
251 
452 
66 
-

3
14 

488 
1 
55 

364 
73 
2 
-

-
- 

60 
- 

64 
284 
581 
1 
6

-
- 

112 
- 

21 
269 
579 
8 
5

2
23 
249 
39 
206 
405 
66 
10 
-

-
16 
224 
21 
177 
461 
80 
21 
-

- 
6 

232 
71 
64 
430 
179 
6 
2 

1Values may not total 1000 g due to trace amounts of other fatty acids not reported or rounding of 
figures 
2Wiseman and Salvador (1991), 3Ortiz et al. (1998), 4Waldroup et al. (1995), 5Huyghebaert et al. (1988)  

Table 4b. Comparison of fatty acid composition of soybean oil with selected dietary fats/oils 
(g/kg total fatty acids)1. 

4. Chemical composition of commonly used soybean products in animal 
diets 
There are variations in the reported chemical composition of soybean products that can be 
attributed to differences in processing methods (Table 5). Also, genetic variations have been 
observed in the soybean biotypes of Glycine (Yen et al., 1971; Gu et al., 2010), which may vary 
in their chemical compositions. The use of soybean products in non-ruminant diets can give 
reasonable performance only if diets are formulated correctly or their anti-nutritive factors 
removed. In this regard, nutrient levels, bioavailability, and anti-nutritive factors and their 
effects on animal performance must all be considered in determining the usefulness of any 
of the soybean products as a feed ingredient. Table 5 shows composition of some soybean 
products commonly used in animal feed. It is clear that soybean is a source of high protein 
content and quality as well as energy with little or no ANFs. It appears the quality of 
soybean proteins improves when subjected to multiple processing procedures. This is 
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shown by increases in concentrations of limiting essential amino acids such as lysine and 
methionine for monogastric animals (Table 5). However, the cost of such improved products 
may limit their use in animal feeds. 
 

 Full-fat 
soybean 

Soybean
Meal 

Soy protein 
concentrate 

Soy protein 
isolate 

Dry matter 89.4 87.6 - 89.8 91.8 93.4 
Crude protein 37.1 43.9 - 48.8 68.6 85.9 
Crude fibre 5.1 3.4 - 6.3 1.7 1.3 
Ether extract 18.4 1.3 - 5.7 2.0 0.6 
Ash 4.9 5.7 - 6.3 5.2 3.4 
NDF 13.0 10.0 - 21.4 13.5 - 
ADF 7.2 5.0 - 10.2 5.4 - 
ADL 4.3 0.4 - 1.2 0.4 - 
Starch 4.7 3.3 - 7.0 - - 
Total sugars - 9.1 - 9.3 - - 
Gross energy (MJ/kg) 20.95 17.22 – 17.41 17.89 22.45 
Lysine 2.34 2.85 - 3.50 4.59 5.26 
Methionine 0.52 0.62 - 0.80 0.87 1.01 
Cystine 0.55 0.68 - 0.77 0.89 1.19 
Tryptophan 0.49 0.56 - 0.74 0.81 1.08 
Calcium 0.26 0.27 - 0.31 0.24 0.15 
Phosphorus 0.57 0.64 - 0.66 0.76 0.65 
Linoleic acid 9.7 0.6 - 2.9 - - 
Urease activity (pH-rise) 2.0 0.05 - 0.5 <0.05 <0.05 
Trypsin inhibitor (mg/g) 45-50 1 – 8 2 <1 
Glycinin (ppm) 180.000 66.000 <100 - 
β-conglycinin (ppm) >60.000 16.000 <10 - 
Lectins (ppm) 3.5000 10 – 200 <1 0 
Oligosaccharides (%) 14 15 3 0 
Saponins (%) 0.5 0.6 0 0 

Data are adapted from NRC (1994), INRA (2004), Peisker (2001) 

Table 5. Per cent composition of some soybean products used in animal feed. 

4.1 Anti-nutritive factors  
Anti-nutritive factors are natural compounds in feedstuffs that impair utilisation of 
nutrients with consequent undesirable effects on animal performance. The ANFs in 
soybeans exert a negative impact on the nutritional quality for animals (Table 6). 
Fortunately, those ANFs with significant impact such as trypsin inhibitors and lectins are 
easily destroyed by heat. Of lesser significance are the anti-nutritional effects produced by 
relatively heat stable factors, such as goitrogens, tannins, phytoestrogens, oligosaccharides, 
phytate, and saponins (Liener, 994). Heat stable ANFs with the exception of 
oligosaccharides and the antigenic factors are low in soybeans and not quite likely to cause 
problems under practical feeding conditions. The removal of the oligosaccharides and 
antigens in the manufacture of soybean protein concentrates further improves the 
nutritional value. 
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Source Digestibility (%) Metabolisable energy (MJ/kg) 
3-4 weeks >4 weeks 1-3 weeks 7.5 weeks 
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Palm oil 
Sunflower oil 

96+ 
84+ 
92+ 
70+ 
88+ 
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85**** 

96+ 
95+ 
93+ 
76+ 
97+ 

- 
88**** 

38.5* 
- 

30.8*** 
30.9* 
35.9# 
27.7* 

- 

38.5* 
41.3# 

- 
32.9* 
37.6# 
32.3* 
40.4# 

+Leeson and Summers (2001), *Wiseman and Salvador (1991), ** Zumbado et al. (1999), ***Huyghebaert 
et al. (1988), ****Ortiz et al. (1998), #NRC (1994) 

Table 4a. Comparison of digestibility and metabolisable energy values of triglycerides in 
broiler chickens fed soybean oil and selected dietary fats/oils. 
 

Fatty acid Soybean 
oil2

Palm 
oil2

Sunflower
Oil3

Corn
Oil4 Tallow2 Lard5 Poultry 

oil4 
Lauric acid (C12:0)
Myristic acid (C14:0) 
Palmitic acid (C16:0) 
Palmitoleic acid (C16:1) 
Stearic acid (C18:0) 
Oleic acid (C18:1) 
Linoleic acid (C18:2) 
Linolenic acid (C18:3)
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-
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2 

1Values may not total 1000 g due to trace amounts of other fatty acids not reported or rounding of 
figures 
2Wiseman and Salvador (1991), 3Ortiz et al. (1998), 4Waldroup et al. (1995), 5Huyghebaert et al. (1988)  

Table 4b. Comparison of fatty acid composition of soybean oil with selected dietary fats/oils 
(g/kg total fatty acids)1. 

4. Chemical composition of commonly used soybean products in animal 
diets 
There are variations in the reported chemical composition of soybean products that can be 
attributed to differences in processing methods (Table 5). Also, genetic variations have been 
observed in the soybean biotypes of Glycine (Yen et al., 1971; Gu et al., 2010), which may vary 
in their chemical compositions. The use of soybean products in non-ruminant diets can give 
reasonable performance only if diets are formulated correctly or their anti-nutritive factors 
removed. In this regard, nutrient levels, bioavailability, and anti-nutritive factors and their 
effects on animal performance must all be considered in determining the usefulness of any 
of the soybean products as a feed ingredient. Table 5 shows composition of some soybean 
products commonly used in animal feed. It is clear that soybean is a source of high protein 
content and quality as well as energy with little or no ANFs. It appears the quality of 
soybean proteins improves when subjected to multiple processing procedures. This is 
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shown by increases in concentrations of limiting essential amino acids such as lysine and 
methionine for monogastric animals (Table 5). However, the cost of such improved products 
may limit their use in animal feeds. 
 

 Full-fat 
soybean 

Soybean
Meal 

Soy protein 
concentrate 

Soy protein 
isolate 

Dry matter 89.4 87.6 - 89.8 91.8 93.4 
Crude protein 37.1 43.9 - 48.8 68.6 85.9 
Crude fibre 5.1 3.4 - 6.3 1.7 1.3 
Ether extract 18.4 1.3 - 5.7 2.0 0.6 
Ash 4.9 5.7 - 6.3 5.2 3.4 
NDF 13.0 10.0 - 21.4 13.5 - 
ADF 7.2 5.0 - 10.2 5.4 - 
ADL 4.3 0.4 - 1.2 0.4 - 
Starch 4.7 3.3 - 7.0 - - 
Total sugars - 9.1 - 9.3 - - 
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Table 5. Per cent composition of some soybean products used in animal feed. 

4.1 Anti-nutritive factors  
Anti-nutritive factors are natural compounds in feedstuffs that impair utilisation of 
nutrients with consequent undesirable effects on animal performance. The ANFs in 
soybeans exert a negative impact on the nutritional quality for animals (Table 6). 
Fortunately, those ANFs with significant impact such as trypsin inhibitors and lectins are 
easily destroyed by heat. Of lesser significance are the anti-nutritional effects produced by 
relatively heat stable factors, such as goitrogens, tannins, phytoestrogens, oligosaccharides, 
phytate, and saponins (Liener, 994). Heat stable ANFs with the exception of 
oligosaccharides and the antigenic factors are low in soybeans and not quite likely to cause 
problems under practical feeding conditions. The removal of the oligosaccharides and 
antigens in the manufacture of soybean protein concentrates further improves the 
nutritional value. 
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Anti-nutritional factor Mode of action Method of detoxification 

Protease inhibitors 

Combines with trypsin or 
chymotrypsin to form an inactive 
complex and lower protein 
digestibility 
Causes hypertrophy of the pancreas 
Counteracts feedback inhibition of 
pancreatic enzyme secretion by 
trypsin

Heat treatment 
Germination 
Fermentation 

Lectins 
(Phytohaemagglutinins) Agglutinates red blood cells Heat treatments 

Anti-vitamin factors 
(rachitogenic factor and 
anti-vitamin B12 factor)

These factors render certain vitamins 
(e.g. vitamins A, B12, D, and E) 
physiologically inactive

Cooking
Supplementation of 
vitamins

Goitrogens Enlargement of the thyroid 
Heat treatment in some 
cases 
Administration of iodide 

Metal-binding factors 
(phytate) 

These factors decrease availability of 
certain minerals (e.g. P, Cu, Fe, Mn, 
Zn) 

Heat treatment 
Addition of chelating 
agents 
Use of enzymes 

Saponins Bitter taste, hemolyze red blood cells Fermentation 

Estrogens Cause an enlargement of the 
reproductive tract  

Cyanogens Cause toxicity through the poisonous 
hydrogen cyanide Cooking 

Oligosaccharides Impair digestion (e.g. intestinal 
cramps, diarrhoea, and flatulence) Ethanol/water extraction 

Antigens 
(glycinin and β-
conglycinin) 

Cause the formation of antibodies in 
the serum of calves and piglets. 
Prevent proliferation of beneficial 
bacteria in the GIT

Ethanol/water extraction 

Sources: Liener (1977), Ensminger and Olentine Jr (1978), Peisker (2001) 

Table 6. Anti-nutritive factors in soybeans. 

Soybean meal contains high levels of phosphorus, but much of it is present in a complex 
form due to the presence of phytic acid. However, the use of phytase can increase 
phosphorus retention by 50% and reduction in excretion by 42% (Lei et al., 1993). 

5. Utilisation of soybean in animal production 
The major farmed animal species diets containing soybean include poultry, pigs, cattle and 
aquatic. The global animal feed production by species a decade ago included pigs (31%), 
broiler (27%), dairy cattle (17%), beef cattle (9%), layer (8%), aquatic (5%) and 3% of others 
(Hoffman, 1999). Thus soybean meal is used relatively more in some types of animal feed 
than in others. The major aim is to provide high quality protein to poultry and pigs.  
Of all plant protein sources, soybean cultivation alone occupies most land needed for 
production of animal products. For example, soybean meal is used extensively in animal 
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compound feed in the United States (Table 7a) and European Union (Table 7b). The annual 
EU livestock consumption alone demands soybean acreage of 5.0 million hectares in Brazil 
and 4.2 million hectares in Argentina (Table 7c). 
 

Species Million metric tons Percent of total 
Poultry – broilers 12.36 44
Poultry – layers 1.88 7
Swine 6.69 24
Cattle – beef 3.45 13
Cattle – dairy 1.61 6
Pet animals 0.74 3
Aquaculture 0.18 1
Other 0.65 2
Total 27.56 100

Source: United Soybean Board (1999/2000) 

Table 7a. Utilisation of soybean meal by livestock in the United States 
 

Type of animal 
compound feed 

Production 
volume (1,000 

tonnes)

Estimated soy 
bean meal 

content (%)

Volume of soybean 
meal in compound 
feed (1,000 tonnes) 

Cattle – meat 12,148 13.9 1,683 
Cattle – dairy 27,852 10.4 2,893 
Pigs 51,440 28.8 14,815 
Poultry – broilers 30,929 36.8 11,389 
Poultry – layers 15,532 22.4 3,477 
Other animals (e.g. sheep, 
goats, ducks, etc) 9,522 16.6 1,577 
Total 147,423 24.3 35,834 

Source: PROFUNDO (2008) 

Table 7b. Soybean meal used in types of animal compound feed in the European Union-27. 
 

Livestock 
product 

Soybean 
Equivalent1 

(1,000 tonnes)

Acreage 
(ha) 

Country of 
origin 

Soybean 
Equivalent 

(1,000 tonnes)1

Acreage 
(ha) 

Beef and veal 1,557 595,519 United States 2,102 781,256 
Milk 621 237,642 Canada 463 182,290 
Pork 10,341 3,956,061 Argentina 11,450 4,240,559 
Poultry meat 7,934 3,035,314 Brazil 12,789 4,995,608 
Eggs 3,247 1,242,109 Paraguay 585 263,553 
Cheese 1,156 442,402 Uruguay 53 26,319 
Other products 2,764 1,057,330 Other 

countries 180 76,791 
Total 27,620 10,566,377 Total 27,621 10,566,377 
Source: PROFUNDO (2008) 1,000 tonnes of soybean meal = 771 tonnes of soybeans. 

Table 7c. Soybean acreage needed for livestock consumption in the European Union-27 and 
by country of origin. 
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(glycinin and β-
conglycinin) 
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Sources: Liener (1977), Ensminger and Olentine Jr (1978), Peisker (2001) 

Table 6. Anti-nutritive factors in soybeans. 

Soybean meal contains high levels of phosphorus, but much of it is present in a complex 
form due to the presence of phytic acid. However, the use of phytase can increase 
phosphorus retention by 50% and reduction in excretion by 42% (Lei et al., 1993). 

5. Utilisation of soybean in animal production 
The major farmed animal species diets containing soybean include poultry, pigs, cattle and 
aquatic. The global animal feed production by species a decade ago included pigs (31%), 
broiler (27%), dairy cattle (17%), beef cattle (9%), layer (8%), aquatic (5%) and 3% of others 
(Hoffman, 1999). Thus soybean meal is used relatively more in some types of animal feed 
than in others. The major aim is to provide high quality protein to poultry and pigs.  
Of all plant protein sources, soybean cultivation alone occupies most land needed for 
production of animal products. For example, soybean meal is used extensively in animal 
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compound feed in the United States (Table 7a) and European Union (Table 7b). The annual 
EU livestock consumption alone demands soybean acreage of 5.0 million hectares in Brazil 
and 4.2 million hectares in Argentina (Table 7c). 
 

Species Million metric tons Percent of total 
Poultry – broilers 12.36 44
Poultry – layers 1.88 7
Swine 6.69 24
Cattle – beef 3.45 13
Cattle – dairy 1.61 6
Pet animals 0.74 3
Aquaculture 0.18 1
Other 0.65 2
Total 27.56 100

Source: United Soybean Board (1999/2000) 

Table 7a. Utilisation of soybean meal by livestock in the United States 
 

Type of animal 
compound feed 

Production 
volume (1,000 

tonnes)

Estimated soy 
bean meal 

content (%)

Volume of soybean 
meal in compound 
feed (1,000 tonnes) 

Cattle – meat 12,148 13.9 1,683 
Cattle – dairy 27,852 10.4 2,893 
Pigs 51,440 28.8 14,815 
Poultry – broilers 30,929 36.8 11,389 
Poultry – layers 15,532 22.4 3,477 
Other animals (e.g. sheep, 
goats, ducks, etc) 9,522 16.6 1,577 
Total 147,423 24.3 35,834 

Source: PROFUNDO (2008) 

Table 7b. Soybean meal used in types of animal compound feed in the European Union-27. 
 

Livestock 
product 

Soybean 
Equivalent1 

(1,000 tonnes)

Acreage 
(ha) 

Country of 
origin 

Soybean 
Equivalent 

(1,000 tonnes)1

Acreage 
(ha) 

Beef and veal 1,557 595,519 United States 2,102 781,256 
Milk 621 237,642 Canada 463 182,290 
Pork 10,341 3,956,061 Argentina 11,450 4,240,559 
Poultry meat 7,934 3,035,314 Brazil 12,789 4,995,608 
Eggs 3,247 1,242,109 Paraguay 585 263,553 
Cheese 1,156 442,402 Uruguay 53 26,319 
Other products 2,764 1,057,330 Other 

countries 180 76,791 
Total 27,620 10,566,377 Total 27,621 10,566,377 
Source: PROFUNDO (2008) 1,000 tonnes of soybean meal = 771 tonnes of soybeans. 

Table 7c. Soybean acreage needed for livestock consumption in the European Union-27 and 
by country of origin. 
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6. Future challenges of soybean utilisation in animal diets 
Future challenges confronting soybean utilisation in animal diets have been discussed by 
Kerley and Allee (2003). The major challenges include the following: 
 Increased demand for vegetable oil for biodiesel production may in turn reduce overall 

production of soybean in favour of other oilseed crops that produce more oil per acre. 
For instance, soybean produces about 36 litres of oil per acre compared to 72 litres of 
safflower, 84 litres of sunflower and 108 litres of canola (United Soybean Board, 2011). 
Even though the nutritional values of meals from these oilseeds are lower than that of 
soybean, the increased value of the oil may shift production to these crops at the 
expense of soybean. 

 Competition between the bio-fuel industry and animal agriculture has increased the 
prices of feed ingredients with consequent increase in feeding cost. Also, by-products 
from ethanol and biodiesel production (e.g. distillers dried grains with soluble) are now 
competing with maize and soybean meal for their place in animal diets. 

 Demands on animal production exerted by environmental regulations as a result of 
nitrogen waste, malodour and excretion of phosphorus into the environment by the use 
of soybean in diets. 

 Pressures to improve nutritional value of soybean through breeding to modify aspects 
such as anti-nutritive factors, fatty acid profile, and oligosaccharide or protein synthesis 
in order to allow greater levels of soybean meal in animal diets. 

7. Conclusion 

Soybean is the major vegetable protein source in the animal feed industry. Its universal 
acceptability in animal feed is as a result of important attributes such as relatively high 
protein content and suitable amino acid profile except methionine, minimal variation in 
nutrient content, ready availability year-round, and relative freedom from intractable anti-
nutritive factors if properly processed, limited allowable uses of animal proteins in feed and 
its relatively low cost. Therefore, its production and consumption will continue to grow as a 
preferred source of alternate high quality protein in animal diets.  
Commonly used soybean products as protein source in animal feed are soybean meal, full-
fat soybean and soybean protein concentrates, which are obtained through various heat 
processing methods that reduce anti-nutritive factors present such as trypsin inhibitors and 
lectins. Of these products, soybean meal is most preferred due to its relatively low cost. It is 
used extensively in feeds for poultry, pigs and cattle. 
 Soybean is also a major source of vegetable fat in animal feed. Feed-grade soybean oil is 
popularly used in high energy diets, particularly for poultry, because of its high digestibility 
and metabolisable energy content compared with other vegetable fats/oils. 
Soybean production and utilization for animal feed is bound to face future challenges as a 
result of increased demand of vegetable oil for biofuel production; of which soybean is less 
competitive. There is also increased research to use co-products from biofuel production as 
substitutes for soybean meal in animal diets. Thus, there is a need to overcome these and 
other challenges in order not to jeopardise cheap meat production for ever increasing world 
population. 
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1. Introduction 

The cultivation of edible mushrooms is a biotechnological process that uses various residues 
to produce food of high nutritional value. It is an activity of economical importance, in 
particular, the production of Agaricus, Pleurotus and Lentinus species (Guzmán et al., 1993). 
Nutraceutical properties of mushrooms are increasing its economic value. The cultivation of 
mushrooms can be a solution to problems of global importance, such as the lack of protein 
in developing countries and the possibility of environmental management. The use of 
organic materials for growing mushrooms is an indication of its extraordinary metabolic 
activity.  
In the Amazon region there are large amounts of wood and agricultural residues whose 
potential has been underestimated. In the timber industry, raw material waste can be as 
high as 60%. In the agricultural industry there is no data on how much waste their activities 
produce. Vianez and Barbosa (2003), suggest several alternatives for the use of wood 
residues, including the use for the cultivation of edible mushrooms. This activity could 
contribute to a sustainable regional development. In this way, the objective of this study is 
to study the feasibility of using sawdust supplemented with soy bran for growing L. 
strigosus, a native mushroom of the Amazon region. 

2. Literature review 
The fungus proposed in the present study is a wild edible and a wood decomposer (white-
rot fungus), whose domestication was sought for the production of mushroom. As there is 
no cultivation of this fungus with the proposed wild strain, for comparison in the literature 
review, a parallel association was made with the cultivation of species of edible fungi of 
related genera that have similar physiology and cultivation conditions, being considered 
mainly the genera Lentinus and Pleurotus. 
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2.1 History 
Fossil finds have revealed that fungi exist since the Cretaceous period (approximately 130 
million years ago), long before humanity (Chang, 1993). Fungi (mushrooms), also called 
macromycets, belong to the Fungi Kingdom, being known by man since the most remote 
period of human history. Edible mushrooms were first collected by man in China and dates 
from 5000-4000 BC. (Zhanxi and Zhanhua, 2001). It is estimated that the first cultivation of 
edible mushrooms in China started in the early 7th century, with the species Auricularia 
auricula (Chang and Miles, 1987). China is a country with a long tradition in cultivation and 
consumption of mushrooms and according to Zhanxi and Zhanhua (2001), it has more than 
ten species of fungi which are currently cultivated in several countries of the world. That 
country is a pioneer in the cultivation and consumption of edible and medicinal 
mushrooms, followed by Japan, Europe and The United States (Urben et al., 2001).  
Edible mushrooms were described as the "food of the Gods" and as such, confirmed by 
Roman gourmets who appreciated them as a kind of spice. The Chinese considered them as 
the "elixir of life". The Greeks believed that the mushrooms were able to give strength to 
warriors in battles and the Egyptian pharaohs also nourished themselves on these spices 
(Chang and Miles, 1984). Mushrooms had a wide acceptance, and some species are 
considered as "Kings of the dining table" or "kitchen diamonds” (Zhanxi and Zhanhua, 
2001). 
The Greeks Euripides, Theophrastus and Plinio have described the consumption of edible 
mushrooms in their time (Guzmán et al., 1993). In some societies, the mushroom was a royal 
food, probably by its pleasant flavor and texture (Miles and Chang, 1997).  
The Romans knew several edible and poisonous fungi. There is a story about the Emperor 
Julius Caesar who was very fond of Amanita caesarea mushroom, whose scientific name was 
a homage to him and for that reason, it became known as "Mushroom of the Caesars" 
(Guzmán et al., 1993).  
According to Molena (1986), the species Polyporus tuberoster (fungaie stone) and Polyporus 
corilinus are among the first cultivated mushrooms, collected from the wood of hazels and 
eucalyptus. These fungi were consumed in 4-5 cm slices, and their production demanded 
about six months, yielding sometimes one or two mushrooms at a time. There was neither 
any knowledge about their nutritional requirements, nor about their growth cycle. The only 
thing that was known was that rubbing a mature mushroom on those woods, and leaving 
them in a wet environment during a particular period of the year could produce appreciable 
mushrooms (Molena, 1986). 
During the Roman Empire the fungaie stone (stone that produces the mushroom) appeared 
in Italy, which was composed of a cluster of humus, leaves, twigs and limestone rocks, 
forming a compact mass, which was cut in blocks in the form of bricks and transported to 
the royal palaces. They were kept in a damp place and irrigated daily until harvest time to 
serve the senators and other members of the Roman aristocracy (Molena, 1986). In France, 
the mushroom cultivation began during the reign of Luis XIV, according to Molena (1986). 
However, the cultivation of Agaricus bisporus, the "Champignon de Paris", the most widely 
cultivated and commercialized species, has been produced since about 1650 (Delmas, 1978; 
Chang and Miles, 1984).  
With the advances of knowledge and technology of mushroom cultivation, commercial 
production of dozens of species became viable in several countries in recent decades 
(Guzmán et al., 1993; Stamets, 1993; 2000; Vedder, 1996; Eira, 2000), reaching a production of 
approximately 4.3 million tons of edible mushrooms in 1991 (Miles and Chang, 1997). The 
world current production  is around 6.2 million tons (Chang, 2003).  
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2.2 An overview of the commercial cultivation of edible fungi in the world and in Brazil  
After World War II, the edible mushroom industry grew from 350,000 tons in 1965 to 4.3 
million tons in 1991, from which 3.4 million tons belong to the six most worldwide 
important genera: Agaricus, Pleurotus, Lentinula, Auricularia, Volvariella and Flammulina. The 
major producers are China, Japan, USA and France (Miles and Chang, 1997). The most 
cultivated genera are Agaricus, Pleurotus and Lentinula. This increase was due to several 
factors, among them:  a) the increase in the number of species on a commercial scale; b) the 
development of cultivation techniques using plastic bags, which allowed many wood 
decomposers edible fungi to be grown on lignocellulosic residues, preferably the cultivation 
on logs, reducing considerably the cultivation time; c) due to the marketing techniques 
highlighting the nutritional merits of mushrooms as an important part of the diet, so they 
wouldn’t be marketed as simple accompaniments or delicacies, but as a food of high 
nutritional value (Miles and Chang, 1997).  
The literature cites approximately 200,000 species of fungi existing in the world, from which, 
about 2,000 are potentially edible species. However, only 25 of them are commonly used as 
food, and fewer still are commercially cultivated (Chang and Miles, 1984; Chang, 1980; 
Bononi, 1999).  
In the early 1980s, only Agaricus bisporus (Champignon de Paris) and other species of this 
genus and "shiitake" (Lentinus edodes, currently named Lentinula edodes) had a modern 
technology for commercial production, where 70% of the world production was represented 
by Agaricus and 14% by Lentinula (Chang and Miles, 1984). However, according to the same 
authors, the world's attention is turning to the development of new technologies for 
different species of worldwide known edible mushrooms, especially considering the 
difficulties of production in tropical and subtropical climates. Special technologies are being 
developed in several countries allowing the cultivation of: Volvariella volvaceae in China, 
Taiwan, Japan, Philippines and Indonesia; Kuehneromyces mutabilis, Flamulina velutipes, 
Hypholoma capnoides and Coprinus comatus in some countries of Europe and Asia; Pleurotus 
ostreatus in Italy, Hungary, West Germany, Mexico and Brazil (Chang and Miles, 1984; 
Guzman et al., 1993; Eira and Minhoni, 1997; Bononi et al., 1999; Zhanxi and Zhanhua, 2001; 
Urben et al., 2001). This way, the overview of the world production has changed suddenly, 
showing a considerable increase in cultivation and consumption of Pleurotus as reported by 
Eira (1997) adaptated by Fermor (1993).  
An adaptation based on Fermor (1993), made by Eira et al. (1997), the world production of 
cultivated mushrooms in the early 1990s was 1,424,000 tons for Agaricus bisporus, 900,000 
tons for Pleurotus spp, 393,000 tons for L. edodes and 887,000 tons for other mushrooms, 
representing, respectively, 39.51%, 24.98%, 10.91% and 24.61%. The current trend is to 
increase production.  
Concerning the production of mushrooms in Brazil, there is not a precise documentation 
that could allow us to determine when the cultivation of mushrooms started in the country 
(Fidalgo and Guimarães, 1985). Its popularization in the Center-South region of Brazil dates 
back to 50 years ago. Bononi (1999) reports that the cultivation of champignon (Agaricus) 
began in 1953, when the Chinese immigrants settled in Mogi das Cruzes and the  Italian 
Oscar Molena in Atibaia, brought technology and imported strains of their countries. For 
Molena (1985), mushroom cultivation began in 1953 and developed after the poultry crisis in 
the period of 1955-1959, when breeders began to use chicken sheds for the cultivation of 
mushrooms, without proper technical conditions. 
The commercial cultivation of edible fungi in Brazil is limited to Agaricus bisporus 
(champignon), Lentinula edodes (shiitake) and Pleurotus spp, known as oyster mushroom, 
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cultivated and commercialized species, has been produced since about 1650 (Delmas, 1978; 
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giant mushroom or caetetuba (Bononi et al., 1999; Eira, 2000). Varieties or strains of 
mushrooms of the Pleurotus genus gave origin to the "hiratake" (mushrooms with very large 
basidiocarp, harvested in mature stage with opened basidiocarps, before they turn their 
edges upwards and with more than 5 cm in diameter) and the "shimeje" (with long stipes, 
harvested with their basidiocarps very young and dark, smaller than 5 cm, and can be 
harvested in bunches) (Eira and Minhoni, 1997). 
There are few Brazilian research reports about the subject, and the Botanical Institute of São 
Paulo was one of the pioneers, creating a research center of edible mushrooms in Mogi das 
Cruzes in 1985 and a teaching, research and extension nucleus was created in the Faculty of 
Agronomic Sciences/UNESP in Botucatu, in 1986, named Module of Mushrooms (Eira, 
2000). Other centers are springing up in many universities and research institutions. 
The production of edible mushrooms in Brazil is difficult to be evaluated. Producers give 
preference (90%) to the cultivation of A. bisporus, (Bononi et al., 1999). Among producers, the 
majority, almost 90%, are from the East of Taiwan, China, Korea, Japan, working in small 
properties, in a family system, with all family members operating in all stages of cultivation, 
in a collective way. The region of the city of Mogi das Cruzes, São Paulo, is responsible for 
approximately 70% of the edible mushrooms commercialized in Brazil. The remainder are 
produced by other municipalities, most of them also in São Paulo, Ribeirão Pires, Suzano, 
Cabreúva, Atibaia, Mariporã, Sorocaba (Bononi et al., 1999; Souza, 2011). There are some 
important producers in Porto Alegre and some producing installations in southern Minas 
Gerais and Paraná States.  
In 1990, the production of Mushrooms was only 3,000 tons according to Eira et al. (1997), 
being estimated at 10,000 tons per year until 1997. According to the APAN (Natural 
Agriculture Producers Association), the Brazilian production of shiitake in late 1995 among 
its associates, was approximately six tons per month. The official data are underestimated, 
because they include only the mushrooms marketed by CEAGESP (General Supply Center 
of São Paulo State) and those intended for export, which are recorded by the CACEX-
Department of Foreign Trade (Eira et al., 1997; 2004; Bononi et al., 1999). It is known, 
however, that significant amounts are marketed directly by the producers with restaurants, 
pizzerias, snack bars and other establishments, as well as street markets.  
Brazilian productivity of Agaricus bisporus "Champignon de Paris" in Mogi das Cruzes (in 
São Paulo State) until 2000 was of the order of 5 to 7 kg of fresh mushrooms/100 kg of moist 
substrate (4 to 6 kg of fresh mushroom/m2) (Eira, 2000). In Europe, however, in countries 
such as Belgium, Holland, Germany and France, the average productivity of mushroom at 
that time was 30 kg/100 kg of substrate.  
Currently in Brazil, farms with more technology get on average a productivity (substrate 
conversion in mushrooms) for “Champignon de Paris” ranging from 18 to 24% in 20 to 30 
days of the crop cycle. In more rustic crops this conversion varies from 12 to 15% in 70 to 90 
days. While the numbers seem to have greatly increased, yet it is little when compared to 
Asian and European productions, where they manage 30 to 40% of conversion (Souza, 2011).  
Even today there are no official data concerning the production of mushrooms in Brazil, but 
some unofficial sources report that 12,050 tons a year of mushrooms "in natura" (table 1). 
Since 1995, there is an annual import of 12,000 tons per year, on average, most of it cooked 
Agaricus bisporus, to meet market demand. Therefore, it can be concluded that, Brazilian 
consumption is much higher than its production, reaching 24,050 tons per year. In this 
context Brazilian people consume around 130 g per capita (Souza, 2011). The world 
production is around 6.2 million tons (Chang, 2003). 
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Agaricus bisporus 8,000 ton 
Pleurotus ostreatus 2,000 ton 
Lentinula edodes 1,500 ton 
Agaricus blazei 500 ton 
Other species 50 ton 

Table 1. Annual production of mushrooms in Brazil. Source (Souza, 2011).  

2.3 The importance of fungi 
The importance of fungi is unlimited in the terrestrial ecosystem and consequently in man’s 
life. However, these organisms can be beneficial or not, according to the results of their 
actions. If we consider the decomposing action of fungi on food and the associated 
production of toxic substances (mycotoxins), the decomposition of other materials such as 
wood, pathogenicity caused to plants, animals and man, this is the negative aspect of it. On 
the other hand, if we consider the important role in the decomposition, which along with 
other microorganisms, participate in the mineralization of organic matter, as well as the 
symbiosis with plants in the process of mycorrhizae formation, bioremediation, biological 
control, food, and medicinal properties, one can see the positive side of these organisms.  
In nature, the fungi do not participate only in the role of providing a food source for 
humans and other animals; they also play an important role in the cycling of carbon and 
other elements, by breaking the lignocellulosic residues and animal excrements which serve 
as a substrate for saprophytic fungi. This way, these decomposing agents play a very 
important environmental role along with other organisms, complementing the cycling of 
plants and animals. Simultaneously, they produce multiple enzymes that degrade complex 
substances that allow the absorption of soluble substances used for their own nutrition 
(Chang, 1993).  
Trufem (1999) and Matheus and Okino (1999) highlight the importance of fungi in the 
context of biotechnology, where they are widely used in the food industry, pharmaceutical 
industry, bioremediation, in biosorption (removal of heavy and radioactive metals), in 
agriculture as arbuscular mycorrhizal fungi (AMF), where they are used in techniques that 
help the development of plants of economic interest, biological control, xenobiotics 
biodegradation, bioremediation of the soil, treatment of industrial effluents and 
bioconversion of lignocellulosic residues.  
One of the most important processes from an economic point of view is the use of fungi in 
the conversion of lignocellulosic residues in edible mushrooms by fungus X substrate 
interaction, enabling the solid fermentation process, through enzymatic system of these 
microorganisms (Matheus and Okino, 1999).  
The cultivation of edible mushrooms has become an increasingly important practice in 
modern society due to the biotechnological process of bioconversion of various residues in 
edible mushrooms or in dietary supplements of high nutritional value, enabling a more 
efficient utilization of materials, besides, it can reduce the volume of waste or accelerate the 
decomposition process. This way, the residual substrate obtained from the cultivation of 
edible mushrooms can also be used as soil conditioner, natural fertilizer, or food for animals, 
closing the exploitation cycle of raw materials (Miles and Chang, 1997), which today is 
called "zeri" technology, trying to get the maximum use of such material, eliminating the 
residue of the residue (Chang, 2003). 
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2.3.1 Nutritional importance  
Man has constantly realized the nutritional value of mushrooms, as well as their healthy 
properties compared to other foods, such as red meat, where mushrooms are more 
advantageous and important as they are great sources of carbohydrates, proteins, mineral 
salts, vitamins and essential amino acids, which can help to maintain a good nutritional 
balance (Crisan and Sands, 1978; Garcia et al., 1993; Miles and Chang, 1997). 
Nutritional Analyses of mushrooms have shown their importance. They contain more 
protein than vegetables. Sources of protein such as meat, chicken, have a high level of 
cholesterol and fat, which are known to cause increase in weight and cardiovascular 
diseases. For this reason, the proteins from other sources became more popular in recent 
years, such as proteins from fungi, algae, bacteria and yeast (Lajolo, 1970; Chang and 
Haynes, 1978; Urben et al., 2003). 
Studies carried out by Lintzel (1941; 1943), according to  Crisan and Sands (1978), indicated 
that approximately 200 g of mushrooms (dry weight) are sufficient to feed a normal human 
being weighing approximately 70 Kg, providing a good nutritional balance. Nutritionally, 
these macrofungi are a good food source. The composition of fats, carbohydrates, vitamins, 
etc., varies according to species, the cultivation method and also with the substrate used in 
cultivation (Crisan and Sands, 1978; Przybylowicz and Donoguue, 1990; Bononi et al. 1999; 
Miles and Chang, 1997; Andrade, 2007). 
Mushrooms are excellent foods for the diets, because they nourish and do not accumulate 
fat in the organism. They are sources of all essential and some nonessential amino acids. 
They contain minerals like calcium, potassium, iodine, phosphorus and vitamins including 
thiamine, riboflavin, niacin, and ascorbic acid, and others related to the B complex (Molena, 
1986; Miles and Chang, 1997 Bononi et al., 1999). They also have a high unsaturated fat 
content (Miles and Chang, 1997).  
Mushrooms with larger nutrition index (based on essential amino acid index) have 
nutritional value similar to meat and milk, while those with a smaller nutrition index 
compare to some vegetables such as carrots and tomatoes. The nutritional index of these 
fungi outperforms those of plants and vegetables, except soy (Crisan and Sands, 1978). In 
general, the protein content of fresh mushrooms is twice higher than cabbage, four times 
greater than the content of protein of the orange and twelve times that of the Apple (Chang, 
1980). 
Research carried out in India by Garcia, et al. (1993), where the authors compared the 
nutritional levels of Agaricus and Pleutotus, revealed the importance of the amino acids of 
these mushrooms for people that are lacking animal protein, for religious reasons, and 
whose main food source comes from vegetables and grains usually poor in essential amino 
acids. Food supplementation with mushrooms is of fundamental importance in the diet of 
this kind of people. 
In addition, there is also a great interest in the cultivation of the mycelium in a submerged 
condition to obtain flavoring and fragrant compounds of great value to the food industry. 
For this purpose, the mycelium is grown submerged, using a variety of substrates, 
according to the type of the desired compound. This flavoring property is characteristic of 
some lignolitic mushrooms, such as the Pleurotus genus (Gurtiérrez et al., 1994)  

2.4 Factors inherent to the nutritional needs of the mushroom 
2.4.1 Carbon 
The main source of carbon and energy of a plant tissue, used by fungi for their 
development, are the polysaccharides and lignin in the cell wall, although other polymeric 
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compounds such as lipids and proteins can also be used. Approximately 50-60% of the dry 
weight of wood is made of cellulose; 10-30% of hemicellulose and 20-30% of lignin. 
Cellulose, which is attacked by both brown-rot fungi as well as white-rot fungi, is made up 
of glucose molecules. On the other hand, the hemicellulose consists of molecules of 
arabinnose, galactose, mannose, xylose and uronic acids. The lignin has a more complex 
structure and has not yet been fully described, being basically units of phenyl-propane with 
a benzene ring bonded to a hydroxyl group and one or two metoxilic groups. The links in 
this molecule are highly resistant to chemical degradation. Therefore, there are few 
microorganisms that can use this substance for their nutrition (Mason, 1980).  
In relation to the degradation of wood and other lignocellulosic materials, it is generally 
known that the most efficient natural decomposers of lignin are the white rot-fungi, which 
are mostly the basidiomycets. This name comes from the white color that wood acquires in 
advanced stages of degradation (Capelari, 1996). Such organisms degrade cellulose, 
hemicellulose and lignin, but the lignin is preferentially attacked and these are the only 
organisms able to metabolize the molecule of lignin in CO2 and water (Zadrazil, 1978). The 
degradation is derived from the excretion of enzymes metabolized through the hyphae of 
fungi (Miles and Chang, 1997). 
As a typical white-rot fungi, with decomposing activities of wood, the fungus studied in this 
work: Lentinus strigosus, grows in nature, in favorable conditions, and produces mushrooms 
through the degradation of the wood substrate or any substrate containing cellulose. From 
this degradation, the fungi can absorb the nutrients needed for their development and 
reproduction. The success of mushroom production depends on the understanding of the 
biology of the fungus and how the environment can influence its growth and development. 
The domestication of a strain is not a very easy task, when trying to reproduce in the 
laboratory the ideal conditions for its development, which requires preliminary tests to try 
to understand its physiology. 

2.4.2 Nitrogen 
Although wood is the natural substrate for fungi, this substrate does not have a high 
nitrogen content, and this is necessary for the synthesis of all nitrogen compounds (proteins, 
purines, pyrimidines and the cell wall chitin of the fungus). The main sources are: salts of 
ammonia, nitrate, urea nitrogen, and organic compounds like amino acids (Miles and 
Chang, 1997). However, the need for nitrogen by wood-rot fungi is not very great. 
It should be taken into account that when using a salt as a source of nitrogen, there is the 
release of the ion that integrates the substrate molecules, and this can change the pH of the 
medium if it is not metabolized at the same rate as nitrogen, since an accumulation of this 
ion will take place. The same phenomenon occurs when other salts are used as a 
supplement. Therefore, the various species and strains may respond differently to the 
addition of these supplements. Urea, ammonia phosphate, tartarate of ammonia and 
potassium nitrate, apparently are those with best results according to a research carried out 
by Maziero (1990). Peptone provides better growth of the fungus when compared with other 
sources of organic nitrogen. 
Some authors (Rangaswami et al., 1975; Ginterová and Lazarová, 1987) cited by Maziero 
(1990), argued that Pleurotus has the ability to fix atmospheric nitrogen into organic 
compounds, because some experiments conducted with pasteurized substrates showed that 
the total nitrogen content has increased. Kurtzman (1979), cited by Maziero (1990) however, 
discussed the improbable ability of an eukaryote organism to fix nitrogen. The author 



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

232 

2.3.1 Nutritional importance  
Man has constantly realized the nutritional value of mushrooms, as well as their healthy 
properties compared to other foods, such as red meat, where mushrooms are more 
advantageous and important as they are great sources of carbohydrates, proteins, mineral 
salts, vitamins and essential amino acids, which can help to maintain a good nutritional 
balance (Crisan and Sands, 1978; Garcia et al., 1993; Miles and Chang, 1997). 
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cultivation (Crisan and Sands, 1978; Przybylowicz and Donoguue, 1990; Bononi et al. 1999; 
Miles and Chang, 1997; Andrade, 2007). 
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fat in the organism. They are sources of all essential and some nonessential amino acids. 
They contain minerals like calcium, potassium, iodine, phosphorus and vitamins including 
thiamine, riboflavin, niacin, and ascorbic acid, and others related to the B complex (Molena, 
1986; Miles and Chang, 1997 Bononi et al., 1999). They also have a high unsaturated fat 
content (Miles and Chang, 1997).  
Mushrooms with larger nutrition index (based on essential amino acid index) have 
nutritional value similar to meat and milk, while those with a smaller nutrition index 
compare to some vegetables such as carrots and tomatoes. The nutritional index of these 
fungi outperforms those of plants and vegetables, except soy (Crisan and Sands, 1978). In 
general, the protein content of fresh mushrooms is twice higher than cabbage, four times 
greater than the content of protein of the orange and twelve times that of the Apple (Chang, 
1980). 
Research carried out in India by Garcia, et al. (1993), where the authors compared the 
nutritional levels of Agaricus and Pleutotus, revealed the importance of the amino acids of 
these mushrooms for people that are lacking animal protein, for religious reasons, and 
whose main food source comes from vegetables and grains usually poor in essential amino 
acids. Food supplementation with mushrooms is of fundamental importance in the diet of 
this kind of people. 
In addition, there is also a great interest in the cultivation of the mycelium in a submerged 
condition to obtain flavoring and fragrant compounds of great value to the food industry. 
For this purpose, the mycelium is grown submerged, using a variety of substrates, 
according to the type of the desired compound. This flavoring property is characteristic of 
some lignolitic mushrooms, such as the Pleurotus genus (Gurtiérrez et al., 1994)  

2.4 Factors inherent to the nutritional needs of the mushroom 
2.4.1 Carbon 
The main source of carbon and energy of a plant tissue, used by fungi for their 
development, are the polysaccharides and lignin in the cell wall, although other polymeric 
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compounds such as lipids and proteins can also be used. Approximately 50-60% of the dry 
weight of wood is made of cellulose; 10-30% of hemicellulose and 20-30% of lignin. 
Cellulose, which is attacked by both brown-rot fungi as well as white-rot fungi, is made up 
of glucose molecules. On the other hand, the hemicellulose consists of molecules of 
arabinnose, galactose, mannose, xylose and uronic acids. The lignin has a more complex 
structure and has not yet been fully described, being basically units of phenyl-propane with 
a benzene ring bonded to a hydroxyl group and one or two metoxilic groups. The links in 
this molecule are highly resistant to chemical degradation. Therefore, there are few 
microorganisms that can use this substance for their nutrition (Mason, 1980).  
In relation to the degradation of wood and other lignocellulosic materials, it is generally 
known that the most efficient natural decomposers of lignin are the white rot-fungi, which 
are mostly the basidiomycets. This name comes from the white color that wood acquires in 
advanced stages of degradation (Capelari, 1996). Such organisms degrade cellulose, 
hemicellulose and lignin, but the lignin is preferentially attacked and these are the only 
organisms able to metabolize the molecule of lignin in CO2 and water (Zadrazil, 1978). The 
degradation is derived from the excretion of enzymes metabolized through the hyphae of 
fungi (Miles and Chang, 1997). 
As a typical white-rot fungi, with decomposing activities of wood, the fungus studied in this 
work: Lentinus strigosus, grows in nature, in favorable conditions, and produces mushrooms 
through the degradation of the wood substrate or any substrate containing cellulose. From 
this degradation, the fungi can absorb the nutrients needed for their development and 
reproduction. The success of mushroom production depends on the understanding of the 
biology of the fungus and how the environment can influence its growth and development. 
The domestication of a strain is not a very easy task, when trying to reproduce in the 
laboratory the ideal conditions for its development, which requires preliminary tests to try 
to understand its physiology. 

2.4.2 Nitrogen 
Although wood is the natural substrate for fungi, this substrate does not have a high 
nitrogen content, and this is necessary for the synthesis of all nitrogen compounds (proteins, 
purines, pyrimidines and the cell wall chitin of the fungus). The main sources are: salts of 
ammonia, nitrate, urea nitrogen, and organic compounds like amino acids (Miles and 
Chang, 1997). However, the need for nitrogen by wood-rot fungi is not very great. 
It should be taken into account that when using a salt as a source of nitrogen, there is the 
release of the ion that integrates the substrate molecules, and this can change the pH of the 
medium if it is not metabolized at the same rate as nitrogen, since an accumulation of this 
ion will take place. The same phenomenon occurs when other salts are used as a 
supplement. Therefore, the various species and strains may respond differently to the 
addition of these supplements. Urea, ammonia phosphate, tartarate of ammonia and 
potassium nitrate, apparently are those with best results according to a research carried out 
by Maziero (1990). Peptone provides better growth of the fungus when compared with other 
sources of organic nitrogen. 
Some authors (Rangaswami et al., 1975; Ginterová and Lazarová, 1987) cited by Maziero 
(1990), argued that Pleurotus has the ability to fix atmospheric nitrogen into organic 
compounds, because some experiments conducted with pasteurized substrates showed that 
the total nitrogen content has increased. Kurtzman (1979), cited by Maziero (1990) however, 
discussed the improbable ability of an eukaryote organism to fix nitrogen. The author 
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suggested the hypothesis that the spores of nitrogen fixing bacteria are stimulated to 
develop during the process of pasteurization of the substrate, generating bacteria 
responsible for the nitrogen fixation. 
Care should be taken to avoid excessive nitrogen supplements, which can inhibit the 
development of the fungus. Montini (2001) reports that tested substrates with high 
concentrations of cereal bran inhibited the formation of the mushroom and consequently, 
the number of cultivated mushrooms Lentinula edodes in axenic conditions (cultivation with 
substrate sterilized and under controlled environmental conditions). In Taiwan, the 
substrate for cultivation of Pleurotus mushroom is prepared with 84% of sawdust, 5% of rice 
bran, 5% wheat straw, 3% soya bran and 3% calcium oxide (Przybylowicz and Donoghue, 
1990). 

2.4.3 Mineral salts 
In general, the mineral elements necessary for the fructification of the mushroom are the 
same as those required by any cultivated plant, which are major elements and 
microelements (Molena, 1986). Phosphorus, potassium, magnesium and sulphur are major 
nutrients needed for the growth of various fungi (Miles and Chang, 1997). Molena, (1986), 
cites the calcium as one of these elements. In addition to increased growth of mycelium, 
some minerals such as sodium chloride, magnesium, and calcium also stimulate the early 
formation of fruiting bodies (Kurtman and Zadrazil, 1989). 
Among the more studied microelements (trace elements) and essential for the growth of 
many species of fungus are: iron, zinc, aluminium, manganese, copper, chrome and 
molybdenum (Molena, 1986; Miles and Chang, 1997). Experimentally, it is not easy to 
determine the required quantity of these elements because the element under test may be 
present in sufficient quantities in an impure form in any ingredient of the cultivation 
medium or may have been introduced through the inoculum. These elements are 
constituents or enzyme activators (Miles and Chang, 1997). 

2.4.4 Vitamins 
Vitamins play an important role in the metabolism of fungi, acting as coenzymes. Fungi are 
capable of producing sufficient quantities of most of the vitamins they need (Miles and 
Chang, 1997). 
Maziero (1990), in some studies testing several vitamins (Vitamin C, folic acid, calcium 
pantothenate, niacin, pyridoxine, riboflavin and thiamine) in relation to the mycelial growth 
of Pleurotus, observed a better growth of the mycelium on all vitamins tested, but the best 
result was to thiamine. Kurtzman and Zadrazil (1989) say that there is no need for the 
addition of thiamine or other vitamins in “not sterile” substrates, because the other present 
organisms will normally synthesize them. Molena, (1986) experimented various 
combinations of vitamins, but their high cost did not compensate for the increased 
production of mushrooms. (Eira and Minhoni, 1991), report that the vitamins and other 
growth factors are normally excreted by many microorganisms that live in synthrofy during 
composting, pasteurization and incubation of the substrate, therefore there was no need of 
vitamin supplements. 

2.5 Physical factors 
The growth and development of the fungus are not affected only by nutritional factors, but 
also by physical factors such as temperature, humidity, light, aeration and gravity. There is a 
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range that varies from minimum, maximum, and optimum growth in relation to these 
physical factors. Certainly these factors are influenced by other factors such as nutrition, 
medium conditions, genetic characteristics of the strain and mycelial growth stage (Miles 
and Chang, 1997). 

2.5.1 Temperature 
The influence of temperature on mycelial growth and production of fruiting bodies is 
dependent on the species and strains in question, i.e. there is an ideal temperature for the 
proper development of the metabolism of the fungus, which is a characteristic of each strain. 
Nonetheless, there is an interval that varies between 10-40 C, which must be respected, 
because exceeding these limits, it is going to cause the death of the mycelium (Maziero, 
1990). The optimum temperature for growth also varies with the purpose of cultivation. So, 
the ideal temperature to produce the fruiting body (Miles and Chang, 1997) is different from 
that intended for the production of metabolic products such as those intended for medicinal 
compounds as polysaccharides/polypeptides immune-regulatory compounds (PSPC). 
Temperature extremes are important in determining the survival and dispersion of species 
in nature (Miles and Chang, 1997).  
Kaufer (1935), cited by Maziero (1990) cultivated Pleurotus corticatus in laboratory and 
according to their results, the ideal temperature for the growth of mycelium was 27C. Clock 
et al., (1959) according to Maziero (1990), obtained a good growth of mycelium of P. ostreatus 
in the range of 22-31 C. At 37 C the mycelium still was able to grow, but abnormally, while 
at 17 C no growth was observed. The lethal temperature for P. "florida", P. ostreatus and P. 
eringii is 40 C when exposed to more than 24 hours (Zadrazil, 1978). Maziero (1990) 
studying different strains of Pleurorus observed that the better mycelial growth happened 
between 25 and 30 C. 
In relation to the emergence of primordia, Block et al. (1959) cited by Maziero (1990) report 
that the strain of P. ostreatus fructified at a 26 C, however at 31 C, although the fruiting 
body continues to  develop, there was no emergence of primordia. For Kurtzman and 
Zadrazil (1989), the authors must have used in their work, a strain of P. "florida" since the 
fruiting temperature at 26 C is very high, being more appropriate for P. "florida".  
Eira and Minhoni (1997) report that the control of temperature in a cultivation chamber is 
decisive for a good harvest. For a good growth of the mycelial mass on substrate cultivation, 
the ideal temperature for Pleurotus spp should be between 24 and 26 C. After that the 
primordia initiation and growth phases start, when the temperature inside the cultivation 
chamber must be between 15 and 240C, considering that, the lowest are ideal for cultivation 
of shimeji or Pleurotus spp strains that are more demanding and also minimizes the 
incidence of pests and diseases. According to the same authors, some strains of hiratake 
usually fructify in hot weather (up to 30 C). For the most demanding strains, temperature 
and relative humidity control in the chamber of cultivation can be achieved with an 
automated central air-conditioning associated with a ventilation system, to ensure the ideal 
climatic conditions for the development of the mushroom. 

2.5.2 Moisture 
Most fungi require high moisture content. Guzmán et al. (1993) report that fungi have an 
optimum growth on substrates with 70 to 80% humidity. Urben et al. (2003) cite a good 
humidity range for Lentinula edodes cultivated with Jun-Cao technique between 55-70%. It 
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suggested the hypothesis that the spores of nitrogen fixing bacteria are stimulated to 
develop during the process of pasteurization of the substrate, generating bacteria 
responsible for the nitrogen fixation. 
Care should be taken to avoid excessive nitrogen supplements, which can inhibit the 
development of the fungus. Montini (2001) reports that tested substrates with high 
concentrations of cereal bran inhibited the formation of the mushroom and consequently, 
the number of cultivated mushrooms Lentinula edodes in axenic conditions (cultivation with 
substrate sterilized and under controlled environmental conditions). In Taiwan, the 
substrate for cultivation of Pleurotus mushroom is prepared with 84% of sawdust, 5% of rice 
bran, 5% wheat straw, 3% soya bran and 3% calcium oxide (Przybylowicz and Donoghue, 
1990). 

2.4.3 Mineral salts 
In general, the mineral elements necessary for the fructification of the mushroom are the 
same as those required by any cultivated plant, which are major elements and 
microelements (Molena, 1986). Phosphorus, potassium, magnesium and sulphur are major 
nutrients needed for the growth of various fungi (Miles and Chang, 1997). Molena, (1986), 
cites the calcium as one of these elements. In addition to increased growth of mycelium, 
some minerals such as sodium chloride, magnesium, and calcium also stimulate the early 
formation of fruiting bodies (Kurtman and Zadrazil, 1989). 
Among the more studied microelements (trace elements) and essential for the growth of 
many species of fungus are: iron, zinc, aluminium, manganese, copper, chrome and 
molybdenum (Molena, 1986; Miles and Chang, 1997). Experimentally, it is not easy to 
determine the required quantity of these elements because the element under test may be 
present in sufficient quantities in an impure form in any ingredient of the cultivation 
medium or may have been introduced through the inoculum. These elements are 
constituents or enzyme activators (Miles and Chang, 1997). 

2.4.4 Vitamins 
Vitamins play an important role in the metabolism of fungi, acting as coenzymes. Fungi are 
capable of producing sufficient quantities of most of the vitamins they need (Miles and 
Chang, 1997). 
Maziero (1990), in some studies testing several vitamins (Vitamin C, folic acid, calcium 
pantothenate, niacin, pyridoxine, riboflavin and thiamine) in relation to the mycelial growth 
of Pleurotus, observed a better growth of the mycelium on all vitamins tested, but the best 
result was to thiamine. Kurtzman and Zadrazil (1989) say that there is no need for the 
addition of thiamine or other vitamins in “not sterile” substrates, because the other present 
organisms will normally synthesize them. Molena, (1986) experimented various 
combinations of vitamins, but their high cost did not compensate for the increased 
production of mushrooms. (Eira and Minhoni, 1991), report that the vitamins and other 
growth factors are normally excreted by many microorganisms that live in synthrofy during 
composting, pasteurization and incubation of the substrate, therefore there was no need of 
vitamin supplements. 

2.5 Physical factors 
The growth and development of the fungus are not affected only by nutritional factors, but 
also by physical factors such as temperature, humidity, light, aeration and gravity. There is a 
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range that varies from minimum, maximum, and optimum growth in relation to these 
physical factors. Certainly these factors are influenced by other factors such as nutrition, 
medium conditions, genetic characteristics of the strain and mycelial growth stage (Miles 
and Chang, 1997). 

2.5.1 Temperature 
The influence of temperature on mycelial growth and production of fruiting bodies is 
dependent on the species and strains in question, i.e. there is an ideal temperature for the 
proper development of the metabolism of the fungus, which is a characteristic of each strain. 
Nonetheless, there is an interval that varies between 10-40 C, which must be respected, 
because exceeding these limits, it is going to cause the death of the mycelium (Maziero, 
1990). The optimum temperature for growth also varies with the purpose of cultivation. So, 
the ideal temperature to produce the fruiting body (Miles and Chang, 1997) is different from 
that intended for the production of metabolic products such as those intended for medicinal 
compounds as polysaccharides/polypeptides immune-regulatory compounds (PSPC). 
Temperature extremes are important in determining the survival and dispersion of species 
in nature (Miles and Chang, 1997).  
Kaufer (1935), cited by Maziero (1990) cultivated Pleurotus corticatus in laboratory and 
according to their results, the ideal temperature for the growth of mycelium was 27C. Clock 
et al., (1959) according to Maziero (1990), obtained a good growth of mycelium of P. ostreatus 
in the range of 22-31 C. At 37 C the mycelium still was able to grow, but abnormally, while 
at 17 C no growth was observed. The lethal temperature for P. "florida", P. ostreatus and P. 
eringii is 40 C when exposed to more than 24 hours (Zadrazil, 1978). Maziero (1990) 
studying different strains of Pleurorus observed that the better mycelial growth happened 
between 25 and 30 C. 
In relation to the emergence of primordia, Block et al. (1959) cited by Maziero (1990) report 
that the strain of P. ostreatus fructified at a 26 C, however at 31 C, although the fruiting 
body continues to  develop, there was no emergence of primordia. For Kurtzman and 
Zadrazil (1989), the authors must have used in their work, a strain of P. "florida" since the 
fruiting temperature at 26 C is very high, being more appropriate for P. "florida".  
Eira and Minhoni (1997) report that the control of temperature in a cultivation chamber is 
decisive for a good harvest. For a good growth of the mycelial mass on substrate cultivation, 
the ideal temperature for Pleurotus spp should be between 24 and 26 C. After that the 
primordia initiation and growth phases start, when the temperature inside the cultivation 
chamber must be between 15 and 240C, considering that, the lowest are ideal for cultivation 
of shimeji or Pleurotus spp strains that are more demanding and also minimizes the 
incidence of pests and diseases. According to the same authors, some strains of hiratake 
usually fructify in hot weather (up to 30 C). For the most demanding strains, temperature 
and relative humidity control in the chamber of cultivation can be achieved with an 
automated central air-conditioning associated with a ventilation system, to ensure the ideal 
climatic conditions for the development of the mushroom. 

2.5.2 Moisture 
Most fungi require high moisture content. Guzmán et al. (1993) report that fungi have an 
optimum growth on substrates with 70 to 80% humidity. Urben et al. (2003) cite a good 
humidity range for Lentinula edodes cultivated with Jun-Cao technique between 55-70%. It 
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has to be taken into consideration, not only the moisture content of the substrate, but also 
the relative humidity of the air. It should also be taken into account that the mushrooms are 
composed of approximately 90% water, therefore, water is very important to its 
development, besides the fact that they do not have special structures to protect themselves 
against water loss, since they lose water easily to the environment, mainly the vegetative 
mycelium (Maziero, 1990). 
There is an optimum water content, both in the compost and in the air. Low relative air 
humidity causes the mushroom to lose water to the environment, which can even prevent it 
from growing properly. The outer layers of the mushroom begin to dry and yellow. This 
way, there is a loss of quality or a loss of production. Low air humidity also causes the 
compost to lose moisture to the environment, reducing the availability of water for the 
formation of the mushroom. In the case of Pleurotus, if the superficial mycelium of the 
compost suffers a very intense dryness, it dies and the primordia are aborted (Eira and 
Minhoni, 1997; Bononi et al., 1999). The relative humidity of the production room is around 
80-90% and can be maintained that way by waterproof walls and by sprinkling water (Eira 
and Minhoni, 1997). There are highly sophisticated systems of cultivation on a commercial 
scale in Europe, Canada, United States and Japan, where patterns of moisture, temperature, 
O2 and CO2 are monitored by computers. Currently there are automated systems in South 
and Southeast of Brazil, but not as much as in those countries. In rustic cultivations in Brazil, 
it is customary to keep the floor and sides of the cultivation shed damp, so that normal 
evaporation maintains the relative humidity the air. We consider that, in addition to other 
factors already mentioned, the humidity is the key factor in the cultivation process of edible 
mushrooms. 

2.5.3 Lighting 
Even though it is not a photosynthesizer organism, luminosity is essential to many species 
of fungi. It can retard the primordia formation in some species while in others, it is essential 
for fruiting. For Pleurotus and Lentinus cultivation, as well as for many other edible fungi, 
there must be some light to induce the formation of primordia and also for the normal 
development of fruiting bodies. The recommended luminosity for Pleurotus, after the 
incubation period and the opening of the cultivation bags is 2000 lux/hour, 12 hours a day 
(Bononi et al., 1999). Nevertheless, it can vary according to the mushroom species. 
Miles and Chang (1997) mention that ultraviolet light in the range from 200 to 300nm affects 
the growth of the fungus, it can be lethal or induce mutation, since this wavelength is 
absorbed by the DNA. The authors report that the effects of ultraviolet light can be 
reversible by the photo reactivation process, provided that these mycelia are exposed to 
visible light at a wavelength between 360 and 420nm.  
For Przybylowicz and Donoghue (1990), shiitake mushroom needs light in both stages: 
vegetative growth and fruiting. Light exposure during vegetative growth, according to 
Ishikawa (1967) cited by Przybylowicz and Donoghue (1990), is a prerequisite for the 
fruiting stage. The duration is not well defined. However, Przybylowicz and Donoghue 
(1990) suggest that a brief exposure of 20 minutes per day can be enough. For these authors, 
the growth of shiitake responds well to a range between 180-940 lux, with an optimum 
value of 500 lux. Rajarathnan and Bano (1987), cited by Eira and Minhoni (1997), stated that 
the presence of light is required for the formation of fruiting bodies. However, there may be 
changes in the color of the pileus, where Pleurotus species can change from white to opaque 
and dark color in the presence of light, due to the release of fenoloxidases that oxidize 
phenol and form melanoidins.  
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Urben et al. (2003) report that the light affects the growth of mycelium and spores of 
Lentinula edodes, and therefore, it needs a dark environment for its development. Under a 
light intensity of 50 to 270 lux and a suitable temperature, the mycelium forms a 
membranous brown layer for substrates made with Jun-Cao and sawdust. According to the 
same authors, for the formation of the fruiting body (mushroom), little diffused light is 
necessary. On the contrary, in a very bright environment the fruiting body becomes pale 
with a long stipe and a deformed pileus. In very bright environments the authors advise to 
use plastic bags in the green house to cover the mushrooms during the day. 

2.6 Chemical factors 
2.6.1 Gaseous exchanges 
Requirements during the growth phases of the vegetative mycelium of a fungus are 
different from those during the fruiting stage. The rate of CO2 that occurs naturally inside a 
trunk colonized by Pleurotus in the forest will surely be higher than the rate of fruiting. 
However, it does not cause damage to growth. It is a self-regulated system. 
Zadrazil (1975), studied various pleurotus species, relating to the effect CO2, and noted that 
all studied species grew faster in higher concentrations of CO2, limited to approximately 
22%. The good performance of these strains in high rates of CO2 demonstrates their 
significant competitive advantage against other microorganisms which do not grow or do 
not survive in such conditions, especially if the substrate is colonized in not axenic 
conditions. On the other hand, high concentrations cause a deformation of the fruiting body, 
being similar to that which occurs when there is light deficiency in the development of the 
fruiting body. The stipe grows sharply and the pileus stays reduced, similar to the process of 
etiolation in plants (Zadrazil, 1978). Oxygen also influences the growth of mycelium. 
Despite the fact that Pleurotus mycelium develops in semi-anaerobic conditions, a certain 
rate of O2 is required, otherwise, the growth will be nil (Zadralil, 1978). For the development 
of fruiting body oxygen is essential. 
Adequate ventilation is essential to reduce the carbon dioxide content (generated during the 
development stages of the fungus) to a desirable level in the mushroom production phase. 
Concentrations above 2% may cause delays in the mycelial growth and, consequently, 
decrease productivity (Eira and minhoni, 1997). Concentrations of CO2 below 0.2% are 
considered optimum for development. During a peak of growth, the ventilation must be 
intense and constant, since large quantities of mushrooms in rapid growth give off large 
amounts of CO2 (Eira and minhoni, 1997). The same authors reported that in cultivations 
carried out in The Mushrooms Module of the Faculty of Agricultural Sciences of the 
“Universidade Estadual Paulista” (FCA/UNESP) it is possible to cultivate strains that 
usually demand cold weather, provided that climatic chambers for thermal shock are used. 

2.6.2 pH 
Its importance is primarily related to the metabolism of nutrients. Most mushrooms have a 
good development with pH levels between 6.5 and 7, but there are variations according to 
the species and strains (Miles and Chang, 1997). The microbiota present in the substrate, 
according to Zadrazil and Grabbe, (1983), is distinctly influenced by the initial pH level: 
values below 7.0 usually are good for the development of the mushroom mycelium, but 
most fungi can develop at pH levels above 7.0. Urben et al. (2003), reporting about the 
cultivation of Lentinula edodes by Jun-Cao technique, stated that the mycelium can grow in 
pH levels between 3.0 to 6.5, while the ideal range is between 4.0 and 5.5. However, the pH 
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has to be taken into consideration, not only the moisture content of the substrate, but also 
the relative humidity of the air. It should also be taken into account that the mushrooms are 
composed of approximately 90% water, therefore, water is very important to its 
development, besides the fact that they do not have special structures to protect themselves 
against water loss, since they lose water easily to the environment, mainly the vegetative 
mycelium (Maziero, 1990). 
There is an optimum water content, both in the compost and in the air. Low relative air 
humidity causes the mushroom to lose water to the environment, which can even prevent it 
from growing properly. The outer layers of the mushroom begin to dry and yellow. This 
way, there is a loss of quality or a loss of production. Low air humidity also causes the 
compost to lose moisture to the environment, reducing the availability of water for the 
formation of the mushroom. In the case of Pleurotus, if the superficial mycelium of the 
compost suffers a very intense dryness, it dies and the primordia are aborted (Eira and 
Minhoni, 1997; Bononi et al., 1999). The relative humidity of the production room is around 
80-90% and can be maintained that way by waterproof walls and by sprinkling water (Eira 
and Minhoni, 1997). There are highly sophisticated systems of cultivation on a commercial 
scale in Europe, Canada, United States and Japan, where patterns of moisture, temperature, 
O2 and CO2 are monitored by computers. Currently there are automated systems in South 
and Southeast of Brazil, but not as much as in those countries. In rustic cultivations in Brazil, 
it is customary to keep the floor and sides of the cultivation shed damp, so that normal 
evaporation maintains the relative humidity the air. We consider that, in addition to other 
factors already mentioned, the humidity is the key factor in the cultivation process of edible 
mushrooms. 

2.5.3 Lighting 
Even though it is not a photosynthesizer organism, luminosity is essential to many species 
of fungi. It can retard the primordia formation in some species while in others, it is essential 
for fruiting. For Pleurotus and Lentinus cultivation, as well as for many other edible fungi, 
there must be some light to induce the formation of primordia and also for the normal 
development of fruiting bodies. The recommended luminosity for Pleurotus, after the 
incubation period and the opening of the cultivation bags is 2000 lux/hour, 12 hours a day 
(Bononi et al., 1999). Nevertheless, it can vary according to the mushroom species. 
Miles and Chang (1997) mention that ultraviolet light in the range from 200 to 300nm affects 
the growth of the fungus, it can be lethal or induce mutation, since this wavelength is 
absorbed by the DNA. The authors report that the effects of ultraviolet light can be 
reversible by the photo reactivation process, provided that these mycelia are exposed to 
visible light at a wavelength between 360 and 420nm.  
For Przybylowicz and Donoghue (1990), shiitake mushroom needs light in both stages: 
vegetative growth and fruiting. Light exposure during vegetative growth, according to 
Ishikawa (1967) cited by Przybylowicz and Donoghue (1990), is a prerequisite for the 
fruiting stage. The duration is not well defined. However, Przybylowicz and Donoghue 
(1990) suggest that a brief exposure of 20 minutes per day can be enough. For these authors, 
the growth of shiitake responds well to a range between 180-940 lux, with an optimum 
value of 500 lux. Rajarathnan and Bano (1987), cited by Eira and Minhoni (1997), stated that 
the presence of light is required for the formation of fruiting bodies. However, there may be 
changes in the color of the pileus, where Pleurotus species can change from white to opaque 
and dark color in the presence of light, due to the release of fenoloxidases that oxidize 
phenol and form melanoidins.  
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Urben et al. (2003) report that the light affects the growth of mycelium and spores of 
Lentinula edodes, and therefore, it needs a dark environment for its development. Under a 
light intensity of 50 to 270 lux and a suitable temperature, the mycelium forms a 
membranous brown layer for substrates made with Jun-Cao and sawdust. According to the 
same authors, for the formation of the fruiting body (mushroom), little diffused light is 
necessary. On the contrary, in a very bright environment the fruiting body becomes pale 
with a long stipe and a deformed pileus. In very bright environments the authors advise to 
use plastic bags in the green house to cover the mushrooms during the day. 

2.6 Chemical factors 
2.6.1 Gaseous exchanges 
Requirements during the growth phases of the vegetative mycelium of a fungus are 
different from those during the fruiting stage. The rate of CO2 that occurs naturally inside a 
trunk colonized by Pleurotus in the forest will surely be higher than the rate of fruiting. 
However, it does not cause damage to growth. It is a self-regulated system. 
Zadrazil (1975), studied various pleurotus species, relating to the effect CO2, and noted that 
all studied species grew faster in higher concentrations of CO2, limited to approximately 
22%. The good performance of these strains in high rates of CO2 demonstrates their 
significant competitive advantage against other microorganisms which do not grow or do 
not survive in such conditions, especially if the substrate is colonized in not axenic 
conditions. On the other hand, high concentrations cause a deformation of the fruiting body, 
being similar to that which occurs when there is light deficiency in the development of the 
fruiting body. The stipe grows sharply and the pileus stays reduced, similar to the process of 
etiolation in plants (Zadrazil, 1978). Oxygen also influences the growth of mycelium. 
Despite the fact that Pleurotus mycelium develops in semi-anaerobic conditions, a certain 
rate of O2 is required, otherwise, the growth will be nil (Zadralil, 1978). For the development 
of fruiting body oxygen is essential. 
Adequate ventilation is essential to reduce the carbon dioxide content (generated during the 
development stages of the fungus) to a desirable level in the mushroom production phase. 
Concentrations above 2% may cause delays in the mycelial growth and, consequently, 
decrease productivity (Eira and minhoni, 1997). Concentrations of CO2 below 0.2% are 
considered optimum for development. During a peak of growth, the ventilation must be 
intense and constant, since large quantities of mushrooms in rapid growth give off large 
amounts of CO2 (Eira and minhoni, 1997). The same authors reported that in cultivations 
carried out in The Mushrooms Module of the Faculty of Agricultural Sciences of the 
“Universidade Estadual Paulista” (FCA/UNESP) it is possible to cultivate strains that 
usually demand cold weather, provided that climatic chambers for thermal shock are used. 

2.6.2 pH 
Its importance is primarily related to the metabolism of nutrients. Most mushrooms have a 
good development with pH levels between 6.5 and 7, but there are variations according to 
the species and strains (Miles and Chang, 1997). The microbiota present in the substrate, 
according to Zadrazil and Grabbe, (1983), is distinctly influenced by the initial pH level: 
values below 7.0 usually are good for the development of the mushroom mycelium, but 
most fungi can develop at pH levels above 7.0. Urben et al. (2003), reporting about the 
cultivation of Lentinula edodes by Jun-Cao technique, stated that the mycelium can grow in 
pH levels between 3.0 to 6.5, while the ideal range is between 4.0 and 5.5. However, the pH 
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value between 3.5 and 5.0 is the best for the formation of primordia and development of the 
fruiting body. For this reason, the pH value should always be monitored when choosing the 
materials that compose the substrate, the cultivation and the source of water supply (Urben 
et al., 2003). 
The pH is directly linked to the enzymatic reaction of fungus and wood. Each enzyme has 
its optimum pH value. The pH affects the solubility of the compost which in turn 
determines its availability to the fungus (Przybylowicz and Donoghue, 1990). The 
optimum pH value for the wood-rotting fungi Lentinus and Pleurotus is between 4.5 and 
5.5. The pH of the wood is usually 4.5 to 5.0, increasing the acidity with its decomposition. 
The optimum pH value for fruiting lies between 3.5 to 4.5 (for laboratory culture or 
artificial medium) and 5.0 for compost with sawdust for Lentinula edodes (Przybylowicz 
and Donoghue, 1990) 

2.7 Steps to be followed in the cultivation of mushrooms 
For the cultivation of edible fungi the following steps are generally adopted: obtaining 
primary matrix, the production of seed or Spawn (matrix that will serve as inoculum for the 
substrate), preparation of substrate or compost, sterilization or pasteurization (when 
cultivation is done in natural conditions), inoculation and colonization of substrate, 
inducing primordia (with thermal or water shock when necessary), fruiting and harvest. The 
production aspects of primary decomposition fungi like Pleurotus, Lentinula edodes) will be 
covered here.  

2.7.1 Obtaining primary matrix and spawn production  
For most mushrooms, the production matrix or mycelium follows the same techniques and 
recommendations for the cultivation of champignon (Agaricus), oyster mushroom 
(Pleurotus), shiitake (Lentinula edodes) and jewish ear (Auricularia), with some exceptions 
(Urben et al., 2003). Two distinct steps are fundamental for the preparation of the matrix: 
obtaining pure inoculum of the fungus and the preparation of the "spawn" or matrix itself. 
Obtaining the primary matrix of mushroom can be performed both by sexual or by asexual 
process. In this work it will be related as an asexual process. It is relative to the mycelial or 
vegetative phase of the fungus colonizing a previously sterilized nutritional substrate 
(growth medium). Its production starts by the isolation of a fungus using tiny fragments of a 
mushroom, placed in sterile culture medium under aseptic conditions. After mycelial 
growth in the dark, with a temperature of 24 ± 10C (depending on the strain), fragments of 
this culture (primary matrix) are transferred to the cereal grain or bran or sawdust enriched 
with bran and incubated for 30 days in the dark at 24 ± 1 0C. This step corresponds to the 
production of the "seed" or spawn (Molena, 1986; Eira and Minhone, 1997; Eira and Montini, 
1997). The main function of the grain is to serve as means of dispersion of mycelium, since it 
is impossible to handle the mycelium without damaging the fragile structure of the hyphae 
walls (Maziero, 1990). 
Although the most used media to obtain the primary matrix are potato-dextrose-agar and 
malt extract (Bononi et al., 1999), the sawdust-dextrose-agar (SDA) medium is the most 
indicated by avoiding the physiological adaptation that can occur when the used culture 
medium has very different characteristics of production substrate (Eira and Minhoni, 1997, 
Eira and Montini, 1997).  
The current trend is to produce inoculum from the cultivation substrate. When working 
with sawdust it is possible to produce the inoculum ("seed") with grain mixed with sawdust 
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or with sawdust only. In this case "spawn" or "seed" is the substrate colonized by mushroom 
mycelium, with the goal of facilitating the distribution of the inoculum in different points of 
cultivation, thereby contributing to a more uniform and rapid colonization of the substrate, 
reducing the possibility of contamination. 

2.7.2 Substrate cultivation 
Currently there is a growing tendency to use agro-industrial residues for the cultivation of 
edible and medicinal fungi. However, traditional methods are still being used like the 
cultivation of Lentinula edodes (shiitake), by some Japanese and Chinese farmers, using oak 
and hazel logs, although the cultivation in cylindrical tubes (in polypropylene or high 
density polyethylene-HDPE bags) with enriched sawdust is the most widely used 
technique. 
The technique for the production in sawdust was developed mainly in Japan. Other 
countries like the Netherlands and the United States are also using this method for the 
production of Lentinula edodes (shiitake), on a large-scale (Bononi at al., 1999). In Brazil the 
traditional cultivation is done normally on eucalyptus logs and it may also be grown on logs 
of avocado, mango, walnut, hazel and oak (the last two being widely used for cultivation in 
Japan) (Eira and Minhoni, 1997). Eucalyptus sawdust is already used in Brazil for the 
production of this mushroom.  
The material used for production of mushroom has to be preferably a residue, easily 
available, and produced not far away from the cultivation place to lower the production 
costs. Care should be taken to observe that the waste should be free of chemicals that could 
affect the growth of the mycelium and not offering toxicity. If a low productivity residue is 
used, supplementation has to be made with cereal grains or cereal bran (Eira and Minhoni, 
1997; Bononi et al., 1999; Przybylowicz and Donoghue, 1990; Stames and Chilton, 1983; 
Stames, 2000).  
The supplements contain a mixture of protein, carbohydrate and fat, where the protein is the 
main source of nitrogen. They contain minerals and vitamins that also influence the growth 
of the fungus. The addition of these supplements aims mainly to increase the levels of 
nitrogen and carbohydrates available. Sugars and starch which are readily available 
carbohydrates, speed up colonization and the consequent degradation of the substrate, 
reducing the time of fruiting since the mycelium easily converts these carbohydrates in 
reserve for the fructification, increasing productivity (Przybylowicz and Donoghue, 1990). 
Other supplements like limestone (CaCO3) must be added to the cultivation medium, to get 
the correct pH favorable for the growth of the fungus during the last stages of 
decomposition since there is an increase in acidity caused by the fungus metabolism. 
Gypsum is widely used in the mushroom industry to improve the physical structure of the 
compost and to change the pH value, also acting as a source of calcium (Przybylowicz and 
Donoghue, 1990). The concentration of 5% (in relation to the dry weight of the substrate) is 
ideal for the cultivation of shiitake in sawdust, improving structure and porosity of the 
substrate (Stames and Chilton, 1993) 
When working with primary-decomposer fungi as Pleurotus and Lentinus, i.e. fungi that 
degrade the structural elements of the residue, it is important to ensure that the material to 
be used in cultivation has not undergone decomposition by microorganisms during storage. 
If it is already degraded, colonization by these fungi will be hampered and the attack of 
other organisms will be facilitated, causing a reduction in productivity (Maziero, 1990). 
The sawdust used to prepare the substrate is usually from hardwoods. Sawdusts of conifers 
are used for Lentinula cultivation (shiitake) in areas where there is shortage of hardwood 
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value between 3.5 and 5.0 is the best for the formation of primordia and development of the 
fruiting body. For this reason, the pH value should always be monitored when choosing the 
materials that compose the substrate, the cultivation and the source of water supply (Urben 
et al., 2003). 
The pH is directly linked to the enzymatic reaction of fungus and wood. Each enzyme has 
its optimum pH value. The pH affects the solubility of the compost which in turn 
determines its availability to the fungus (Przybylowicz and Donoghue, 1990). The 
optimum pH value for the wood-rotting fungi Lentinus and Pleurotus is between 4.5 and 
5.5. The pH of the wood is usually 4.5 to 5.0, increasing the acidity with its decomposition. 
The optimum pH value for fruiting lies between 3.5 to 4.5 (for laboratory culture or 
artificial medium) and 5.0 for compost with sawdust for Lentinula edodes (Przybylowicz 
and Donoghue, 1990) 

2.7 Steps to be followed in the cultivation of mushrooms 
For the cultivation of edible fungi the following steps are generally adopted: obtaining 
primary matrix, the production of seed or Spawn (matrix that will serve as inoculum for the 
substrate), preparation of substrate or compost, sterilization or pasteurization (when 
cultivation is done in natural conditions), inoculation and colonization of substrate, 
inducing primordia (with thermal or water shock when necessary), fruiting and harvest. The 
production aspects of primary decomposition fungi like Pleurotus, Lentinula edodes) will be 
covered here.  

2.7.1 Obtaining primary matrix and spawn production  
For most mushrooms, the production matrix or mycelium follows the same techniques and 
recommendations for the cultivation of champignon (Agaricus), oyster mushroom 
(Pleurotus), shiitake (Lentinula edodes) and jewish ear (Auricularia), with some exceptions 
(Urben et al., 2003). Two distinct steps are fundamental for the preparation of the matrix: 
obtaining pure inoculum of the fungus and the preparation of the "spawn" or matrix itself. 
Obtaining the primary matrix of mushroom can be performed both by sexual or by asexual 
process. In this work it will be related as an asexual process. It is relative to the mycelial or 
vegetative phase of the fungus colonizing a previously sterilized nutritional substrate 
(growth medium). Its production starts by the isolation of a fungus using tiny fragments of a 
mushroom, placed in sterile culture medium under aseptic conditions. After mycelial 
growth in the dark, with a temperature of 24 ± 10C (depending on the strain), fragments of 
this culture (primary matrix) are transferred to the cereal grain or bran or sawdust enriched 
with bran and incubated for 30 days in the dark at 24 ± 1 0C. This step corresponds to the 
production of the "seed" or spawn (Molena, 1986; Eira and Minhone, 1997; Eira and Montini, 
1997). The main function of the grain is to serve as means of dispersion of mycelium, since it 
is impossible to handle the mycelium without damaging the fragile structure of the hyphae 
walls (Maziero, 1990). 
Although the most used media to obtain the primary matrix are potato-dextrose-agar and 
malt extract (Bononi et al., 1999), the sawdust-dextrose-agar (SDA) medium is the most 
indicated by avoiding the physiological adaptation that can occur when the used culture 
medium has very different characteristics of production substrate (Eira and Minhoni, 1997, 
Eira and Montini, 1997).  
The current trend is to produce inoculum from the cultivation substrate. When working 
with sawdust it is possible to produce the inoculum ("seed") with grain mixed with sawdust 
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or with sawdust only. In this case "spawn" or "seed" is the substrate colonized by mushroom 
mycelium, with the goal of facilitating the distribution of the inoculum in different points of 
cultivation, thereby contributing to a more uniform and rapid colonization of the substrate, 
reducing the possibility of contamination. 

2.7.2 Substrate cultivation 
Currently there is a growing tendency to use agro-industrial residues for the cultivation of 
edible and medicinal fungi. However, traditional methods are still being used like the 
cultivation of Lentinula edodes (shiitake), by some Japanese and Chinese farmers, using oak 
and hazel logs, although the cultivation in cylindrical tubes (in polypropylene or high 
density polyethylene-HDPE bags) with enriched sawdust is the most widely used 
technique. 
The technique for the production in sawdust was developed mainly in Japan. Other 
countries like the Netherlands and the United States are also using this method for the 
production of Lentinula edodes (shiitake), on a large-scale (Bononi at al., 1999). In Brazil the 
traditional cultivation is done normally on eucalyptus logs and it may also be grown on logs 
of avocado, mango, walnut, hazel and oak (the last two being widely used for cultivation in 
Japan) (Eira and Minhoni, 1997). Eucalyptus sawdust is already used in Brazil for the 
production of this mushroom.  
The material used for production of mushroom has to be preferably a residue, easily 
available, and produced not far away from the cultivation place to lower the production 
costs. Care should be taken to observe that the waste should be free of chemicals that could 
affect the growth of the mycelium and not offering toxicity. If a low productivity residue is 
used, supplementation has to be made with cereal grains or cereal bran (Eira and Minhoni, 
1997; Bononi et al., 1999; Przybylowicz and Donoghue, 1990; Stames and Chilton, 1983; 
Stames, 2000).  
The supplements contain a mixture of protein, carbohydrate and fat, where the protein is the 
main source of nitrogen. They contain minerals and vitamins that also influence the growth 
of the fungus. The addition of these supplements aims mainly to increase the levels of 
nitrogen and carbohydrates available. Sugars and starch which are readily available 
carbohydrates, speed up colonization and the consequent degradation of the substrate, 
reducing the time of fruiting since the mycelium easily converts these carbohydrates in 
reserve for the fructification, increasing productivity (Przybylowicz and Donoghue, 1990). 
Other supplements like limestone (CaCO3) must be added to the cultivation medium, to get 
the correct pH favorable for the growth of the fungus during the last stages of 
decomposition since there is an increase in acidity caused by the fungus metabolism. 
Gypsum is widely used in the mushroom industry to improve the physical structure of the 
compost and to change the pH value, also acting as a source of calcium (Przybylowicz and 
Donoghue, 1990). The concentration of 5% (in relation to the dry weight of the substrate) is 
ideal for the cultivation of shiitake in sawdust, improving structure and porosity of the 
substrate (Stames and Chilton, 1993) 
When working with primary-decomposer fungi as Pleurotus and Lentinus, i.e. fungi that 
degrade the structural elements of the residue, it is important to ensure that the material to 
be used in cultivation has not undergone decomposition by microorganisms during storage. 
If it is already degraded, colonization by these fungi will be hampered and the attack of 
other organisms will be facilitated, causing a reduction in productivity (Maziero, 1990). 
The sawdust used to prepare the substrate is usually from hardwoods. Sawdusts of conifers 
are used for Lentinula cultivation (shiitake) in areas where there is shortage of hardwood 
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sawdust and it is therefore necessary to make a mixture of the two kinds of sawdust 
(Przybylowicz and Donoghue, 1990). Many conifers contain resin and phenolic compounds 
which inhibit the growth of the fungus. These compounds must be degraded or removed 
before using this kind of sawdust, or it can be changed with the addition of sodium 
carbonate to remove these compounds (Przybylowicz and Donoghue, 1990). 
Various types of substrates have been used for the production of edible fungi (Guzmán and 
Martinez; 1986; Guzmán et al., 1993; Maziero, 1990; Bononi et al., 1999; Eira and minhoni, 
1997; Miles and Chang, 1997; Stames and Chilton, 1983; Stames, 1993; Urben, 2001; Urben et 
al., 2003; Zhanhua and Zhanxi, 2001). The most used are: sawdust, wheat straw, corn, rice; 
corn cobs, sugar cane bagasse, various grasses, supplemented with cereal grain or bran. The 
choice of one or more residues as supplement to sawdust will depend, among other factors, 
on cost and availability of these materials (Maziero, 1990; Eira and Minhoni, 1997; Eira and 
Montini, 1997; Guzmán et al., 1993; Urben et al., 2003; Stames and Chilton, 1983; Stames, 
1993). 
When using the bagasse of sugar cane it is important to make sure that this residue is not 
very old, which can reduce productivity. However, the fresh ground bagasse is rich in 
carbohydrates, allowing other competitors or pathogens to colonize the substrate more 
quickly. To avoid this problem, the residue should be pre-treated through a process of 
fermentation or washing (Kurtzman and Zadrazil (1989) 
Japanese producers of Flammulina Velutipes, Auricularia and Pleurotus ostreatus use a 
standard formula with a ratio 4:1 of sawdust and bran respectively, where the sawdust is 
aged for one year, with the purpose to improve the water retention capacity. An immersion 
of sawdust in water before mixing with the bran is an effective way used by these producers 
to achieve an optimum of 60% humidity (Samets and Chilton, 1983). This method, according 
to Lizuka and Takeuchi (1978) cited by Przybylowicz and Donoghue (1990) is widely used 
in Asia. In the United States, 80% of sawdust, 10% bran and 10% grain (usually wheat or 
millet). In Taiwan, the substrate for the cultivation of shiitake is done with 84% of sawdust, 
5% of rice bran, 5% wheat straw, 3% soy bran and 3% calcium oxide (Przybylowicz and 
Donoghue, 1990). The substrate formulations have become unlimited in terms of raw 
material and agro-industrial residues (Stames, 1993). 
Currently, studies are trying to develop a technology that allows the cultivation of edible 
mushrooms in substrates of low cost and easily available. Perhaps this explains why in 
Brazil the largest edible fungi producing region is located in São Paulo, where there is a big 
sugar and alcohol production. This bagasse comes from sugar cane mills, it is homogeneous, 
it has a fibrous characteristic, and when it is pressed allows aeration for mycelial growth 
(Rossi, 1999). The sawdust is also a material in abundance in the Amazon region, because of 
its timber industry.  

2.7.3 Pasteurization/sterilization 
The pasteurization process is a heat treatment given to the compost for the removal of 
possible organisms that could compete with the fungus to be cultivated (Maziero, 1990). It 
can be done in a natural way, in a pasteurizing tunnel or room without heated steam, using 
only the thermogenesis, with the control of the air that gets in and out in order to control the 
temperature inside the room, or it can be made with heated steam produced by boilers 
heated with firewood, diesel or gas.  
Pasteurization for the cultivation of lignicol fungi as Pleurotus, occurs when after the 
revolving process of the compost, the temperature of thermogensis, produced by the action 
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of microorganisms, falls below 45 to 500 C (Eira and Minhoni, 1997). The compost is then 
introduced in the pasteurization chamber. The pasteurization temperature for Pleurotus is 
more severe than for Agaricus, being raised to 750C during the first 6 hours. After cutting the 
steam, the temperature falls to 40 to 450 C, maintaining a constant ventilation to cool the 
compost and then proceeding to the inoculation process (Eira and Minhoni, 1997). 
Depending on the type of cultivation, the substrate to be inoculated can be packed in plastic 
bags, put in wooden or plastic boxes, shelves or "bed", pressed blocks covered with plastic 
sheets or in special containers (Maziero, 1990).  

2.7.4 Inoculation of the substrate 
The sterilization process (used in axenic cultivation) or pasteurization (when working with 
composted natural substrate) is followed by the inoculation of the substrate, which is made 
immediately after the cooling of the substrate in aseptic conditions (laminar flow chamber) 
in case of cultivation in totally axenic conditions. Under these conditions, the substrate to be 
inoculated is autoclaved at 1210 C for 2 to 4 hours (Eira and Minhoni, 1997). For cultivation 
under natural conditions (not axenic), the substrate is inoculated after pasteurization and 
cooling of substrate that is around 300 C, in aseptic place.  
There are several types of inoculum ("seed"): with grains, grains with sawdust, and less used 
liquid inoculum. There are still those that are made of small wooden dowels (wooden rods 
inoculated with fungus, used for the cultivation of shiitake in logs). Inoculum of 
sawdust/grain is used for Pleurotus and Lentinus cultivation, when using sawdust for 
cultivation. It is important that the inoculum is the same sawdust from the cultivation 
substrate. The quantity used for the cultivation substrate is also variable. It is usually 0.5 to 
5% (v/v) (Chang and Miles, 1997). (Zadrazil and Grabbe, 1983), recommend 0.5 to 5% of wet 
substrate. Urben et al. (2003), recommend 0.5 to 5% of the wet weight of the substrate for the 
Pleurotus cultivation when using the Jun-Cao technique. Gonçalves (2002) studying the 
effect of mycelial fragmentation in order to obtain inoculants in suspension (liquid 
fermentation) for cultivation of shiitake in axenic cultivation, found that inoculants 
fragmented up to 10 seconds provided greater biological productivity and efficiency in 
comparison with usual solid inoculants. The author reports that cultivation using liquid 
inoculants has the advantage of reducing the time for fruiting. However, it has the 
disadvantage of having predisposition for degeneration and mutation after successive crops 
(Itaavara, 1993), cited by Gonçalves (2002). 

2.7.5 Substrate incubation 
Incubation period, also known as the "mycelial race", is the development of the vegetative 
mycelium on the substrate (Przybylowicz and Donoghue, 1990). It is the mechanism in which 
the mycelium of the fungus, through an enzymatic process, digests the substrate and stores 
reserves for fruiting. During this process the mycelium develops and colonizes the whole 
compost, forming a compact white mass. It is a complex process, characterized by intense 
biological activity in which molecules of cellulose, hemicellulose and lignin of the compost are 
attacked by fungal enzymes such as cellulase and lacase that reduce these molecules to 
phenols and simple sugars which are more easily assimilated. This enzymatic activity lasts 
from the beginning of colonization until the production of mushrooms, but during the period 
of growth of the mycelium production it is greater (Bononi et al., 1999). Incubation usually 
occurs in a room that can be dark or not, depending on the light requirement of the fungus, at 
a temperature between 22 to 250 C for Pleurotus (Maziero, 1990). 
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sawdust and it is therefore necessary to make a mixture of the two kinds of sawdust 
(Przybylowicz and Donoghue, 1990). Many conifers contain resin and phenolic compounds 
which inhibit the growth of the fungus. These compounds must be degraded or removed 
before using this kind of sawdust, or it can be changed with the addition of sodium 
carbonate to remove these compounds (Przybylowicz and Donoghue, 1990). 
Various types of substrates have been used for the production of edible fungi (Guzmán and 
Martinez; 1986; Guzmán et al., 1993; Maziero, 1990; Bononi et al., 1999; Eira and minhoni, 
1997; Miles and Chang, 1997; Stames and Chilton, 1983; Stames, 1993; Urben, 2001; Urben et 
al., 2003; Zhanhua and Zhanxi, 2001). The most used are: sawdust, wheat straw, corn, rice; 
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Montini, 1997; Guzmán et al., 1993; Urben et al., 2003; Stames and Chilton, 1983; Stames, 
1993). 
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mushrooms in substrates of low cost and easily available. Perhaps this explains why in 
Brazil the largest edible fungi producing region is located in São Paulo, where there is a big 
sugar and alcohol production. This bagasse comes from sugar cane mills, it is homogeneous, 
it has a fibrous characteristic, and when it is pressed allows aeration for mycelial growth 
(Rossi, 1999). The sawdust is also a material in abundance in the Amazon region, because of 
its timber industry.  

2.7.3 Pasteurization/sterilization 
The pasteurization process is a heat treatment given to the compost for the removal of 
possible organisms that could compete with the fungus to be cultivated (Maziero, 1990). It 
can be done in a natural way, in a pasteurizing tunnel or room without heated steam, using 
only the thermogenesis, with the control of the air that gets in and out in order to control the 
temperature inside the room, or it can be made with heated steam produced by boilers 
heated with firewood, diesel or gas.  
Pasteurization for the cultivation of lignicol fungi as Pleurotus, occurs when after the 
revolving process of the compost, the temperature of thermogensis, produced by the action 
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of microorganisms, falls below 45 to 500 C (Eira and Minhoni, 1997). The compost is then 
introduced in the pasteurization chamber. The pasteurization temperature for Pleurotus is 
more severe than for Agaricus, being raised to 750C during the first 6 hours. After cutting the 
steam, the temperature falls to 40 to 450 C, maintaining a constant ventilation to cool the 
compost and then proceeding to the inoculation process (Eira and Minhoni, 1997). 
Depending on the type of cultivation, the substrate to be inoculated can be packed in plastic 
bags, put in wooden or plastic boxes, shelves or "bed", pressed blocks covered with plastic 
sheets or in special containers (Maziero, 1990).  

2.7.4 Inoculation of the substrate 
The sterilization process (used in axenic cultivation) or pasteurization (when working with 
composted natural substrate) is followed by the inoculation of the substrate, which is made 
immediately after the cooling of the substrate in aseptic conditions (laminar flow chamber) 
in case of cultivation in totally axenic conditions. Under these conditions, the substrate to be 
inoculated is autoclaved at 1210 C for 2 to 4 hours (Eira and Minhoni, 1997). For cultivation 
under natural conditions (not axenic), the substrate is inoculated after pasteurization and 
cooling of substrate that is around 300 C, in aseptic place.  
There are several types of inoculum ("seed"): with grains, grains with sawdust, and less used 
liquid inoculum. There are still those that are made of small wooden dowels (wooden rods 
inoculated with fungus, used for the cultivation of shiitake in logs). Inoculum of 
sawdust/grain is used for Pleurotus and Lentinus cultivation, when using sawdust for 
cultivation. It is important that the inoculum is the same sawdust from the cultivation 
substrate. The quantity used for the cultivation substrate is also variable. It is usually 0.5 to 
5% (v/v) (Chang and Miles, 1997). (Zadrazil and Grabbe, 1983), recommend 0.5 to 5% of wet 
substrate. Urben et al. (2003), recommend 0.5 to 5% of the wet weight of the substrate for the 
Pleurotus cultivation when using the Jun-Cao technique. Gonçalves (2002) studying the 
effect of mycelial fragmentation in order to obtain inoculants in suspension (liquid 
fermentation) for cultivation of shiitake in axenic cultivation, found that inoculants 
fragmented up to 10 seconds provided greater biological productivity and efficiency in 
comparison with usual solid inoculants. The author reports that cultivation using liquid 
inoculants has the advantage of reducing the time for fruiting. However, it has the 
disadvantage of having predisposition for degeneration and mutation after successive crops 
(Itaavara, 1993), cited by Gonçalves (2002). 

2.7.5 Substrate incubation 
Incubation period, also known as the "mycelial race", is the development of the vegetative 
mycelium on the substrate (Przybylowicz and Donoghue, 1990). It is the mechanism in which 
the mycelium of the fungus, through an enzymatic process, digests the substrate and stores 
reserves for fruiting. During this process the mycelium develops and colonizes the whole 
compost, forming a compact white mass. It is a complex process, characterized by intense 
biological activity in which molecules of cellulose, hemicellulose and lignin of the compost are 
attacked by fungal enzymes such as cellulase and lacase that reduce these molecules to 
phenols and simple sugars which are more easily assimilated. This enzymatic activity lasts 
from the beginning of colonization until the production of mushrooms, but during the period 
of growth of the mycelium production it is greater (Bononi et al., 1999). Incubation usually 
occurs in a room that can be dark or not, depending on the light requirement of the fungus, at 
a temperature between 22 to 250 C for Pleurotus (Maziero, 1990). 
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Guzmán et al. (1993) uses the range 25 to 300 C for the cultivation of several Pleurotus species 
in Mexico. Bononi et al. (1999) report that the ideal temperature for the incubation of these 
fungi varies between species, but in general it should be kept between 25 and 280 C (the 
temperature of the compost). The range 25-300 C is also used for the Pleurotus cultivation, 
and 22-25 0 C for L. edodes cultivation in Jun-Cao (Urben et al., 2003). Przybylowicz and 
Donoghue (1990), reported temperatures of 250 C that are ideal for L. edodes. 
It is important to monitor the temperature during the mycelial race to maintain the optimum 
temperature for the growth of the mycelium. If there is an excessive rise in temperature (a 
phenomenon that occurs during metabolic activity of Pleurotus and micro-organisms present 
in the substrate) mycelial growth retardation or even its death may occur. Containers with 
large amounts of substrate mass are avoided since of heat loss is hampered, and generates 
an increase in temperature. (Maziero, 1990).  
The incubation period is approximately three weeks for Pleurotus (Maziero, 1990; Bononi et 
al., 1999). At low temperatures, such as 4-50 C, the mycelium of most species ceases its 
activity, entering "latency", and at temperatures over 35-400 C can be lethal to certain species 
(Bononi et al., 1999). To avoid excessive internal temperature of the substrate during the 
incubation period, Bononi et al. (1999) recommend keeping the room temperature between 
20-220 C, and avoid to clutter the bags of the substrates. 
The incubation period is variable, because the development of mycelium occurs within 
variable time, according to the type of the inoculum, the quality of the compost and 
conditions of the cultivation chamber, but it generally oscillates between 20 and 30 days for 
Pleurotus (Eira and Minhoni, 1997). Urben et al. (2003) report 20-45 days for the total 
development of the mycelium with Jun-Cao technique. For the cultivation of shiitake in logs, 
Eira and Minhoni (1997) report that, after two to three months from log incubation, there is 
already a significant mycelial growth, which can be indicated by a yellow color in the region 
of the inoculated holes and the region around those holes become soft. In natural conditions 
of cultivation on logs, this period of maturity of the mycelium for mycelia production, 
ranges from six months to a year (Przybylowicz and Donoghue, 1990).  
During the colonization of the substrate in the cultivation of Lentinula edodes using sawdust 
enriched with rice bran, packed in plastic bags, Bononi et al. (1999) recommend cycles of 
alternating light and dark, with at least 8 hours of light per day during a period of four to six 
weeks. The wavelengths between 370 to 420nm and light intensity between 180 to 500 lux 
are more efficient during the process of colonization, and it can be achieved with cold 
fluorescent lamps (Przybylowicz and Donoghue, 1990). According to Bononi et al. (1999), 
after the total colonization of the substrate, the plastic bags are cut and the surface of 
mycelium begins to turn into a brown skin. The air humidity must be maintained around 80 
to 90% and between 40 to 50 days after the opening of the bags the production starts, after 
the induction of primordia through thermal shock for 24 to 48 hours at 100 C. 
At the end of the mycelial race for shitake there is a period of mycelial stability or mycelium 
maturation, which lasts until the hardening and darkening of the mycelial skin that becomes 
brownish grey (Chang and Miles, 1989). The formation of mycelial cover is very important 
because it acts as a barrier to moisture loss, being also a defense against contaminants, 
resulting from the oxidation of poliphenol oxidase, a reaction to light and oxygen 
(Przybylowicz and Donoghue, 1990).  

2.7.6 Induction of primordia, fruiting and harvesting 
The induction of the primordia occurs naturally in nature. The sudden change of external 
physical conditions stimulates primordia formation, which will develop, forming the 
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fruiting body (Bononi et al., 1999). On the cultivation of mushrooms, it is used to stimulate 
or speed their formation. During the induction phase and the production of mushrooms, 
physical factors such as temperature, lighting, gas exchange, water availability in the 
compost, relative humidity and the methods of induction are aspects that influence the 
production and the quality of mushrooms (Zadrazil and Grabbe, 1983). 
Sudden changes in temperature usually cause induction of primordia. However, there are 
differences according to the strains (Przybylowicz and Donoghue, 1990). Low temperatures 
may indirectly induce fruiting in strains of shiitake, because of the reduction of metabolic 
activity, reducing therefore the available nutrients, leading to a condition of "stress". On the 
other hand, in other fungi, temperature can have a direct effect, favoring specific metabolic 
processes that trigger the induction (Przybylowicz and Donoghue, 1990). 
Hawker (1966), cited by (Przybylowicz and Donoghue, 1990) reports that studies with 
various fungi showed that reducing sugars readily available on the substrate (end of 
vegetative growth) favors the fruiting. During the entire cycle of fruiting, the primordia 
phase is the most sensitive to environmental changes. The moisture content of the substrate, 
temperature and relative humidity are important in this process. On the cultivation of 
shiitake in logs, moisture for primordia induction should be around 55-65% and the 
temperature depends on the strain (Przybylowicz and Donoghue, 1990). 
There are several artificial induction mechanisms of primordia. It can be done by changing 
the temperature of incubation (± 250 C) to lower temperatures (±160 C) in Pleurotus 
cultivation "shimeji” (Eira and Minhoni, 1997). Some strains respond well to this 
temperature variation, others produce more when subjected to thermal shock. 
Marino (2002) in a study about genetic improvement with Pleurotus ostreatus aiming the 
axenic cultivation of strains resistant to heat obtained strains that stood out by their early 
fruiting and productivity, with two production cycles and without the need for thermal 
shock, using water immersion only. 
For the cultivation of shiitake in sawdust, according to Leatham (1985), cited by 
Przybylowicz and Donoghue (1990), the thermal shock can be done by cooling the 
cultivation blocks (packed in bags of polypropylene) at a temperature of 50-80 C for five to 
twelve days or by putting them into cold water (5-160 C) for 12 to 24 hours, packing them 
later in the fruiting room (160C). After some time primordia will appear at the top of the 
bags. After the development (3-4 days), according to Eira and Minhoni (1997), the 
mushrooms are ready to be collected. 
Additional flushes of fruiting will emerge without the need for new inductions, provided 
they are kept in conditions of fruiting. Producers can control the flush making synchronized 
induction by heating the blocks, followed by reduction of temperature or thermal shock. 
Sprinkling or immersion can also induce the flush (Przybylowicz and Donoghue, 1990). 
Treatment for production of mushrooms (Eira and Minhoni, 1997) is done by reducing 
temperature and/or water logging (covering with clean cold water for 2 to 4 hours) and 
removing the bag after water drainage. 
The thermal shock for Lentinula edodes in modified Jun-Cao technology is made by dipping 
the miceliated substrates in cold or icy water during 7-8 hours. Then, the bags are packed in 
a shed or green house. When the buttons (primordia) begin to emerge, the plastic bags 
(high-density polyethylene) are removed, and the substrates are watered twice a day. After 
spraying, the bags are covered with a plastic for two hours or until the environment is 
agreeable (Urben et al., 2003). Regional climatic variations need to be considered. The 
relative humidity varies with the location of cultivation. 



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

242 
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enriched with rice bran, packed in plastic bags, Bononi et al. (1999) recommend cycles of 
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twelve days or by putting them into cold water (5-160 C) for 12 to 24 hours, packing them 
later in the fruiting room (160C). After some time primordia will appear at the top of the 
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Additional flushes of fruiting will emerge without the need for new inductions, provided 
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Sprinkling or immersion can also induce the flush (Przybylowicz and Donoghue, 1990). 
Treatment for production of mushrooms (Eira and Minhoni, 1997) is done by reducing 
temperature and/or water logging (covering with clean cold water for 2 to 4 hours) and 
removing the bag after water drainage. 
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the miceliated substrates in cold or icy water during 7-8 hours. Then, the bags are packed in 
a shed or green house. When the buttons (primordia) begin to emerge, the plastic bags 
(high-density polyethylene) are removed, and the substrates are watered twice a day. After 
spraying, the bags are covered with a plastic for two hours or until the environment is 
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relative humidity varies with the location of cultivation. 



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

244 

In Brazil, the necessary time for the complete development of the shiitake mushroom is not 
well defined due to climatic variations. The fruiting occurs over a period between three and 
twelve months after the inoculation, depending on the temperature of the region and the 
maintenance of moisture in the log (Eira and Minhoni, 1997; Eira and Montini, 1997). To 
accelerate this process in the cultivation on eucalyptus logs, the  authors recommend 
soaking the miceliated logs for induction, after the incubation period when the first signs of 
primordia emission (callus or popcorns) which usually appear after 2 to 3 months. Mineral 
supplementation in water immersion increased the productivity of this mushroom. 
However, the increase of productivity and the efficiency of energy conversion were only 
possible in logs well colonized by the fungus (Queiroz, 2002; Eira and Minhoni, 1997; Eira 
and Montini, 1997). 
In relation to water temperature for immersion, there is a controversy, probably because of 
environmental differences, and observations often without experimental parameters (Eira 
and Minhoni, 1997; Eira and Montini, 1997). Some Brazilian producers who own cooling 
bath system report positive results since this system causes a steady temperature differential 
of 5-100 C. However, experiments performed in the Module of Mushrooms of the Faculty of 
Agricultural Sciences “Universidade Estadual Paulista” (FCA/UNESP), in Botucatu, São 
Paulo State, these same authors report that, in regions with mild climate and thermal 
amplitude greater than 100 C, the use of ice for cooling did not show significant difference in 
relation to normal bath immersion.  
Induction time depends on environmental conditions and age of the logs and the fruiting 
temperature varies from 5 to 300 C depending on the strain and the spawn used for 
cultivation. The relative humidity of the location of the logs should be between 80 and 90%. 
The emergence of primordia will be within two to three days and harvesting can be made 
after seven to ten days, and in cool seasons the metabolism of the fungus is reduced, 
increasing the time before harvest (Eira and Minhoni, 1997). The induction bath can be done 
in stages, depending on the needs of the producer, thus inducing bath of logs can be 
programmed as a function of demand (Eira and Minhoni, 1997; Eira and Montini, 1997). 

3. Material and methods  
The study was carried out at the Edible Mushroom Cultivation Laboratory from the 
Department of Forest Products in the “Instituto Nacional de Pesquisas da Amazônia” - 
INPA, in the following steps: 

3.1 Collection, drying and preparation of material 
Wood residue (sawdust) was chosen based on the generation of the wood waste produced 
by local lumber industry. Collection, drying and preparation of materials were done at 
CPPF/INPA, using sawdust of Anacardium giganteum Hanck ex Engl (cajuí). After the 
collection of the residues, they were dried (12% of humididy) in a solar dryer at 
CPPF/INPA, and packaged into plastic bags of 100 L until the preparation of the substrates. 

3.2 Production of a primary and secondary matrix and the “spawn”  
The strain of Lentinus strigosus (Schwinitz) Fries was taken from the collection of fungi at 
INPA Institute. Mycelial fragments of fungus (stored in test tubes) were transferred to a 
Petri dish containing malt medium and incubated at 27 ºC until colonization by the fungus 
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(primary matrix) that was used as a source of inoculum for the secondary matrix . Mycelial 
disks, 9 mm in diameter, were removed from the primary matrix and transferred to Petri 
dishes containing SDA medium (sawdust-dextrose-agar), prepared according to Sales-
Campos (2008), named secondary matrix. "Spawn" is the source for inoculation of the 
cultivation substrate, considered here as a tertiary matrix. This matrix was produced from 
cajuí sawdust, with humidification of 75%. The pH was corrected to approximately 6.5, by 
adding CaCO3. Then that substrate was deposited on glass bottles of 500 mL, in 200 g 
portions, which were autoclaved at 121 °C for 45 minutes. After cooling, the substrate was 
inoculated with the secondary matrix. The bottles were partially closed, and kept in special 
chamber with biochemical oxygen demand (BOD) at 25 ± 2 °C until the complete 
colonization of the substrate by fungus. This matrix served as a source of inoculation for the 
cultivation substrates for the production of L. strigosus mushrooms  

3.3 Preparation of cultivation substrate and processing  
The cultivation substrate was prepared from the same residue (cajuí sawdust) as the spawn 
inoculums. It consisted of 88% of sawdust + 10% of the soy bran as a protein source + 2% of 
CaCO3, for pH adjustment (6.5). The material was homogenised and humidified to 75%, and 
packed into bags of high density polyethylene-HDPE (1 kg capacity). Only 500 g of the 
substrate (wet basis) were put into each bag, with ten repetitions. The substrates were 
autoclaved at 121 °C for one hour. After that, they were cooled and inoculated with a 
tertiary matrix under axenical conditions. Each experimental unit (the bag containing the 
substrate) received 3% of the inoculum in relation to the wet weight of the substrate. They 
were taken to an incubating chamber until the colonization of the substrate by the fungus. 
Afterwards, they were transferred to a production chamber. The control samples were also 
prepared as above, but without inoculation by the fungus. The bags were taken to an oven 
with air circulation at 55 ± 5 ºC and dried to a constant weight, in order to obtain the dry 
mass of the initial substrate (DMIS) so that they were used to calculate the productivity, 
based on the biological efficiency index of substrate (BE) and the loss of organic matter 
(LOM).  

3.4 Experimental conditions  
The experiment was conducted indoors. The bags contained the substrates were incubated 
in a climatic chamber at the temperature of 25 ± 3 °C, in the absence of light and at around 
80-85% humidity, in order to allow substrate colonization until the production of primordia. 
Then, they were transferred to the production chamber. The temperature was reduced from 
25 ºC to 22 ºC to induce primordial emission and to allow the production of basidioma (fruit 
body of the mushrooms) in a way that it would be as uniform as possible. Light intensity 
was maintained at 2000 Lux, with a photoperiod of 12 hours per day. The relative humidity 
was scheduled to 95% during the “fructification. The total period of cultivation was 100 
days. After "fructification", the mature mushrooms were collected and weighed, and then 
oven dried for the determination of moisture, dry mass and chemical analyzes. During 
cultivation, the variables analyzed were: biological efficiency (BE), and loss of organic 
matter (LOM). Biological efficiency (used to express the productivity of fungus), was 
calculated according to Tisdale et al. (2006) and Das and Mukherjee (2007): 

 * 100FMMBE
DMS
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In Brazil, the necessary time for the complete development of the shiitake mushroom is not 
well defined due to climatic variations. The fruiting occurs over a period between three and 
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cultivation. The relative humidity of the location of the logs should be between 80 and 90%. 
The emergence of primordia will be within two to three days and harvesting can be made 
after seven to ten days, and in cool seasons the metabolism of the fungus is reduced, 
increasing the time before harvest (Eira and Minhoni, 1997). The induction bath can be done 
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3. Material and methods  
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collection of the residues, they were dried (12% of humididy) in a solar dryer at 
CPPF/INPA, and packaged into plastic bags of 100 L until the preparation of the substrates. 

3.2 Production of a primary and secondary matrix and the “spawn”  
The strain of Lentinus strigosus (Schwinitz) Fries was taken from the collection of fungi at 
INPA Institute. Mycelial fragments of fungus (stored in test tubes) were transferred to a 
Petri dish containing malt medium and incubated at 27 ºC until colonization by the fungus 
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(primary matrix) that was used as a source of inoculum for the secondary matrix . Mycelial 
disks, 9 mm in diameter, were removed from the primary matrix and transferred to Petri 
dishes containing SDA medium (sawdust-dextrose-agar), prepared according to Sales-
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portions, which were autoclaved at 121 °C for 45 minutes. After cooling, the substrate was 
inoculated with the secondary matrix. The bottles were partially closed, and kept in special 
chamber with biochemical oxygen demand (BOD) at 25 ± 2 °C until the complete 
colonization of the substrate by fungus. This matrix served as a source of inoculation for the 
cultivation substrates for the production of L. strigosus mushrooms  
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CaCO3, for pH adjustment (6.5). The material was homogenised and humidified to 75%, and 
packed into bags of high density polyethylene-HDPE (1 kg capacity). Only 500 g of the 
substrate (wet basis) were put into each bag, with ten repetitions. The substrates were 
autoclaved at 121 °C for one hour. After that, they were cooled and inoculated with a 
tertiary matrix under axenical conditions. Each experimental unit (the bag containing the 
substrate) received 3% of the inoculum in relation to the wet weight of the substrate. They 
were taken to an incubating chamber until the colonization of the substrate by the fungus. 
Afterwards, they were transferred to a production chamber. The control samples were also 
prepared as above, but without inoculation by the fungus. The bags were taken to an oven 
with air circulation at 55 ± 5 ºC and dried to a constant weight, in order to obtain the dry 
mass of the initial substrate (DMIS) so that they were used to calculate the productivity, 
based on the biological efficiency index of substrate (BE) and the loss of organic matter 
(LOM).  

3.4 Experimental conditions  
The experiment was conducted indoors. The bags contained the substrates were incubated 
in a climatic chamber at the temperature of 25 ± 3 °C, in the absence of light and at around 
80-85% humidity, in order to allow substrate colonization until the production of primordia. 
Then, they were transferred to the production chamber. The temperature was reduced from 
25 ºC to 22 ºC to induce primordial emission and to allow the production of basidioma (fruit 
body of the mushrooms) in a way that it would be as uniform as possible. Light intensity 
was maintained at 2000 Lux, with a photoperiod of 12 hours per day. The relative humidity 
was scheduled to 95% during the “fructification. The total period of cultivation was 100 
days. After "fructification", the mature mushrooms were collected and weighed, and then 
oven dried for the determination of moisture, dry mass and chemical analyzes. During 
cultivation, the variables analyzed were: biological efficiency (BE), and loss of organic 
matter (LOM). Biological efficiency (used to express the productivity of fungus), was 
calculated according to Tisdale et al. (2006) and Das and Mukherjee (2007): 

 * 100FMMBE
DMS
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Where: 
BE= Biological efficiency, % 
FMM= Fresh mass of mushrooms, g 
DMIS= Dry mass of the initial substrate, g 
 

The loss of organic matter (LOM) is the index that evaluates the substrate decomposition by 
the fungus. It was evaluated according to Sturion (1994), expressed by the following 
formula:  

 * 100DMIS DMSSLOM
DMSS


   

Where: 
LOM = loss of organic matter,%  
DMSS = Dry mass of the spent substrate, g  
DMIS = Dry mass of the initial substrate, g  

4. Results and discussion  
Table 2 presents the development of the L. strigosus. The fructification happened three to 
five days after the primordia initiation (Table 2), with the development of vigorous 
mushrooms.  
 

Period (days)    
Mycelial 
growth 

Primordium 
emission Fruiting Cultivation 

time 
Number of 

flushes 
Pileus

cm 
Stipe 
cm 

11 to 15 33 to 34 35 to 38 100 6 2 to 7 1 

Table 2. Profile of the Lentinus strigosus mushroom cultivated in cajuí sawdust with soy bran 
as protein source during 100 days.  

The high biological efficiency (BE) of the substrate formulated with cajuí sawdust, 
supplemented with soy bran demonstrates good productivity of the substrate (Table 3). The 
result (80%) is superior to other substrates used in cultivation of P. ostreatus mushroom 
formulated with sawdust of Fagus orientalis (Yildz et al., 2002), and with Eucalyptus sp. 
according to Marino et al. (2002)  which presented BE equal to 8.6 to 64.3% and 11.4 to 43% 
in their respective studies. The good productivity of this substrate is the result of the 
quantity of material readily available and absorbed by fungus during the mycelial 
development process and the soy bran was a good source of protein.  
Philippoussis et al. (2003) showed that the mycelial growth rate is related to the bio-
availability of nitrogen and that the formulation of the substrate influences nutritional levels 
and porosity (availability of O2) and Gbolagade et al. (2006) stated that each fungus utilizes a 
specific C/N ratio. The soy bran provided a good source of protein for the fungus as we can 
see at the table 3 (20%). The results are very important for this edible mushroom, since they 
present low lipid content (2.5%) and a high fiber level (18%). 
The use of alternative substrates, easily obtained at low cost for the cultivation of edible 
mushrooms have been investigated in many publications (Özçelik and Pekşen, 2007; 
Philippoussis et al., 2007; Royse and Sanchez, 2007). The supplementation of the substrates 
with a nitrogen source, mainly with cereal bran, has been adopted to achieve a C/N ratio 
good for the production of mushrooms.  
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Özçelik and Pekşen (2007), analyzing the application of hazelnut shells in the formulation of 
substrate for mushroom cultivation Lentinula edodes, reported that the biological efficiency of 
the substrate made with hazelnut shells only, was considered to be low (43.73%). However, 
when the proportion of hazelnut shells was reduced and combined with wheat straw (25:75) 
the biological efficiency was considered good (62.24%). The result however, is less than that 
reported in this study (Table 3). 
Philippoussis et al. (2007) tested the productivity of agricultural residues (sawdust of oak, 
wheat straw and corncobs) in the cultivation of Lentinula edodes and found that corncobs and 
wheat straw presented higher rates of biological efficiency: 80.64% and 75.23% respectively, 
which were similar to those presented in this research. Alberto and Lechner (2007) however, 
obtained lower BE (61.93%), cultivating Lentinus tigrinus with Salix sawdust.  
Royse and Sanchez (2007) tested three formulations for the cultivation of L. edodes, 
combining wheat straw and oak residues. They found that the substrate with higher 
proportions of wheat straw (in relation to oak residue), provided the best biological 
efficiency (98.9%) at the end of 4 harvests. These results are superior to the ones obtained in 
this work. However, 80% of Biological Efficiency presented by L. strigosus cultivated in cajuí 
sawdust supplemented with soy bran in the present study is considered high.  
 

Productivity Results Nutritional Composition  

Substrate 
Cajui Sawdust 

Biological 
Efficiency 
(BE) (%) 

Loss of Organic  
Matter 

(LOM) (%) 

Total 
Protein 

(%) 

Total 
Fiber 
(%) 

Lipid 
 

(%) 

Ash 
 

(%) 
Standard deviation 6.94 4.85 1.00 2,00 0.30 1.00 

Average 80.0 47.51 20 18 2.5 5 

Table 3. Results of Productivity and Nutritional Composition of the edible mushroom 
Lentinus strigosus cultivated on cajuí wood waste, supplemented with soy bran. 

5. Conclusions 
The high biological efficiency of the mushroom in this substrate, formulated with the cajuí 
sawdust supplemented with soy bran, makes its use feasible for the cultivation of Lentinus 
strigosus mushroom from the Amazon Region. The soy bran provided a good source of 
protein for the fungus. 
The findings presented herein point out the utilization of the Amazon wood waste as 
substrate for the mushroom cultivation, which will certainly promote the improvement of 
the social and economical conditions of its people and the sustainability of the biodiversity 
resources, enabling the establishment of a new economical niche in the region.  
L. strigosus can be considered an important food in terms of their characteristics: rich in 
protein and low in fat, important for nutrition and human health. 

6. References 
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Where: 
BE= Biological efficiency, % 
FMM= Fresh mass of mushrooms, g 
DMIS= Dry mass of the initial substrate, g 
 

The loss of organic matter (LOM) is the index that evaluates the substrate decomposition by 
the fungus. It was evaluated according to Sturion (1994), expressed by the following 
formula:  

 * 100DMIS DMSSLOM
DMSS


   

Where: 
LOM = loss of organic matter,%  
DMSS = Dry mass of the spent substrate, g  
DMIS = Dry mass of the initial substrate, g  

4. Results and discussion  
Table 2 presents the development of the L. strigosus. The fructification happened three to 
five days after the primordia initiation (Table 2), with the development of vigorous 
mushrooms.  
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Mycelial 
growth 

Primordium 
emission Fruiting Cultivation 

time 
Number of 

flushes 
Pileus

cm 
Stipe 
cm 

11 to 15 33 to 34 35 to 38 100 6 2 to 7 1 

Table 2. Profile of the Lentinus strigosus mushroom cultivated in cajuí sawdust with soy bran 
as protein source during 100 days.  

The high biological efficiency (BE) of the substrate formulated with cajuí sawdust, 
supplemented with soy bran demonstrates good productivity of the substrate (Table 3). The 
result (80%) is superior to other substrates used in cultivation of P. ostreatus mushroom 
formulated with sawdust of Fagus orientalis (Yildz et al., 2002), and with Eucalyptus sp. 
according to Marino et al. (2002)  which presented BE equal to 8.6 to 64.3% and 11.4 to 43% 
in their respective studies. The good productivity of this substrate is the result of the 
quantity of material readily available and absorbed by fungus during the mycelial 
development process and the soy bran was a good source of protein.  
Philippoussis et al. (2003) showed that the mycelial growth rate is related to the bio-
availability of nitrogen and that the formulation of the substrate influences nutritional levels 
and porosity (availability of O2) and Gbolagade et al. (2006) stated that each fungus utilizes a 
specific C/N ratio. The soy bran provided a good source of protein for the fungus as we can 
see at the table 3 (20%). The results are very important for this edible mushroom, since they 
present low lipid content (2.5%) and a high fiber level (18%). 
The use of alternative substrates, easily obtained at low cost for the cultivation of edible 
mushrooms have been investigated in many publications (Özçelik and Pekşen, 2007; 
Philippoussis et al., 2007; Royse and Sanchez, 2007). The supplementation of the substrates 
with a nitrogen source, mainly with cereal bran, has been adopted to achieve a C/N ratio 
good for the production of mushrooms.  
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Özçelik and Pekşen (2007), analyzing the application of hazelnut shells in the formulation of 
substrate for mushroom cultivation Lentinula edodes, reported that the biological efficiency of 
the substrate made with hazelnut shells only, was considered to be low (43.73%). However, 
when the proportion of hazelnut shells was reduced and combined with wheat straw (25:75) 
the biological efficiency was considered good (62.24%). The result however, is less than that 
reported in this study (Table 3). 
Philippoussis et al. (2007) tested the productivity of agricultural residues (sawdust of oak, 
wheat straw and corncobs) in the cultivation of Lentinula edodes and found that corncobs and 
wheat straw presented higher rates of biological efficiency: 80.64% and 75.23% respectively, 
which were similar to those presented in this research. Alberto and Lechner (2007) however, 
obtained lower BE (61.93%), cultivating Lentinus tigrinus with Salix sawdust.  
Royse and Sanchez (2007) tested three formulations for the cultivation of L. edodes, 
combining wheat straw and oak residues. They found that the substrate with higher 
proportions of wheat straw (in relation to oak residue), provided the best biological 
efficiency (98.9%) at the end of 4 harvests. These results are superior to the ones obtained in 
this work. However, 80% of Biological Efficiency presented by L. strigosus cultivated in cajuí 
sawdust supplemented with soy bran in the present study is considered high.  
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Table 3. Results of Productivity and Nutritional Composition of the edible mushroom 
Lentinus strigosus cultivated on cajuí wood waste, supplemented with soy bran. 

5. Conclusions 
The high biological efficiency of the mushroom in this substrate, formulated with the cajuí 
sawdust supplemented with soy bran, makes its use feasible for the cultivation of Lentinus 
strigosus mushroom from the Amazon Region. The soy bran provided a good source of 
protein for the fungus. 
The findings presented herein point out the utilization of the Amazon wood waste as 
substrate for the mushroom cultivation, which will certainly promote the improvement of 
the social and economical conditions of its people and the sustainability of the biodiversity 
resources, enabling the establishment of a new economical niche in the region.  
L. strigosus can be considered an important food in terms of their characteristics: rich in 
protein and low in fat, important for nutrition and human health. 
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1. Introduction 
In the cultivation of soybean, it is necessary to pay attention to nitrogen absorption and soil 
organism. Nitrogen of 11 - 31kg (an average of 16 kg) is necessary to produce soybean grains 
of 200 kg (Salvagiotti et al., 2008) because soybean has high grain protein content. Soybean 
and rhizobia (Bradyrhizobium japonicum) form symbiosis for N2 fixation (Gray & Smith, 
2005). Soybean N2 fixation is approximately half of the soybean nitrogen uptake (Salvagiotti 
et al., 2008), and soybean absorbs the other half from fertilizer or soil. If there is much 
inorganic nitrogen in soil, the N2 fixation is suppressed (Ray et al., 2006), and the amount of 
fertilizer application for soybean is a little. Therefore, soybean yield probably depends on 
the quantity of soil organic nitrogen which is mineralized during crops growing period. This 
means nitrogen which a soil microbe holds, and it is called "biomass nitrogen" (Jenkinson & 
Parry, 1989).  
Soybean is influenced by a biologic factor. Soybean forms symbiosis not only rhizobia but 
also arbuscular mycorrhizal (AM) fungi (Antunes et al., 2006; Troeh & Loynachan, 2003). 
The biologic factors such as nematodes, soil-borne diseases become the problem in soybean. 
In continuous cropping of soybean, soybean cyst nematode (SCN : Heterodera glycines) 
reduce soybean yield approximately 30% (Donald et al., 2006). Sudden death syndrome 
(SDS) due to the coinfection of SCN and Fusarium solani becomes the problem in U.S.A. 
(Rupe et al., 1997; Xing & Westphal, 2009).  
Soybean secretes flavonoids such as daidzein or genistein, and they are key signal 
compounds for control of symbiosis with rhizobia and AM fungi (Antunes et al., 2006). 
Glycinoeclepin which kidney beans (Phaseolus vulgaris) secrete promotes the hatching of the 
SCN (Kushida et al., 2002). Crops influence soil organism by various compounds to secrete 
from root (Faure et al., 2009). Therefore, the growth and yield of soybean are probably 
influenced by the preceding crop. In soybean, yield decrease is remarkable by continuous 
cropping (Matsuda et al., 1980; Matsuguchi & Nitta, 1988). 
The continuous cropping experiment with five crops including soybean was conducted in 
northern Japanese Hokkaido for 16 years (Memuro continuous cropping experiment). 
Organic matter application and soil fumigation were conducted in the experiment. Soybean 
continuous cropping will influence soil microbe (Kageyama et al., 1982; Matsuguchi & Nitta, 
1988). Soil biomass nitrogen increases by organic matter application (Sakamoto & Oba, 
1993). Soil fumigation promotes mineralization of soil nitrogen and suppresses nitrification 
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and rhizobia (Bradyrhizobium japonicum) form symbiosis for N2 fixation (Gray & Smith, 
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the quantity of soil organic nitrogen which is mineralized during crops growing period. This 
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The biologic factors such as nematodes, soil-borne diseases become the problem in soybean. 
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reduce soybean yield approximately 30% (Donald et al., 2006). Sudden death syndrome 
(SDS) due to the coinfection of SCN and Fusarium solani becomes the problem in U.S.A. 
(Rupe et al., 1997; Xing & Westphal, 2009).  
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influenced by the preceding crop. In soybean, yield decrease is remarkable by continuous 
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The continuous cropping experiment with five crops including soybean was conducted in 
northern Japanese Hokkaido for 16 years (Memuro continuous cropping experiment). 
Organic matter application and soil fumigation were conducted in the experiment. Soybean 
continuous cropping will influence soil microbe (Kageyama et al., 1982; Matsuguchi & Nitta, 
1988). Soil biomass nitrogen increases by organic matter application (Sakamoto & Oba, 
1993). Soil fumigation promotes mineralization of soil nitrogen and suppresses nitrification 
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(Neve et al., 2004). Soil fumigation sterilizes Fungus (Asano et al., 1983) and nematodes. This 
experiment is a good example to study the influence of the soil microbe on soybean. About a 
subject picked up in this experiment, the knowledge of past were surveyed.  
 

C0 W15 W30 W50 B15 B30 B50 F30 F15 F0 R
Continuous cropping ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

Rotation ○

Wheat straw manure 15 30 50 30 15
Burk compost 15 30 50
Soil fumigation ○ ○ ○  
* The application rate of organic matter is expressed in t/ha. 
Soil fumigation (D-D) was applied from 1990 to 1995. 

Table 1. Treatments in Memuro continuous cropping experiments. 
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The cropping sequence of rotation plot is sugar beet – Potato - Adzuki bean - Spring wheat - Soybean． 

Fig. 1. The treatment plots in Memuro continuous cropping experiment. 

2. Memuro continuous cropping experiment 
2.1 Eexperimental design 
Memuro continuous cropping experiment (42°53' N, 143°04' E) was conducted from 1980 to 
1995. Soybean (Glycine max), adzuki bean (Vigna angralis), sugar beet (Beta valgaris), potato 
(Solanum tuberosum) and spring wheat (Triticum aestivum) were cultivated in the 
experiments. The eleven plots were established in each crop (Fig. 1). One plot was rotation 
plot, and other plots were continuous cropping plots (Table 1). Soybean was cultivated only 
chemical fertilizer in rotation plot (R) and the control plot in continuous cropping plots (C0). 
Wheat straw manure was applied in every year from 1980 at 15, 30, 50 t/ha, respectively 
(W15, W30, W50). Burk compost was applied in every year from 1981 at 15, 30, 50 t/ha, 
respectively (B15, B30, B50). D-D (1,3-dichloropropene) was applied from 1990 as a soil 
fumigation. In the soil fumigation plots, wheat straw manure was applied in every year 
from 1980 at 0, 15,30t/ha (F0, F15, F30). 
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2.2 The effect of continuous cropping to soybean cyst nematode (SCN) 
The time course changes of egg density of SCN were showed in Fig. 2A. Closed symbols 
showed the value of rotation plot, and open symbols showed that of continuous cropping 
plots. The nematode susceptibility cultivar "Kitami-shiro" was used from 1980 to 1991, and 
nematode-resistant cultivar "Toyo-musume" was used from 1992. D-D was applied from 
1990. In the continuous cropping plots, the egg density of SCN tended to decrease from 
1985. Thereafter, the egg density in the rotation plot was higher than that in the continuous 
cropping plots.  
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○ : C0, M15, M30, M50, □ : B15, B30, B50, △ : F0, F15, F30, ● : R. 
Graph A: The changes of all plots. 
Graph B: The changes of plots in which the egg density peaked at 1981. 
Graph C: The changes of plots in which the egg density peaked at 1984. 
The unit of the egg density of SCN is number / g dry soil. 
Fig. 2. The time course changes of egg density of SCN. 
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(Neve et al., 2004). Soil fumigation sterilizes Fungus (Asano et al., 1983) and nematodes. This 
experiment is a good example to study the influence of the soil microbe on soybean. About a 
subject picked up in this experiment, the knowledge of past were surveyed.  
 

C0 W15 W30 W50 B15 B30 B50 F30 F15 F0 R
Continuous cropping ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

Rotation ○

Wheat straw manure 15 30 50 30 15
Burk compost 15 30 50
Soil fumigation ○ ○ ○  
* The application rate of organic matter is expressed in t/ha. 
Soil fumigation (D-D) was applied from 1990 to 1995. 

Table 1. Treatments in Memuro continuous cropping experiments. 
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The cropping sequence of rotation plot is sugar beet – Potato - Adzuki bean - Spring wheat - Soybean． 

Fig. 1. The treatment plots in Memuro continuous cropping experiment. 

2. Memuro continuous cropping experiment 
2.1 Eexperimental design 
Memuro continuous cropping experiment (42°53' N, 143°04' E) was conducted from 1980 to 
1995. Soybean (Glycine max), adzuki bean (Vigna angralis), sugar beet (Beta valgaris), potato 
(Solanum tuberosum) and spring wheat (Triticum aestivum) were cultivated in the 
experiments. The eleven plots were established in each crop (Fig. 1). One plot was rotation 
plot, and other plots were continuous cropping plots (Table 1). Soybean was cultivated only 
chemical fertilizer in rotation plot (R) and the control plot in continuous cropping plots (C0). 
Wheat straw manure was applied in every year from 1980 at 15, 30, 50 t/ha, respectively 
(W15, W30, W50). Burk compost was applied in every year from 1981 at 15, 30, 50 t/ha, 
respectively (B15, B30, B50). D-D (1,3-dichloropropene) was applied from 1990 as a soil 
fumigation. In the soil fumigation plots, wheat straw manure was applied in every year 
from 1980 at 0, 15,30t/ha (F0, F15, F30). 
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2.2 The effect of continuous cropping to soybean cyst nematode (SCN) 
The time course changes of egg density of SCN were showed in Fig. 2A. Closed symbols 
showed the value of rotation plot, and open symbols showed that of continuous cropping 
plots. The nematode susceptibility cultivar "Kitami-shiro" was used from 1980 to 1991, and 
nematode-resistant cultivar "Toyo-musume" was used from 1992. D-D was applied from 
1990. In the continuous cropping plots, the egg density of SCN tended to decrease from 
1985. Thereafter, the egg density in the rotation plot was higher than that in the continuous 
cropping plots.  
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○ : C0, M15, M30, M50, □ : B15, B30, B50, △ : F0, F15, F30, ● : R. 
Graph A: The changes of all plots. 
Graph B: The changes of plots in which the egg density peaked at 1981. 
Graph C: The changes of plots in which the egg density peaked at 1984. 
The unit of the egg density of SCN is number / g dry soil. 
Fig. 2. The time course changes of egg density of SCN. 
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■：plots in graph B, □：plots in graph C. 

Fig. 3. The placement of soybean continuous cropping plots in Graph B and C. 

Fig. 2B and 2C show the time course changes of egg density of SCN in the continuous 
cropping plots. Fig. 2B shows the plots which the egg density of SCN was highest in 1981-
1982. Fig. 2C shows the plots which the egg density of SCN was highest in 1984. The 
placement of each plots are showed in Fig. 3. The closed squares show the plots in Fig. 2B, 
and the open squares show the plots in Fig. 2C. The plots which belonged in Fig. 2B were 
located in the south side of experiment field, and the plots which belonged in Fig. 2C were 
located in the north side. The difference of time course changes of egg density probably 
depended on the position of plots. In both plots, the egg density of SCN decreased by 2 - 5 
years continuous cropping. 
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Graph A: The changes in yield of C0 and R. 
 ○ : C0, ● : R. 
Graph B: The time course changes in yield index. 
□ : C0 / R × 100.  
◇ : The means of (W15, W30 W50, B15, B30 or B50) / R × 100,  
Solid line: the value of ◇ in 1980.  
Dotted line: solid line - least significant difference from Stutentized range.  
** is significantly in 1%.  

Fig. 4. The time course changes of yield and yield index of soybean. 
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2.3 The effects of treatments to soybean yield  
2.3.1 Time course change 
Soybean yield was measured from 1980 to 1995. The time course changes of yield of R and 
C0 plots were showed in Fig. 4A. In Hokkaido, soybean yield decrease by cool summer 
damage. It was a cool summer in 1983 and 1993, and soybean yield decreased. To examine 
the effects of continuous cropping and organic matter application, analysis of variance 
(ANOVA) was conducted for the soybean yield data. First, the yield of continuous cropping 
plots except soil fumigation plots (C0, W15, W30, W50, B15, B30, B50) were converted into 
the index by the yield of rotation plot (R). For the index of the continuous cropping + 
organic matter application plots (W15, W30, W50, B15, B30, B50), ANOVA was conducted as 
treatment replication (Fig. 4B). The solid line is a value of 1980, and the dotted line is solid 
line - least significant difference. In the year when index significantly decreased than that of 
1980, soybean yield probably decreased by continuous cropping. For reference, the indexes 
of C0 were shown.  
The mean of indexes of organic matter application plots did not decrease significantly 
except 1983. However, the indexes of C0 of 1983~1985 were lower than a dotted line. This 
time was almost coincided with the time when the egg density of SCN increased. The 
indexes of C0 increased again afterwards. The egg density of SCN decreased, too. Therefore, 
it is suggested that the yield decrease of continuous cropping was influenced by SCN. The 
organic matter application probably increased soybean yield. 

2.3.2 Treatment effects 
For the soybean yield data, ANOVA was conducted as year replication. Using a yield of all 
plots except soil fumigation plots (C0, W15, W30, W50, B15, B30, B50, R) of 1981~1995, the 
effects of continuous cropping and organic matter application were investigated. Using a 
yield of all plots in 1990~1991, the effects of continuous cropping, organic matter application 
and D-D on nematode susceptibility cultivar "Kitami-shiro" were investigated. Using a yield 
of all plots in 1992~1995, the effects of continuous cropping, organic matter application and 
D-D on nematode resistant cultivar "Toyo-musume" were investigated. 
By ANOVA for the data of 1981-1995, yield decreased significantly by continuous cropping, 
and the decrease was approximately 20% (Fig. 5A). Organic matter application increased 
yield. By ANOVA for soil fumigation period (Fig. 5B, 5C), yield did not decrease 
significantly by continuous cropping. However, the trend in Fig. 5A was similar in those 
figures. Yield decreased by continuous cropping, and increased by organic matter 
application. By D-D, yield increased at the same level as the rotation plot. D-D might 
remove the effect of continuous cropping as a nematocide. However, the egg density of SCN 
declined before D-D application period. The effect of D-D was found to "Toyo-musume" that 
was nematode resistant variety. Therefore, it was suggested that D-D influenced the factor 
except SCN.  

3. Factors to influence continuous cropping soybean 
3.1 Soybean cyst nematode (SCN) 
SCN forms the cyst containing a large number of eggs (Ichinohe, 1955a). Two or three 
generations of SCN can grow up in the soybean growing period of Hokkaido (Ichinohe, 
1955a). SCN inhibits rhizobial adherence, too (Ichinohe 1955a). The damage of SCN is most 
remarkable if SCN invaded to soybean at 2-3 weeks after sowing (Okada, 1968). The damage 
of SCN is reduced by fertilization (Okada, 1966). SCN reduces the growth of soybean, but 
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Fig. 3. The placement of soybean continuous cropping plots in Graph B and C. 

Fig. 2B and 2C show the time course changes of egg density of SCN in the continuous 
cropping plots. Fig. 2B shows the plots which the egg density of SCN was highest in 1981-
1982. Fig. 2C shows the plots which the egg density of SCN was highest in 1984. The 
placement of each plots are showed in Fig. 3. The closed squares show the plots in Fig. 2B, 
and the open squares show the plots in Fig. 2C. The plots which belonged in Fig. 2B were 
located in the south side of experiment field, and the plots which belonged in Fig. 2C were 
located in the north side. The difference of time course changes of egg density probably 
depended on the position of plots. In both plots, the egg density of SCN decreased by 2 - 5 
years continuous cropping. 
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Graph A: The changes in yield of C0 and R. 
 ○ : C0, ● : R. 
Graph B: The time course changes in yield index. 
□ : C0 / R × 100.  
◇ : The means of (W15, W30 W50, B15, B30 or B50) / R × 100,  
Solid line: the value of ◇ in 1980.  
Dotted line: solid line - least significant difference from Stutentized range.  
** is significantly in 1%.  

Fig. 4. The time course changes of yield and yield index of soybean. 
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2.3 The effects of treatments to soybean yield  
2.3.1 Time course change 
Soybean yield was measured from 1980 to 1995. The time course changes of yield of R and 
C0 plots were showed in Fig. 4A. In Hokkaido, soybean yield decrease by cool summer 
damage. It was a cool summer in 1983 and 1993, and soybean yield decreased. To examine 
the effects of continuous cropping and organic matter application, analysis of variance 
(ANOVA) was conducted for the soybean yield data. First, the yield of continuous cropping 
plots except soil fumigation plots (C0, W15, W30, W50, B15, B30, B50) were converted into 
the index by the yield of rotation plot (R). For the index of the continuous cropping + 
organic matter application plots (W15, W30, W50, B15, B30, B50), ANOVA was conducted as 
treatment replication (Fig. 4B). The solid line is a value of 1980, and the dotted line is solid 
line - least significant difference. In the year when index significantly decreased than that of 
1980, soybean yield probably decreased by continuous cropping. For reference, the indexes 
of C0 were shown.  
The mean of indexes of organic matter application plots did not decrease significantly 
except 1983. However, the indexes of C0 of 1983~1985 were lower than a dotted line. This 
time was almost coincided with the time when the egg density of SCN increased. The 
indexes of C0 increased again afterwards. The egg density of SCN decreased, too. Therefore, 
it is suggested that the yield decrease of continuous cropping was influenced by SCN. The 
organic matter application probably increased soybean yield. 

2.3.2 Treatment effects 
For the soybean yield data, ANOVA was conducted as year replication. Using a yield of all 
plots except soil fumigation plots (C0, W15, W30, W50, B15, B30, B50, R) of 1981~1995, the 
effects of continuous cropping and organic matter application were investigated. Using a 
yield of all plots in 1990~1991, the effects of continuous cropping, organic matter application 
and D-D on nematode susceptibility cultivar "Kitami-shiro" were investigated. Using a yield 
of all plots in 1992~1995, the effects of continuous cropping, organic matter application and 
D-D on nematode resistant cultivar "Toyo-musume" were investigated. 
By ANOVA for the data of 1981-1995, yield decreased significantly by continuous cropping, 
and the decrease was approximately 20% (Fig. 5A). Organic matter application increased 
yield. By ANOVA for soil fumigation period (Fig. 5B, 5C), yield did not decrease 
significantly by continuous cropping. However, the trend in Fig. 5A was similar in those 
figures. Yield decreased by continuous cropping, and increased by organic matter 
application. By D-D, yield increased at the same level as the rotation plot. D-D might 
remove the effect of continuous cropping as a nematocide. However, the egg density of SCN 
declined before D-D application period. The effect of D-D was found to "Toyo-musume" that 
was nematode resistant variety. Therefore, it was suggested that D-D influenced the factor 
except SCN.  

3. Factors to influence continuous cropping soybean 
3.1 Soybean cyst nematode (SCN) 
SCN forms the cyst containing a large number of eggs (Ichinohe, 1955a). Two or three 
generations of SCN can grow up in the soybean growing period of Hokkaido (Ichinohe, 
1955a). SCN inhibits rhizobial adherence, too (Ichinohe 1955a). The damage of SCN is most 
remarkable if SCN invaded to soybean at 2-3 weeks after sowing (Okada, 1968). The damage 
of SCN is reduced by fertilization (Okada, 1966). SCN reduces the growth of soybean, but 
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○ : C0, M15, M30, M50, □ : B15, B30, B50, ▲ : F0, F15, F30, ● : R. 
Graph A : ANOVA for 1981 – 1995 (All period of continuous cropping), 
Graph B : ANOVA for 1990 – 1991 (D-D for “Kitami-shiro”), 
Graph C : ANOVA for 1992 – 1995 (D-D for “Toyo-musume”).  
Solid line : the value of R, 
Dotted lines : solid line ± l.s.d. from Studentized range. 
** is significantly in 1%, * is 5%.  

Fig. 5. The treatment effects to soybean yield. 

SCN cannot increase with poor growth soybean (Ichinohe, 1955b). Therefore, if the soybean 
growth is less, the density of SCN may be less. In Memuro continuous cropping experiment, 
the egg density of SCN was low in the cool summer damage year (1983). 
Soil fumigation, organic matter application and cultivation of non-host crops or the resistant 
variety is effective for control of SCN. D-D etc are used for soil fumigation. Organic acid or 
ammonia released from organic matter suppresses a nematode (Oka, 2010). By organic 
matter including the chitinous substance, chitinase activity in the soil rises, and a nematode 
is suppressed (Akttar & Malik, 2000; Oka, 2010). Brassicaceae crops including glucosinolates 
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release isothiocyanates, and suppress a nematode (Oka, 2010). Probably Marigold 
suppresses a nematode by α- terthienyl (Oka, 2010).  
Host crops of SCN is soybean, adzuki bean and kidney bean (Ichinohe, 1953). SCN is not 
parasitic on a non-leguminous crop. SCN is parasitic on other leguminous crops, but cannot 
become the adult (Ichinohe, 1953). After five years cultivation of corn (Zea mays) which is 
non-host crop, SCN increases by soybean cultivation (Porter et al., 2001). By the planting of 
the single resistant variety, the races adapted to the resistant variety increased (Shimizu & 
Mitsui, 1985). In contrast, the leguminous crop red clover (Trifolium pratense) may be used as 
trap crop (Kushida et al., 2002). Red clover hatch the egg of SCN, but the hatched larva 
cannot become the adult (Kushida et al., 2002). Therefore, after red clover cultivation, the 
density of SCN decreased (Kushida et al., 2002). 
In Memuro continuous cropping experiment, SCN density decreased by 5 years continuous 
cropping of soybean. In other experiments, the density of SCN decreased by continuous 
cropping, too (Hashimoto et al., 1988). This phenomenon is called "SCN decline". SCN 
decreases in wheat-soybean double cropping (Bernard et al., 1996). It is suggested that these 
phenomena are caused because fungus or bacteria are parasitic on SCN. Hirsutella is 
parasitic on the second larva of SCN (Liu & Chen, 2000). Fusarium and Verticillium are 
parasitic on a female, cyst and egg of SCN (Bernerd et al., 1996; Sayre, 1986, Siddiqui & 
Mahmood, 1996). The nematode control using these microorganisms is possible. However, 
in Memuro continuous cropping experiment, soybean might be cropped continuously 
before the experiment station establishment. Long term continuous cropping may be needed 
to "SCN decline". 

3.2 Nitrogen supply and soybean yield 
In American Corn Belt, the potential yield of soybean is estimated at 6 - 8t/ha (Salvagiotti et 
al., 2008). Because soybean is crop which is high grain protein content, soybean need a large 
quantity of nitrogen. Nitrogen of 106 – 310 kg N / ha is necessary to get a yield of 2 t / ha 
(Salvagiotti et al., 2008). In the Tokachi district, the fixed nitrogen of soybean is 4 – 127 kg N 
/ha (Nishimune et al., 1983). There is negative correlation between amount of applied 
fertilizer and N2 fixation (Salvagiotti et al., 2008). Fertilizer nitrogen for soybean is less than 
40kgN/ha. Therefore, soybean needs to absorb nitrogen from soil. Soybean yield will 
increase with soil nitrogen absorption.   
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Fig. 6. The relationship of the hot water extractable nitrogen (HWEN) of postharvest soil and 
soybean yield (1994). 
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Graph A : ANOVA for 1981 – 1995 (All period of continuous cropping), 
Graph B : ANOVA for 1990 – 1991 (D-D for “Kitami-shiro”), 
Graph C : ANOVA for 1992 – 1995 (D-D for “Toyo-musume”).  
Solid line : the value of R, 
Dotted lines : solid line ± l.s.d. from Studentized range. 
** is significantly in 1%, * is 5%.  

Fig. 5. The treatment effects to soybean yield. 

SCN cannot increase with poor growth soybean (Ichinohe, 1955b). Therefore, if the soybean 
growth is less, the density of SCN may be less. In Memuro continuous cropping experiment, 
the egg density of SCN was low in the cool summer damage year (1983). 
Soil fumigation, organic matter application and cultivation of non-host crops or the resistant 
variety is effective for control of SCN. D-D etc are used for soil fumigation. Organic acid or 
ammonia released from organic matter suppresses a nematode (Oka, 2010). By organic 
matter including the chitinous substance, chitinase activity in the soil rises, and a nematode 
is suppressed (Akttar & Malik, 2000; Oka, 2010). Brassicaceae crops including glucosinolates 
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release isothiocyanates, and suppress a nematode (Oka, 2010). Probably Marigold 
suppresses a nematode by α- terthienyl (Oka, 2010).  
Host crops of SCN is soybean, adzuki bean and kidney bean (Ichinohe, 1953). SCN is not 
parasitic on a non-leguminous crop. SCN is parasitic on other leguminous crops, but cannot 
become the adult (Ichinohe, 1953). After five years cultivation of corn (Zea mays) which is 
non-host crop, SCN increases by soybean cultivation (Porter et al., 2001). By the planting of 
the single resistant variety, the races adapted to the resistant variety increased (Shimizu & 
Mitsui, 1985). In contrast, the leguminous crop red clover (Trifolium pratense) may be used as 
trap crop (Kushida et al., 2002). Red clover hatch the egg of SCN, but the hatched larva 
cannot become the adult (Kushida et al., 2002). Therefore, after red clover cultivation, the 
density of SCN decreased (Kushida et al., 2002). 
In Memuro continuous cropping experiment, SCN density decreased by 5 years continuous 
cropping of soybean. In other experiments, the density of SCN decreased by continuous 
cropping, too (Hashimoto et al., 1988). This phenomenon is called "SCN decline". SCN 
decreases in wheat-soybean double cropping (Bernard et al., 1996). It is suggested that these 
phenomena are caused because fungus or bacteria are parasitic on SCN. Hirsutella is 
parasitic on the second larva of SCN (Liu & Chen, 2000). Fusarium and Verticillium are 
parasitic on a female, cyst and egg of SCN (Bernerd et al., 1996; Sayre, 1986, Siddiqui & 
Mahmood, 1996). The nematode control using these microorganisms is possible. However, 
in Memuro continuous cropping experiment, soybean might be cropped continuously 
before the experiment station establishment. Long term continuous cropping may be needed 
to "SCN decline". 

3.2 Nitrogen supply and soybean yield 
In American Corn Belt, the potential yield of soybean is estimated at 6 - 8t/ha (Salvagiotti et 
al., 2008). Because soybean is crop which is high grain protein content, soybean need a large 
quantity of nitrogen. Nitrogen of 106 – 310 kg N / ha is necessary to get a yield of 2 t / ha 
(Salvagiotti et al., 2008). In the Tokachi district, the fixed nitrogen of soybean is 4 – 127 kg N 
/ha (Nishimune et al., 1983). There is negative correlation between amount of applied 
fertilizer and N2 fixation (Salvagiotti et al., 2008). Fertilizer nitrogen for soybean is less than 
40kgN/ha. Therefore, soybean needs to absorb nitrogen from soil. Soybean yield will 
increase with soil nitrogen absorption.   
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soybean yield (1994). 
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Soil Nitrogen can be divided into inorganic, humus and biomass nitrogen (Jenkinson & 
Parry, 1989). Crops absorb inorganic nitrogen. The available nitrogen is organic nitrogen at 
sowing, but it is mineralized during a growing period. It is suggested that most of available 
nitrogen come from biomass nitrogen (Sakamoto & Oba, 1993). Organic matter application 
increases biomass nitrogen (Sakamoto & Oba, 1993). Available nitrogen and the heated 
water extraction nitrogen (HWEN) have corelation (Akatsuka & Sakayanagi, 1964). In 
Memuro continuous cropping experiment, the relationship of the HWEN of postharvest soil 
and soybean yield was investigated in 1994 (Fig. 6). With increase of the HEWN, soybean 
yield tended to increase. It is suggested that organic matter application increases biomass 
nitrogen, and contributes to yield increase. 
D-D promotes mineralization from biomass nitrogen (Neve et al., 2004). D-D suppresses 
nitrification from ammonia nitrogen (Neve et al., 2004). Therefore, much ammonia nitrogen 
in soil will be kept by D-D. In the Memuro continuous cropping experiment, D-D was 
applied before one month of sowing. Therefore, it is thought that these effects influenced a 
soybean.  
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Fig. 7. The nitrogen flow and the factors influence to it. 

4. Farming system and management to influence soybean yield 
Farming system and management influencing soybean are described. Fig. 7 illustrates the 
results provided in Memuro continuous cropping experiment and the knowledge of the 
past.  

4.1 Soil organic matter (SOM) 
Soybean needs nitrogen absorption to get high yield. The Brazilian soybean absorbs 
approximately 100% of N need by N2 fixation, but in soybean of U.S.A. or Japan, fixed 
nitrogen is approximately 50% of N need (Graham & Vance, 2000). This may be connected 
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with that soybean N2 fixation decrease at low temperature (F. Zhang et al., 1995). In other 
words, the nitrogen supply from soil probably become important so as to be a cold area.  

4.1.1 Farming system 
The soil organic matter (SOM) is broken down by the soybean planting (Cheng et al., 2003). 
This effect is called "priming effect". Soil carbon and nitrogen decrease in soybean 
continuous cropping in comparison with Gramineae - soybean rotation (Kelley et al., 2003; 
Wright & Hons, 2004). However, soybean-corn rotation can reduce the fertilizer nitrogen of 
60kgN/ha/year in comparison with corn continuous cropping (Varvel & Wilhelm, 2003). 
The soil nitrogen mineralization quantity increases in soybean- corn rotation in comparison 
with soybean continuous cropping (Carpenter-Boggs et al., 2000). It is suggested that 
soybean breaks down SOM and will increase inorganic nitrogen, but soybean continuous 
cropping will cause a decrease of SOM. 
In soybean rotation which incorporated alfalfa (Medicago sativa), the quantity of soil nitrogen 
mineralization increases greatly (Carpenter-Boggs et al., 2000). In soybean introducing to the 
permanent grass pasture, soybean yielded 3 t / ha at no chemical fertilizer (Diaz et al., 2009). 
One of the causes of these phenomena will be that pasture plant leaves much organic matter 
in soil.  

4.1.2 Management 
SOM increases by organic matter application. SOM is maintained by no-tillage (Wright & 
Hons, 2004). Because mineralization of soil nitrogen decreases by no-tillage, N2 fixation 
probably increases (van Kessel, 2000). These treatments are suggested to increase soybean 
yield. 

4.2 Soybean cyst nematode (SCN) 
4.2.1 Farming system  
SCN inhibits the production of soybean. SCN does not increase by the cropping of non-host 
crop, but SCN increases by soybean cropping again (Asai & Ozaki, 1965). Gramineous crops 
such as corn and wheat are non-host crop of SCN. Soybean- corn rotation carried out in the 
northern part of U.S.A. (Varvel & Wilhelm, 2003; Xing & Westphal, 2009), but SDS by SCN 
and Fusarium solani occurs in this rotation (Rupe et al., 2003; Xing & Westphal, 2009). SDS 
can lead to defoliation of the leaflets, leaving the petioles attached to the plant after 
flowering (Rupe et al., 2003; Xing & Westphal, 2009). Pythium have a pathogenicity in 
soybean and corn and cause damping-off (B.Q. Zhang et al., 1998).  
In the Southern U.S.A., soybean is cultivated by no-tillage in soybean - wheat double 
cropping (Bernard et al., 1996). No-tillage is used to corn, soybean, wheat and etc in U.S.A., 
and the cultivated area occupies 23% in U.S.A. (Triplett. Jr. & Dick, 2008). No-tillage reduces 
nematode density in soybean - wheat double cropping (Bernard et al., 1996). However, take-
all (Gaeumannomyces graminis) of wheat cannot be reduced in soybean- wheat double 
cropping (Cook, 2003). 
Some plants are able to control nematodes. Probably Marigold controls nematodes with 
chemical substances such as α -terthienyl (Oka, 2010). The Brassicaceae plants control 
nematodes with isothiocyanates which is broken down from glucosinolates (Oka, 2010). The 
leguminous crops such as red clovers are probably available as trap crop reducing the egg 
density of SCN (Kushida et al., 2003). 
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Soil Nitrogen can be divided into inorganic, humus and biomass nitrogen (Jenkinson & 
Parry, 1989). Crops absorb inorganic nitrogen. The available nitrogen is organic nitrogen at 
sowing, but it is mineralized during a growing period. It is suggested that most of available 
nitrogen come from biomass nitrogen (Sakamoto & Oba, 1993). Organic matter application 
increases biomass nitrogen (Sakamoto & Oba, 1993). Available nitrogen and the heated 
water extraction nitrogen (HWEN) have corelation (Akatsuka & Sakayanagi, 1964). In 
Memuro continuous cropping experiment, the relationship of the HWEN of postharvest soil 
and soybean yield was investigated in 1994 (Fig. 6). With increase of the HEWN, soybean 
yield tended to increase. It is suggested that organic matter application increases biomass 
nitrogen, and contributes to yield increase. 
D-D promotes mineralization from biomass nitrogen (Neve et al., 2004). D-D suppresses 
nitrification from ammonia nitrogen (Neve et al., 2004). Therefore, much ammonia nitrogen 
in soil will be kept by D-D. In the Memuro continuous cropping experiment, D-D was 
applied before one month of sowing. Therefore, it is thought that these effects influenced a 
soybean.  
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Fig. 7. The nitrogen flow and the factors influence to it. 

4. Farming system and management to influence soybean yield 
Farming system and management influencing soybean are described. Fig. 7 illustrates the 
results provided in Memuro continuous cropping experiment and the knowledge of the 
past.  

4.1 Soil organic matter (SOM) 
Soybean needs nitrogen absorption to get high yield. The Brazilian soybean absorbs 
approximately 100% of N need by N2 fixation, but in soybean of U.S.A. or Japan, fixed 
nitrogen is approximately 50% of N need (Graham & Vance, 2000). This may be connected 
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with that soybean N2 fixation decrease at low temperature (F. Zhang et al., 1995). In other 
words, the nitrogen supply from soil probably become important so as to be a cold area.  

4.1.1 Farming system 
The soil organic matter (SOM) is broken down by the soybean planting (Cheng et al., 2003). 
This effect is called "priming effect". Soil carbon and nitrogen decrease in soybean 
continuous cropping in comparison with Gramineae - soybean rotation (Kelley et al., 2003; 
Wright & Hons, 2004). However, soybean-corn rotation can reduce the fertilizer nitrogen of 
60kgN/ha/year in comparison with corn continuous cropping (Varvel & Wilhelm, 2003). 
The soil nitrogen mineralization quantity increases in soybean- corn rotation in comparison 
with soybean continuous cropping (Carpenter-Boggs et al., 2000). It is suggested that 
soybean breaks down SOM and will increase inorganic nitrogen, but soybean continuous 
cropping will cause a decrease of SOM. 
In soybean rotation which incorporated alfalfa (Medicago sativa), the quantity of soil nitrogen 
mineralization increases greatly (Carpenter-Boggs et al., 2000). In soybean introducing to the 
permanent grass pasture, soybean yielded 3 t / ha at no chemical fertilizer (Diaz et al., 2009). 
One of the causes of these phenomena will be that pasture plant leaves much organic matter 
in soil.  

4.1.2 Management 
SOM increases by organic matter application. SOM is maintained by no-tillage (Wright & 
Hons, 2004). Because mineralization of soil nitrogen decreases by no-tillage, N2 fixation 
probably increases (van Kessel, 2000). These treatments are suggested to increase soybean 
yield. 

4.2 Soybean cyst nematode (SCN) 
4.2.1 Farming system  
SCN inhibits the production of soybean. SCN does not increase by the cropping of non-host 
crop, but SCN increases by soybean cropping again (Asai & Ozaki, 1965). Gramineous crops 
such as corn and wheat are non-host crop of SCN. Soybean- corn rotation carried out in the 
northern part of U.S.A. (Varvel & Wilhelm, 2003; Xing & Westphal, 2009), but SDS by SCN 
and Fusarium solani occurs in this rotation (Rupe et al., 2003; Xing & Westphal, 2009). SDS 
can lead to defoliation of the leaflets, leaving the petioles attached to the plant after 
flowering (Rupe et al., 2003; Xing & Westphal, 2009). Pythium have a pathogenicity in 
soybean and corn and cause damping-off (B.Q. Zhang et al., 1998).  
In the Southern U.S.A., soybean is cultivated by no-tillage in soybean - wheat double 
cropping (Bernard et al., 1996). No-tillage is used to corn, soybean, wheat and etc in U.S.A., 
and the cultivated area occupies 23% in U.S.A. (Triplett. Jr. & Dick, 2008). No-tillage reduces 
nematode density in soybean - wheat double cropping (Bernard et al., 1996). However, take-
all (Gaeumannomyces graminis) of wheat cannot be reduced in soybean- wheat double 
cropping (Cook, 2003). 
Some plants are able to control nematodes. Probably Marigold controls nematodes with 
chemical substances such as α -terthienyl (Oka, 2010). The Brassicaceae plants control 
nematodes with isothiocyanates which is broken down from glucosinolates (Oka, 2010). The 
leguminous crops such as red clovers are probably available as trap crop reducing the egg 
density of SCN (Kushida et al., 2003). 
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4.2.2 Management 
Nematodes may be controlled by organic matter application. The organic matter including 
inorganic nitrogen or chitinous substance is effective for nematodes control (Akhtar & 
Malik, 2000; Oka, 2010). The application of organic matter including antagonism 
microorganism will be effective (Oka, 2010). However, these effects will vary according to 
materials or adjustment methods. 

4.3 Arbuscular Mycorrhizal (AM) fungi 
With soybean, plant growth promoting rhizobacteria (PGPR) such as rhizobia and Bacillus 
form symbiosis (Bai et al., 2003; Cattelan et al., 1999; Gray & Smith 2005), and arbuscular 
mycorrhizal (AM) fungi form symbiosis, too (Troeh & Loynachan, 2003). The AM fungi 
increase N2 fixation (Antunes et al., 2006). The symbiosis with AM fungi helps phosphorus 
acid absorption of the crop (Harrison, 1998). The crops doing N2 fixation need a lot of 
phosphoric acid (Graham & Vance, 2000), and the symbiosis with AM fungi will be effective 
for soybean. Soybean and corn form symbiosis with AM fungi (Troeh & Loynachan, 2003), 
and AM fungi probably increases in soybean - corn rotation. Sugar beet was non-host crop 
of AM fungi, and soybean growth after non-host crop such as sugar beet was suppressed 
(Karasawa, 2004).  

5. Conclusion 
Soybean forms symbiosis with rhizobia. However, in low temperature area, the nitrogen 
absorption of soybean may not be served only in N2 fixation, and soil nitrogen probably 
becomes important. Soybean stimulates the decomposition of SOM, and can absorb nitrogen 
from soil. The crops such as gramineous crop or pasture plant supply organic matter to soil. 
No-tillage maintains SOM. Organic matter application increases SOM. Soybean yield 
probably increases by the combination of these treatments. 
SCN inhibits the nitrogen absorption of soybean. By cropping of non-host crops or resistant 
varieties, SCN does not increase, but the cyst of SCN does not decrease. Soybean is affected 
by not only SCN but also pathogenic fungi such as Fusarium. On the other hand, soybean 
growth is promoted by PGPR (rhizobia, Bacillus and etc) and AM fungi. In soybean, it is 
necessary to decide farming system and management while considering these organisms. 
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4.2.2 Management 
Nematodes may be controlled by organic matter application. The organic matter including 
inorganic nitrogen or chitinous substance is effective for nematodes control (Akhtar & 
Malik, 2000; Oka, 2010). The application of organic matter including antagonism 
microorganism will be effective (Oka, 2010). However, these effects will vary according to 
materials or adjustment methods. 

4.3 Arbuscular Mycorrhizal (AM) fungi 
With soybean, plant growth promoting rhizobacteria (PGPR) such as rhizobia and Bacillus 
form symbiosis (Bai et al., 2003; Cattelan et al., 1999; Gray & Smith 2005), and arbuscular 
mycorrhizal (AM) fungi form symbiosis, too (Troeh & Loynachan, 2003). The AM fungi 
increase N2 fixation (Antunes et al., 2006). The symbiosis with AM fungi helps phosphorus 
acid absorption of the crop (Harrison, 1998). The crops doing N2 fixation need a lot of 
phosphoric acid (Graham & Vance, 2000), and the symbiosis with AM fungi will be effective 
for soybean. Soybean and corn form symbiosis with AM fungi (Troeh & Loynachan, 2003), 
and AM fungi probably increases in soybean - corn rotation. Sugar beet was non-host crop 
of AM fungi, and soybean growth after non-host crop such as sugar beet was suppressed 
(Karasawa, 2004).  

5. Conclusion 
Soybean forms symbiosis with rhizobia. However, in low temperature area, the nitrogen 
absorption of soybean may not be served only in N2 fixation, and soil nitrogen probably 
becomes important. Soybean stimulates the decomposition of SOM, and can absorb nitrogen 
from soil. The crops such as gramineous crop or pasture plant supply organic matter to soil. 
No-tillage maintains SOM. Organic matter application increases SOM. Soybean yield 
probably increases by the combination of these treatments. 
SCN inhibits the nitrogen absorption of soybean. By cropping of non-host crops or resistant 
varieties, SCN does not increase, but the cyst of SCN does not decrease. Soybean is affected 
by not only SCN but also pathogenic fungi such as Fusarium. On the other hand, soybean 
growth is promoted by PGPR (rhizobia, Bacillus and etc) and AM fungi. In soybean, it is 
necessary to decide farming system and management while considering these organisms. 
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Rationality in the Use of Non Renewable  
Natural Resources in Agriculture  

Rogério de Paula Lana 
Universidade Federal de Viçosa 

Brazil 

1. Introduction   
The increase in human population and the demand for life quality have induced the 
growing production of food and alternative vegetal energy sources in replacement to petrol. 
Soybean responds to more than 80% of biodiesel production, and will reach 5% inclusion in 
the fossil diesel in the next years in Brazil. This trend will increase pressure to new areas for 
soybean production on actually human food production areas, as well on pasture and 
untouched forests areas.  
The progress of agriculture has been based on increase in animals and plants productivity 
per unit of area, which only has application when land availability is the sole limiting factor. 
However, the efficiency of use of limiting resources (including water, fertilizers and petrol) 
has to be considered. This mistaken vision is leading to excessive use of non renewable 
natural resources and environmental pollution. The reserves of phosphate in the world that 
can be explored at low cost are enough for 40 to 100 years and the world reserves of 
potassium are enough for 50 to 200 years. The situation is worse for micronutrients, in 
which the reserves of copper and zinc are enough for 60 years, manganese for 35 years and 
selenium for 55 years (Herring & Fantel, 1993; Roberts & Stewart, 2002; Aaron, 2005).  
In addition to the depletion of natural reserves, the excessive use of fertilizers can contribute 
to soil and water courses contamination with nitrate (Angus, 1995; Bumb, 1995), soil 
acidification (Helyar & Poter, 1989), and emissions of carbon dioxide (CO2), nitrous oxide 
(N2O) and ammonia to the atmosphere. The pollution with nitrate has being an actual 
preoccupation in Europe and North America. The fertilization with phosphorus and 
nitrogen cause decrease in water oxygenation by excessive increase in the population of 
toxic algae in the oceans (Kebreab et al., 2002). 
The agriculture participates in 20% of annual increase in the anthropogenic emission of 
greenhouse gases, mainly CH4 and N2O. Approximately 70% of all anthropogenic emission 
of N2O is attributed to agriculture. The current methodology used in Canada to estimate the 
flow of N2O is based in the direct relation between the emission of N2O and the application 
of nitrogen fertilizers (Lemke et al., 1998). 
The possible deleterious effects of emissions of N2O are global warming and catalytic 
destruction of the ozone chain in the stratosphere, in which the N2O retains 13 times more 
heat than methane (CH4) and 270 times more than CO2 (Granli & Bockman, 1994). The 
atmospheric level of N2O has increased in growing fashion since 1960, associated with 
increase in utilization of nitrogen fertilizers (Bumb, 1995; Strong, 1995).    
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Fig. 1. Hubbert curve of exploration of petrol (non renewable natural resource), and altered 
curve by artificial maintenance of peak of production. 

An worried phenomena about the use of non renewable natural resources can be visualized 
in the Hubbert curve (by Dr. Marion King Hubbert), which was a Shell Geologist, who 
predicted in 1956 that the global production of petrol would present a peak in the beginning 
of the XXI century (Hubbert Peak theory, accessed in March 02, 2009), and the curve of 
exploration follows the bell shape (Figure 1).  
The phenomena observed by Hubbert related to petrol exploration is applicable to any other 
limiting natural resource, such as fertilizers, soil, and water and, consequently, food 
production. As more persistent is the maintenance of the maximum exploration of a 
resource, more drastic is the fall in the exploration of the final reserves in a short space of 
time, occurring the called blackout or sharply decay in the rate of production (Figure 1). 
Therefore, after the peak of exploration, if there is no new reserves to be discovered, no 
alternatives to produce more food without dependence on the available resources, or control 
of excessive exploration based on efficiency of use of these resources, catastrophic 
consequences can occur with mankind in some time of this century, as predicted by the Club 
of Rome in 1972, in the known publication “The limits of growth” (Meadows et al., 1972). 
The alert of the Club of Rome was based in the model associating accelerated 
industrialization, rapid population growth, depletion of non renewable natural resources, 
widespread malnutrition, and environmental pollution.  
The objective of this work is to demonstrate the application of saturation kinetic models to 
improve efficiency of use of non renewable natural resources in agriculture, avoid the 
complete depletion as predicted by the Hubbert curve, and minimize the problems related 
to environmental pollution. 

2. Population growth curve 
The growth curve of populations of life beings in the absence of factors that affects the 
physical integrity, such as sickness and predation, has sigmoid curve (Gompertz or 
hyperbolic curve), including latency, exponential growth, plateau and senescence or death. 
The plateau occurs due to the saturation phenomena associated with depletion of nutrients 
or in some cases by environmental pollution, which acts in feedback against the 
uncontrolled growth (Figure 2). 
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Fig. 2. Theoretical growth curve of life beings as a function of saturation by limitation of 
nutrients (under nutrition) or by products of metabolism (environmental pollution). 

As an example, a bacterium with volume of 1 m3 and duplication time of 20 minutes has 
potential to reach a biomass much greater than the earth in only 48 hours or 144 generations 
(Russell, 2002; p.57-58). Therefore, the archaea and bacteria are the first life beings of the 
planet, are hungry most of time, and can be the survivors of a biological collapse, such as 
those that occurred 65,000,000 years ago with the dinosaurs and 250,000,000 years ago, when 
more than 90% of life beings were extinct, leading to the formation of petrol reservoirs that 
are being explored actually. 
Another example of cessation of growth and death of population by environmental 
pollution is in the silage production, where the bacteria die and the nutrients are conserved 
to be used by ruminants, as a consequence of the acidity caused by accumulation of 
fermentation end products – the volatile fatty acids.  
Speaking of food production crisis lead we back to the Malthus theory, which although 
there are some conceptual errors, it will threaten the humanity and all life beings forever. 
According to Malthus, the population growth curve follow geometric progression and the 
food production arithmetic progression, leading to the crisis of food supply in some 
situations or in some periods of our existence (Thomas Malthus, accessed in March 02, 
2009).  
However, both population growth and food production follow a sigmoid curve up to the 
plateau or in form of a bell or double sigmoid over time (the second goes down hill, similar 
to the first in a mirror). The population growth curve is cumulative, as a consequence of the 
sum of the annual growth rates (Figure 3), which depend on the annual rate of food 
production (productivity), that by its time is consequence of the annual rate of soil 
utilization and exploration of non renewable natural resources (fertilizers and petrol), that 
follow the Hubbert curve. Changes in these curves can be caused by men or naturally, with 
discoveries of new food production technologies, population death (caused by diseases, 
wars, predations, among others), proliferation of plagues and diseases in plants, climatic 
changes, among others.   
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follow the Hubbert curve. Changes in these curves can be caused by men or naturally, with 
discoveries of new food production technologies, population death (caused by diseases, 
wars, predations, among others), proliferation of plagues and diseases in plants, climatic 
changes, among others.   
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Fig. 3. Theoretical population growth (cumulative and growth rate) as function of time. 

Studies of these phenomena lead us to understand the need for rational use of non 
renewable natural resources. The kinetic saturation models are important tools generated by 
science in order to evaluate the efficiency and allow the rational use of non renewable 
natural resources (Lana, 2005; Lana et al., 2005; Lana, 2007a,b; Lana et al., 2007a,b; Lana, 
2008). As a result, they can avoid the complete depletion of the resources and the collapse in 
food and energy supply, with dramatic consequences for our civilization, as predicted by 
Malthus, Hubbert and Club of Roma.    

3. Models of biological responses to nutrients  
The first studies on the limiting factors in the plants growth were developed by Carl 
Sprengel in 1826 and 1828, and by Liebig in 1840, leading to the rejection of humus theory 
and formulation of Law of minimum (van der Ploeg et al., 1999). The Law of minimum or 
Law of response is associated with the absence of nutrient replacement, linear response in 
production by increase in the quantity of the limiting factor and a maximum plateau of 
response, in which the plants do not respond satisfactorily anymore to the limiting nutrient.  
A posterior mark was the Law of diminishing return of Mitscherlich (1909). The convex 
exponential equation of Mitscherlich, with a model that includes the maximum asymptotic 
yield, allows calculating the optimum economic level of fertilization, based in the benefit-
cost ratio. 
The Michaelis-Menten model (Michaelis & Menten, 1913) was developed to describe the 
enzymatic kinetic in the beginning of the 20 century. The Lineweaver-Burk model 
(Lineweaver & Burk, 1934), an equation of the linear regression of the reciprocal of Y 
(enzymatic activity) as a function of the reciprocal of X (concentration of substrate), was 
used to obtain the kinetic constants of the Michaelis-Menten model: ks (the amount of 
substrate needed to reach half of maximum enzymatic activity) and kmax (maximum 
enzymatic activity). 
Later, researchers verified that the microbial growth rate was dependent of substrate 
concentration and both were related to the saturation kinetic typical of enzymatic systems 
(Monod, 1949; Russell, 1984).  
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Although the use of saturation kinetic model to explain the nutrients responses by the 
superior forms of life is not being adopted (Morgan et al., 1975), the Michaelis-Menten 
model allows to explain the curvilinear relationship of plants and animals to the nutrients 
and the model of Lineweaver-Burk allows to obtain the kinetic constants, ks (the amount of 
substrate needed to reach half theoretical maximum response in rate of growth or 
production of milk, wool, eggs, among others) and kmax (theoretical maximum response in 
rate of growth or production), according to Lana et al. (2005). 
The responses of plants and animals to nutrients as saturation phenomena have important 
implications in addition to calculation of the rate of decreasing economical return and 
estimates of nutrients recommendations, such as the consciousness about the excessive use 
of non renewable natural resources; soil, water, and air pollution; and global warming.   
The knowledge about the efficiency of utilization of fertilizers in agriculture will play an 
important role in the political decisions about the rational use of non renewable natural 
resources in the future. The natural fertilizer sources have to be used with maximum 
efficiency and with minimum negative effects in the environment.  

4. Marginal response or Law of diminishing return in plants 
Recommendations of fertilization are mostly based in the method of calculation of nutrients 
requirements of a culture and the mineral contribution of the soil. The fertilizers are then 
calculated to supply the deficiencies. This method allows recommendation of the lower level 
that maximize the production. However, the method does not indicate changes in the 
recommendation based on changes in the costs of nutrients and grains. Also, it does not give 
direct information of the effect of application of other level than the recommended one 
(Makowski et al., 1999).      
It has being utilized a variety of empirical models to predict the responses to nutrients and 
to calculate the optimum levels of nutrients. Among then, it is included the model of 
Mitscherlich, square root (Mombiela et al., 1981; Sain & Jauregui, 1993), exponential, linear-
plus-plateau, linear-plus-hyperbola, quadratic and quadratic-plus-plateau (Cerrato & 
Blackmer, 1990; Bullock & Bullock, 1994; Makowski et al., 1999, 2001).  
The use of saturation kinetics to explain the nutritional responses to nutrients by superior 
life beings are rarely employed (Morgan et al., 1975). The model of Michaelis-Menten has 
not being evaluated to make recommendations of fertilization. This model has a great 
potential in recommendation of use of nutrients in agriculture, by considering the efficiency 
of use of nutrients and the Law of diminishing return, as observed by Mitscherlich (1909). 
This model can aggregate important concepts such as responses to different levels of 
nutrients, benefit-cost ratio, efficiency of use of nutrients, rationality of use of non renewable 
natural resources and consciousness about environmental pollution.   
Linear regressions of reciprocal of plants responses as a function of reciprocal of nutrients 
supply, methodology known as data transformation of Lineweaver-Burk (Lineweaver & 
Burk, 1934; Champe & Harvey, 1994), were proposed by Lana et al. (2005) as follow: 

1/Y = a + b * (1/X) 

where: 
Y = responses of plants (grain yield, x 1,000 kg/ha),  
a = intercept, 
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b = coefficient of linear regression, 
X = amount of nutrient (kg/ha/year). 
The theoretical maximum grain production (kmax) is obtained by the reciprocal of intercept 
(1/a). The amount of nutrient (X) needed to reach half of theoretical maximum response (ks) 
is obtained by the model presented above, replacing Y by 1/a x 50(%) x 0.01, or dividing the 
coefficient of the linear regression by the intercept (b/a). 
The efficiency of use of fertilizers is calculated dividing the accretion in grain production  
(Y2 - Y1) by the accretion in fertilization (X2 - X1), from a specific level of fertilizer in relation 
to the previous level.  
Simulations of biological responses to nutrients in the absence or presence of a second 
limiting nutrient are presented in Table 1 and Figure 4, in which are expected changes in the 
maximum yield (kmax) and ks of the first limiting nutrient (increase, no effect or decrease). 
The Figure 4A illustrates four kind of responses in production and models of double-
reciprocal are presented in Table 1 and Figure 4B, demonstrating the combination of two 
values of kmax by two of ks.  
The best effects that a second limiting nutrient can cause are by increasing kmax, decreasing 
ks, or both changes that is even better. However, the most common kind of response is by 
increasing both kmax and ks. Increase in kmax by increase in productivity with a second 
nutrient lead to increase the efficiency of use of the first limiting nutrient (Figure 4C), but 
this benefit decreases sharply by increase in the amount of the first limiting nutrient, 
especially when ks is low. 
 
Equation Symbol Intercept (a) Coefficient (b) r2 ks kmax 

1 O 0.8163 79.789 1.00 98 1.2 
2  0.9195 39.591 1.00 43 1.1 
3  0.4082 39.894 1.00 98 2.4 
4  0.4768 19.483 1.00 41 2.1 

Table 1. Constants of linear regression of reciprocal of grain production (x1,000 kg/ha) as a 
function of reciprocal of amount of fertilizers (kg/ha/year) in hypothetic situations of high 
or low values of the saturation constants ks (kg of fertilizer/ha) and kmax (x1,000 kg/ha) – 
see Figure 4B 

The plants responses to fertilization depend on soil fertilization, in which high responses 
occur when soil fertility is low (Figure 5A) and in low level of fertilization, that is the main 
factor that affects the efficiency of use of fertilizers (Figure 5B). 
Equations of data transformation of Lineweaver-Burk were used to explain the effect of 
fertilization and the effect of a second factor in the yield, ks, kmax and efficiency of use of 
fertilizers in soybean, bean, wheat and cotton production (Tables 2, 3 and 4).  
When limestone was the second factor, there was change in ks and kmax in 34 and 85%; -75 
and -10%; and 33 and 22% for soybean fertilized with P2O5 (Table 2). Limestone as a second 
factor changed ks and kmax, respectively, in -55 and -12% for wheat fertilized with P2O5, and 
in 9 to 87% in cotton fertilized with K2O.  
As seen above, increase or decrease in kmax is associated with the same effect in ks, but 
increase in kmax associated with exaggerated increase in ks is not desirable because it 
requires more fertilizer to reach the plateau. In other words, the greater values of ks present 
greater response to the use of fertilizers in high level of fertilization, but it cannot be 
advantageous due to the increase in the cost of fertilization.  
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Fig. 4. Biological responses to nutrients as a function of a second limiting nutrient (A) - 
control (O), decrease in ks (), increase in kmax () and decrease in ks and increase in kmax 
(); reciprocal of production as a function of reciprocal of fertilizer level – plot of 
Lineweaver-Burk (B); and effect of a second limiting nutrient in the efficiency of use of the 
first one (C) 
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Fig. 4. Biological responses to nutrients as a function of a second limiting nutrient (A) - 
control (O), decrease in ks (), increase in kmax () and decrease in ks and increase in kmax 
(); reciprocal of production as a function of reciprocal of fertilizer level – plot of 
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Fig. 5. Plants responses to fertilizers in low (O) and high () soil fertility (A); and the effect 
of soil fertility in the efficiency of use of fertilizer (B) 

In the case of soybean (Table 2), considering US$1.208/kg of P2O5 and US$0.178/kg of 
soybean, it is necessary 6.8 kg of soybean to pay 1 kg of fertilizer. Therefore, it is viable to 
use 50 to 100 kg of P2O5 in the absence of limestone and 100 kg of P2O5 in the presence of 
limestone. Above 150 kg of P2O5, although in some cases there was still response to 
fertilizer, especially in high values of ks, the response is not viable economically. 
In bean production (Table 3), the second factor (P2O5) increased the kmax of nitrogen from 
0.1-0.5 to 1.0-1.6 x 1,000 kg/ha of bean, but also increased the ks (1 to 13 and 17 to 29 kg/ha 
of nitrogen). When the second factor was nitrogen, this increased the kmax of P2O5 from 0.7-
0.8 to 1.5 x 1,000 kg/ha of bean, but also increased the ks (5 to 15 and 136 to 199 kg/ha of 
P2O5). In the second case, the high values of ks for P2O5 caused low improvement in the 
efficiency of use of this fertilizer in low level of fertilization (Table 4). The extra production 
in this case cannot be enough to pay the extra amount of fertilizers. 
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Product Fertilizer 
(kg/ha/year)

Second 
factor 1 

Intercept 
(a) 

Coefficient 
(b) r2 ks 2 kmax 3 

Source 
of data 
4 

Soybean P2O5 - 0.7536 57.766 1.00 77 1.3 1 
  + 0.4096 42.198 1.00 103 2.4 1 
Soybean P2O5 - 0.3502 30.524 0.98 87 2.9 2 
  + 0.3801 8.2987 0.99 22 2.6 2 
Soybean P2O5 - 0.3103 3.6726 0.68 12 3.2 2 
  + 0.2535 3.9962 0.53 16 3.9 2 
Wheat P2O5 - 0.4169 174.48 1.00 419 2.4 1 
  + 0.4781 91.00 1.00 190 2.1 1 
Cotton K2O - 0.622 4.6865 0.91 7.5 1.6 1 
  + 0.3284 2.7052 0.97 8.2 3.0 1 

 Fertilizer 
(kg/ha) 

Efficiency of use of fertilizers (kg of grains/kg of fertilizer)5 
50 2 100 150 200 250 300 

Soybean P2O5 - Lim 1   10.0 4.5 2.5 1.6 1.1 0.8 
        + Lim 16.0 8.1 4.9 3.3 2.4 1.8 
Soybean P2O5 - Lim    15.5 9.7 5.6 3.7 2.6 1.9 
        + Lim 15.4 6.6 2.7 1.5 1.0 0.7 
Soybean P2O5 - Lim    28.0 5.5 2.1 1.1 0.7 0.5 
        + Lim 37.0 8.2 3.2 1.7 1.1 0.7 
Wheat P2O5 - Lim      5.0 4.1 3.4 2.9 2.4 2.1 
        + Lim   8.3 5.7 4.0 3.0 2.3 1.8 
Cotton K2O - Lim    10.5 2.0 0.7 0.4 0.2 0.2 
          + Lim 20.8 4.0 1.5 0.8 0.5 0.3 

1 Limestone: without (-) or with (+) 4,000 to 7,000 kg/ha; 2 Kg of fertilizer/ha - P2O5  or  K2O; 3 x1,000 
kg/ha of grain; 4 1 = Malavolta (1989), p.61, 275 and 283; 2 = Oliveira et al. (1982), p.36; 5 Considering 
US$1.208/kg of P2O5 and US$0.178/kg of soybean, is necessary 6.8 kg soybean to pay one kg of 
fertilizer. Efficiency lower than 6.8 kg of soybean/kg of P2O5 is not viable. These calculations can be 
used to choose the level of fertilization. 

Table 2. Changes in the constants of linear regression of the reciprocal of grain production 
(x1,000 kg/ha) as a function of the reciprocal of amount of fertilizer (kg/ha/year), by the 
second factor, and the respective efficiency of use of fertilizers (kg of grains/kg of fertilizer) 

5. Marginal response in bovines 
The weight gain in growing bovines in pasture in the dry season is curvilinear as a function 
of supplement supply, based on corn and soybean meal, in which the supplement 
conversion (kg of supplement/kg of accretion in weight gain) becomes worse with increase 
in the supplementation (Lana et al., 2005; Keane et al., 2006; Lana, 2007b)  (Figure 6).    
The milk production by supplemented cows in pasture or in feedlot is also curvilinear as a 
function of increase in the concentrate supply, based on corn and soybean meal (Figure 7A), 
in which the marginal increase in milk production per kg of concentrate decreases with 
increase in the amount of concentrate (Bargo et al., 2003; Pimentel et al., 2006a; Sairanen et 
al., 2006; Lana et al., 2007a,b), as shown in Figure 7B, and in some studies the milk response 
to concentrate was satisfactory only up to 2-4 kg of concentrate/animal/day (Fulkerson et 
al., 2006). 
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Fig. 5. Plants responses to fertilizers in low (O) and high () soil fertility (A); and the effect 
of soil fertility in the efficiency of use of fertilizer (B) 

In the case of soybean (Table 2), considering US$1.208/kg of P2O5 and US$0.178/kg of 
soybean, it is necessary 6.8 kg of soybean to pay 1 kg of fertilizer. Therefore, it is viable to 
use 50 to 100 kg of P2O5 in the absence of limestone and 100 kg of P2O5 in the presence of 
limestone. Above 150 kg of P2O5, although in some cases there was still response to 
fertilizer, especially in high values of ks, the response is not viable economically. 
In bean production (Table 3), the second factor (P2O5) increased the kmax of nitrogen from 
0.1-0.5 to 1.0-1.6 x 1,000 kg/ha of bean, but also increased the ks (1 to 13 and 17 to 29 kg/ha 
of nitrogen). When the second factor was nitrogen, this increased the kmax of P2O5 from 0.7-
0.8 to 1.5 x 1,000 kg/ha of bean, but also increased the ks (5 to 15 and 136 to 199 kg/ha of 
P2O5). In the second case, the high values of ks for P2O5 caused low improvement in the 
efficiency of use of this fertilizer in low level of fertilization (Table 4). The extra production 
in this case cannot be enough to pay the extra amount of fertilizers. 
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        + Lim   8.3 5.7 4.0 3.0 2.3 1.8 
Cotton K2O - Lim    10.5 2.0 0.7 0.4 0.2 0.2 
          + Lim 20.8 4.0 1.5 0.8 0.5 0.3 
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US$1.208/kg of P2O5 and US$0.178/kg of soybean, is necessary 6.8 kg soybean to pay one kg of 
fertilizer. Efficiency lower than 6.8 kg of soybean/kg of P2O5 is not viable. These calculations can be 
used to choose the level of fertilization. 

Table 2. Changes in the constants of linear regression of the reciprocal of grain production 
(x1,000 kg/ha) as a function of the reciprocal of amount of fertilizer (kg/ha/year), by the 
second factor, and the respective efficiency of use of fertilizers (kg of grains/kg of fertilizer) 

5. Marginal response in bovines 
The weight gain in growing bovines in pasture in the dry season is curvilinear as a function 
of supplement supply, based on corn and soybean meal, in which the supplement 
conversion (kg of supplement/kg of accretion in weight gain) becomes worse with increase 
in the supplementation (Lana et al., 2005; Keane et al., 2006; Lana, 2007b)  (Figure 6).    
The milk production by supplemented cows in pasture or in feedlot is also curvilinear as a 
function of increase in the concentrate supply, based on corn and soybean meal (Figure 7A), 
in which the marginal increase in milk production per kg of concentrate decreases with 
increase in the amount of concentrate (Bargo et al., 2003; Pimentel et al., 2006a; Sairanen et 
al., 2006; Lana et al., 2007a,b), as shown in Figure 7B, and in some studies the milk response 
to concentrate was satisfactory only up to 2-4 kg of concentrate/animal/day (Fulkerson et 
al., 2006). 
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The curvilinear response can also be verified with specific nutrients, such as the observed 
positive curvilinear response in milk production and negative curvilinear response in the 
efficiency of use of nitrogen by increasing the dietary crude protein content from 11 to 19% 
in cows with mean production of 38 kg of milk/day (Baik et al., 2006). In the third 
experiment of Figure 7, in addition to decreasing response in milk production, there was 
decreasing response in body weight variation with increase in the concentrate level (0.20, 
0.12, and 0.095 kg of body weight gain per additional kilogram of concentrate intake; 
Teixeira et al., 2006). 
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Malavolta (1989), p.273.  

Table 3. Changes in constants of linear regression of reciprocal of bean production (x1,000 
kg/ha) as a function of reciprocal of amount of fertilizer (kg/ha/year), by a second factor 

According to the Biotechnology and Biological Sciences Research Council (1998), formerly 
known as AFRC (Agricultural and Food Research Council), all currently feed systems 
calculate the dietary requirements of energy and protein to meet the animals needs for 
maintenance and production. However, in practice, the situation is different, because there 
is no need for the farmer to meet the cow’s nutritional requirements if it is against the 
economical interest. So, it is evident that studies in animal response to increasing levels of 
concentrate or specific nutrients are needed, as suggested by Lana (2003; p.87).  
Although the animal’s responses to nutrients are curvilinear, the daily weight gains 
estimated by the level 1 of NRC (1996) of beef cattle are linear as a function of intakes of 
metabolizable energy and protein (Figure 8A). In the same way, the milk production 
estimated by the model CNCPS 5.0 as a function of intakes of metabolizable energy and 
protein, and model NRC (2001) of dairy cattle as a function of intakes of net energy for 
lactation and metabolizable protein, were linear by using increasing levels of concentrate  
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1 Considering US$0.966/kg of N, US$1.208/kg of P2O5 and US$0.36/kg of bean, it is necessary 2.68 and 
3.36 kg of bean to pay 1 kg of N or P2O5. Efficiency worse than 2.68 or 3.36:1 for N or P2O5 is not 
economically desirable. These calculations can be used to choose the level of fertilization. 2 Level of 
fertilizer (kg/ha) - N in the first two cases or P2O5 in the last two cases.  

Table 4. Efficiency of use of fertilizers (kg of bean/kg of fertilizer) calculated with base in the 
equations of Table 3 
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Fig. 6. Body weight gain (BWG) of growing bovines in pasture during the dry season, as a 
function of daily intake of supplement with 24% CP, in which the values among parenthesis 
represent the differential in kilograms of supplement given daily divided by the differential 
in weight gain, in relation to the previous treatment (Lana, 2005; Lana et al., 2005) 
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The curvilinear response can also be verified with specific nutrients, such as the observed 
positive curvilinear response in milk production and negative curvilinear response in the 
efficiency of use of nitrogen by increasing the dietary crude protein content from 11 to 19% 
in cows with mean production of 38 kg of milk/day (Baik et al., 2006). In the third 
experiment of Figure 7, in addition to decreasing response in milk production, there was 
decreasing response in body weight variation with increase in the concentrate level (0.20, 
0.12, and 0.095 kg of body weight gain per additional kilogram of concentrate intake; 
Teixeira et al., 2006). 
 

Fertilizer 
(kg/ha/year) Second factor Intercept 

(a) 
Coefficient 

(b) r2 ks 1 kmax 2 Sorce of 
data 3 

N 

P2O5(kg/ha) 
0 
40 
80 

100 

 
2.044 
0.782 
0.710 
0.630 

 
2.794 
8.516 
6.718 
8.205 

 
0.82
1.00
0.99
1.00

 
1 

11 
9 

13 

 
0.5 
1.3 
1.4 
1.6 

1 

N 

P2O5(kg/ha) 
0 
50 

150 
250 

 
10.764 
2.5229 
1.3364 
0.9539 

 
183.36 
46.235 
15.623 
28.056 

 
0.23
0.78
0.99
0.98

 
17 
18 
12 
29 

 
0.1 
0.4 
0.7 
1.0 

2 

P2O5 

N (kg/ha) 
0 
30 
60 

 
1.3812 
0.8181 
0.6842 

 
6.7411 
8.8241 
10.186 

 
0.98
1.00
1.00

 
5 

11 
15 

 
0.7 
1.2 
1.5 

1 

P2O5 

N (kg/ha) 
0 
50 

120 

 
1.3257 
1.0402 
0.6684 

 
180.38 
90.586 
132.74 

 
0.95
1.00
1.00

 
136
87 
199

 
0.8 
1.0 
1.5 

2 

1 Kg of fertilizer/ha; 2 Ton of grain/ha; 3 1 = Bolsanello et al. (1975) and Oliveira et al. (1982), p.155; 2 = 
Malavolta (1989), p.273.  

Table 3. Changes in constants of linear regression of reciprocal of bean production (x1,000 
kg/ha) as a function of reciprocal of amount of fertilizer (kg/ha/year), by a second factor 
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known as AFRC (Agricultural and Food Research Council), all currently feed systems 
calculate the dietary requirements of energy and protein to meet the animals needs for 
maintenance and production. However, in practice, the situation is different, because there 
is no need for the farmer to meet the cow’s nutritional requirements if it is against the 
economical interest. So, it is evident that studies in animal response to increasing levels of 
concentrate or specific nutrients are needed, as suggested by Lana (2003; p.87).  
Although the animal’s responses to nutrients are curvilinear, the daily weight gains 
estimated by the level 1 of NRC (1996) of beef cattle are linear as a function of intakes of 
metabolizable energy and protein (Figure 8A). In the same way, the milk production 
estimated by the model CNCPS 5.0 as a function of intakes of metabolizable energy and 
protein, and model NRC (2001) of dairy cattle as a function of intakes of net energy for 
lactation and metabolizable protein, were linear by using increasing levels of concentrate  
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1 Considering US$0.966/kg of N, US$1.208/kg of P2O5 and US$0.36/kg of bean, it is necessary 2.68 and 
3.36 kg of bean to pay 1 kg of N or P2O5. Efficiency worse than 2.68 or 3.36:1 for N or P2O5 is not 
economically desirable. These calculations can be used to choose the level of fertilization. 2 Level of 
fertilizer (kg/ha) - N in the first two cases or P2O5 in the last two cases.  

Table 4. Efficiency of use of fertilizers (kg of bean/kg of fertilizer) calculated with base in the 
equations of Table 3 
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Fig. 6. Body weight gain (BWG) of growing bovines in pasture during the dry season, as a 
function of daily intake of supplement with 24% CP, in which the values among parenthesis 
represent the differential in kilograms of supplement given daily divided by the differential 
in weight gain, in relation to the previous treatment (Lana, 2005; Lana et al., 2005) 
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(Figure 8B), as suggested by Lana (2005; p.290-291) and Lana (2007b; p.39 a 43). Therefore, in 
order to these systems be compatible with the tropical conditions, in which it is more 
evident the curvilinear responses to nutrients, it is necessary modifications in future 
versions, by adopting models of saturation kinetics. 
 

6
7
8
9

10
11
12
13

0 1 2 3 4 5 6 7
Concentrate, kg/animal/day

M
ilk

, k
g/

an
im

al
/d

ay
   .

Exp1
Exp2
Exp3

A

0
0.2
0.4
0.6
0.8

1
1.2

0 1 2 3 4 5 6 7
Concentrate, kg/animal/day

Ef
fic

ie
nc

y,
 k

g 
of

 m
ilk

/ .
kg

 o
f c

on
ce

nt
ra

te

Exp1
Exp2
Exp3

  B

 
Fig. 7. Production of milk (A) and efficiency of use of concentrate (B) as a function of intake 
of increasing level of concentrate in three experiments (Pimentel et al., 2006b, 2006c; Teixeira 
et al., 2006) 

6. Production versus productivity  
Two studies were conducted to evaluate the factors that affect milk production in Brazil, on 
farmer level or by state of federation (Guimarães et al., 2008; Lana et al., 2009). In the first 
case, data were collected from fifty producers that sell milk for a dairy plant in the south 
region of Rio de Janeiro state, including data of daily milk production by producer, with the 
respective data of production per cow and per hectare, farmer size and size area designated 
to the herd, total of milking cows and herd size, and breed (Table 5). In the second case, data 
were collected from EMBRAPA and IBGE in the years of 2004-2006, in which the emphasis 
was in milk production per state instead of production per producer.  
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Fig. 8. Mean daily weight gain of steers in pastures, observed and estimated by level 1 of 
NRC (1996) as a function of intake of metabolizable energy and protein in the supplement 
(A); and observed milk production (mean of data of Figure 7A) and estimated by CNCPS 5.0 
and NRC (2001) as a function of intakes of metabolizable energy or net energy of lactation, 
respectively, and metabolizable protein (B)      
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Production 
(Kg of milk/ 

producer/day) 

Number 
of 

producers 

Production 
per producer 

(Kg of 
milk/day) 

Area for the 
herd 
(ha) 

Herd 
(number of 

animals) 

Milking 
cows 

(number) 

Up to 150 6 117 37 56 14 
151-300 12 238 70 73 28 
301-600 14 451 106 94 43 

601-1200 14 821 111 159 66 
1201-2400 3 1667 316 633 132 
2401-4800 1 4000 300 1800 300 

Kg of milk/ 
producer/day 

Milking 
cows/ha 

Milk 
(Kg/ha/day) 

Milk 
(Kg/milking 

cow/day) 

Milk 
(Kg/total 
herd/day) 

Milking 
cows/total 

herd 
Up to 150 0.38 3.17 8.33 2.08 0.25 
151-300 0.40 3.40 8.57 3.27 0.38 
301-600 0.41 4.27 10.53 4.77 0.45 

601-1200 0.59 7.41 12.51 5.15 0.41 
1201-2400 0.42 5.27 12.66 2.63 0.21 
2401-4800 1.00 13.33 13.33 2.22 0.17 

Table 5. Number of producers, daily mean milk production by producer, area for the herd, 
number of animals and milking cows in the herd, and productivity indexes per area and per 
cow, as a function of production levels 

The milk production in farmer level (first case) ranged from 60 to 4000 kg/producer/day. 
The increase in milk production was highly correlated with the number of milking cows (r = 
0.94), followed by moderate correlation with the size of pasture (r = 0.67) and, surprisingly, 
the productivity per cow and per unit of area did not correlate with the milk production per 
producer (r = 0.11 and 0.06, respectively; Table 6). In the nation level (second case), the result 
repeated, in which there was high correlation of milk production/state/year with the total 
of milking cows in relation to productivity of milk/km2/year and milk/cow/year (r = 0.95, 
0.55 and 0.51, respectively; Table 7).  
 

Parameter Correlation (r)  Parameter Correlation (r) 
Total animals in the 

herd 0.94  Milk (kg/ha) 0.13 

Total milking cows 0.93  Milk (kg/cow/day) 0.11 
Area for the herd (ha) 0.67  Milking cows/ha 0.06 

Total area in the farm 0.20  Milk (kg/total of 
animals/day) -0.11 

Table 6. Linear correlation of daily milk production by producer with: total of animals in the 
herd, total of milking cows, area for the herd, farmer size and some productivity indexes 
(daily milk production per hectare and per cow, milking cows per hectare and daily milk 
production per total animals in the herd) 

Therefore, the milk production by Brazilian farmers is more dependent on the farmer size 
and pasture extension, than on productivity indexes, and similar effect occur with crop 
production (Lana, 2009). Agricultural showed the same results verified with dairy cattle, in 
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(Figure 8B), as suggested by Lana (2005; p.290-291) and Lana (2007b; p.39 a 43). Therefore, in 
order to these systems be compatible with the tropical conditions, in which it is more 
evident the curvilinear responses to nutrients, it is necessary modifications in future 
versions, by adopting models of saturation kinetics. 
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Fig. 7. Production of milk (A) and efficiency of use of concentrate (B) as a function of intake 
of increasing level of concentrate in three experiments (Pimentel et al., 2006b, 2006c; Teixeira 
et al., 2006) 

6. Production versus productivity  
Two studies were conducted to evaluate the factors that affect milk production in Brazil, on 
farmer level or by state of federation (Guimarães et al., 2008; Lana et al., 2009). In the first 
case, data were collected from fifty producers that sell milk for a dairy plant in the south 
region of Rio de Janeiro state, including data of daily milk production by producer, with the 
respective data of production per cow and per hectare, farmer size and size area designated 
to the herd, total of milking cows and herd size, and breed (Table 5). In the second case, data 
were collected from EMBRAPA and IBGE in the years of 2004-2006, in which the emphasis 
was in milk production per state instead of production per producer.  
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Fig. 8. Mean daily weight gain of steers in pastures, observed and estimated by level 1 of 
NRC (1996) as a function of intake of metabolizable energy and protein in the supplement 
(A); and observed milk production (mean of data of Figure 7A) and estimated by CNCPS 5.0 
and NRC (2001) as a function of intakes of metabolizable energy or net energy of lactation, 
respectively, and metabolizable protein (B)      
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Table 5. Number of producers, daily mean milk production by producer, area for the herd, 
number of animals and milking cows in the herd, and productivity indexes per area and per 
cow, as a function of production levels 

The milk production in farmer level (first case) ranged from 60 to 4000 kg/producer/day. 
The increase in milk production was highly correlated with the number of milking cows (r = 
0.94), followed by moderate correlation with the size of pasture (r = 0.67) and, surprisingly, 
the productivity per cow and per unit of area did not correlate with the milk production per 
producer (r = 0.11 and 0.06, respectively; Table 6). In the nation level (second case), the result 
repeated, in which there was high correlation of milk production/state/year with the total 
of milking cows in relation to productivity of milk/km2/year and milk/cow/year (r = 0.95, 
0.55 and 0.51, respectively; Table 7).  
 

Parameter Correlation (r)  Parameter Correlation (r) 
Total animals in the 

herd 0.94  Milk (kg/ha) 0.13 

Total milking cows 0.93  Milk (kg/cow/day) 0.11 
Area for the herd (ha) 0.67  Milking cows/ha 0.06 

Total area in the farm 0.20  Milk (kg/total of 
animals/day) -0.11 

Table 6. Linear correlation of daily milk production by producer with: total of animals in the 
herd, total of milking cows, area for the herd, farmer size and some productivity indexes 
(daily milk production per hectare and per cow, milking cows per hectare and daily milk 
production per total animals in the herd) 

Therefore, the milk production by Brazilian farmers is more dependent on the farmer size 
and pasture extension, than on productivity indexes, and similar effect occur with crop 
production (Lana, 2009). Agricultural showed the same results verified with dairy cattle, in 
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which cultivated area generally presents more than 90% correlation with crop production 
(Table 8 and Figure 9). Then, the concepts about agricultural production need to be revised, 
facing the actual problems related with the inadequate use and depletion of the non 
renewable natural resources, and environmental pollution.     
 

Parameters Liters of 
milk/state/year 

Total of 
milked cows 

Liters of 
milk/km2/year 

Liters of 
milk/cow/year 

Total of milking 
cows 0.95    

Liters of  
milk/km2/year 0.55 0.39   

Liters of 
milk/cow/year 0.51 0.31 0.88  

Surface of state 
(in km2) 0.11 0.21 -0.37 -0.26 

Table 7. Linear correlation (r) of annual milk production by Brazilian states with total of 
milked cows, liters of milk/km2/year, liters of milk/cow/year and surface of the state (in 
km2). 

 

Item n 
Production 
(ton/year) 

X planted area (ha) 

Production (ton/year) 
X productivity 

(ton/ha) 

productivity 
(ton/ha) 

X planted area (ha) 
Corn 110 0.95 0.35 0.14 

Bean1a 110 0.87 0.18 0.02 
Bean1b 110 0.96 0.42 0.31 

Sugarcane 101 0.99 0.34 0.30 
Coffee 95 0.98 0.07 0.00 

Banana2 90 0.96 -0.02 -0.14 
Cassava 86 0.98 0.21 0.09 
Orange3 84 0.91 0.32 0.03 

Rice4a 76 0.88 0.22 -0.05 
Rice4b 71 0.91 0.53 0.38 

Tomato 51 0.98 0.46 0.37 
Coconut 18 0.95 0.31 0.12 
Potato5a 12 0.99 0.47 0.42 
Potato5b 11 0.88 0.22 -0.19 
Potato5c 10 0.99 -0.20 -0.29 
Mean  0.94 0.26 0.10 

Source: Lana & Guimarães (2010); n = number of municipalities; 1a = first harvest; 1b = mean of second 
and third harvest; 2 = racemes instead of ton (1,000 kg); 3 = number (x1000) of oranges instead of ton 
(1,000 kg); 4a = rice planted in wet land; 4b = rice planted in dry land, without or with irrigation; 5a,b,c 
= harvest 1, 2 and 3, respectively; Source of data: www.cidadesnet.com.br (year of 2003). 

Table 8. Linear correlation (r) among some variables related to agricultural production, in 
municipalities of Zona da Mata and Central of Minas Gerais state, Brazil. 
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7. Conclusions  
The agriculture progress is based in improvements of animals and plants productivity per 
unit of area, which is only applicable when land is the limiting factor, but other factors are 
emerging as limiting, such as water, fertilizer and petrol. 
Models of saturation kinetics are important tools to improve the efficiency and decrease 
costs of utilization of non renewable natural resources in agriculture, allowing the 
conservation of these resources for the future generations, and decreasing the negative 
impacts in the environment. 
 

 
Fig. 9. Effect of cultivated area and productivity on production of some main cultures 
(coffee, sugarcane, corn and bean), in municipalities of Zona da Mata and Central of Minas 
Gerais state, Brazil. 
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1. Introduction 
Currently, fossil fuels represent over 80% of energy consumption in the world. However, 
due to environmental and geopolitical issues the development of new energy sources is 
mandatory. For example, only the Middle East holds 63% of global reserves, which directly 
influences in the final price of fuel.  
In developed nations there is a growing trend towards employing modern technologies and 
efficient bioenergy conversion using a range of biofuels, which are becoming cost 
competitive with fossil fuels (Puhan et al., 2005). In Brazil, this work is focused on the 
production of bioethanol and biodiesel. 
There are discussions around the world on the feasibility of using renewable fuels, which 
may cause a much smaller impact to global warming, because the balance of CO2 emissions 
decreases when using these fuels. (Demirbas, 2008) 
In 1997 at a meeting in Kyoto, Japan, many of the developed nations agreed to limit their 
greenhouse gas emissions, relative to the levels emitted in 1990. In this occasion Brazil  
established social and environmental policies to collaborate with those global goals (Puhan 
et al., 2005). An example is the biodiesel program which in 2008 implemented the use of B2 
(2% biodiesel into conventional diesel). In other countries, like Germany, it is possible to 
supply only with B100 biodiesel (100% biodiesel). 

1.1 Biodiesel 
Biodiesel, a renewable biofuel produced from biomass, is biodegradable and does not cause 
significant contamination with emissions containing sulfur or aromatics. Biodiesel, is an 
viable alternative for compression-ignition engines (Puhan et al., 2005), in total or partial 
substitution of fossil diesel (Chiang, 2007). 
The use of biodiesel as fuel should occupy a prominent place in the world, with a market 
that is booming because of its enormous contribution to the environment, such as qualitative 
and quantitative reduction of environmental pollution (Ferrari et al., 2005). Furthermore, 
this fuel is a strategic source of renewable energy to replace petroleum products.  
Biodiesel is fuel produced mainly by transesterification of vegetable oils, but can also be 
obtained by the reaction of animal fat (Pinto et al. 2005; Puhan et al., 2005; Chiang, 2007) 
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soybean (Costa Neto & Rossi, 2000), Cotton (Pinto et al., 2005; Puhan et al., 2005), castor bean 
(Pinto et al., 2005), canola (Pinto et al., 2005; Catharino et al., 2007; Kocak et al., 2007; Puhan 
et al., 2005), palm (Pinto et al., 2005; Catharino et al., 2007; Puhan et al., 2005), sunflower 
(Pinto et al., 2005; Catharino et al., 2007;  Puhan et al., 2005; Costa Neto & Rossi, 2000), 
peanut and babassu. 
 Synthesis of biodiesel can be accomplished by using acid, basic (Costa Neto & Rossi, 2000; 
Puhan et al., 2005; Chiang, 2007; Pinto et al., 2005) or enzymes (Talukder et al., 2007; 
Schuchardt, 1990) catalysts or even in supercritical methanol (Puhan et al., 2005). 

1.2 Biodiesel production 
Transesterification (Figure 1) is the reaction of triglycerides with an alcohol to form esters 
and glycerol (Chiang et al., 2007; Georgogianni et al., 2007; Krishna et al., 2007; Wu et al., 
2007; Talukder et al., 2007; Aparício et al., 2007; Zuhair, 2005; Vicente et al., 2005; Medeiros 
et al., 2008; Stern & Hillion, 1990; Freedman et al., 1984; Encinar et al, 2002; Vicente et al., 
2006; Bunyakiat et al., 2006; Karinen & Krause, 2006). This process decreases the viscosity of 
the oil and transforms the large, branched molecular structure of bio-oils into smaller 
molecules, of type required in regular diesel engines. 
 

 
Fig. 1. Synthesis of biodiesel by transesterification of triglyceride. 

In the transesterification for biodiesel production, a large amount of glycerol as a byproduct 
(about 10% compared to the mass of ester produced) (Puhan et al., 2005; Medeiros et al., 
2010) is produced. The separation step of glycerol can be accomplished by decanting, in 
which the lower phase has the glycerol, the catalyst of the process (usually homogeneous 
and high polar character), alcohol and oil residue without reacting (crude glycerol, Figure 2, 
a). The biodiesel separates from the upper stage, almost pure. 
The transesterification using methanol is the most used process around the world (Chiang, 
2007) offering several advantages, such as: (i) small volume of alcohol recovery, (ii) lower 
cost of alcohol compared to ethanol (not in Brazil) and (iii) shorter reaction times (Pinto et 
al., 2005). The use of ethanol proves more advantageous, when considering its lower 
toxicity. 
 

 
Fig. 2. (a) crude glycerol, (b) pre-purified glycerol, (c) glycerol purified. 
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1.3 Use of the glycerol 
The investigation of new uses for glycerol is critical for the success of the biodiesel program, 
especially in relation to the crude glycerol, which has few direct uses and market value 
marginalized. Currently, the demand for purified glycerol PA for the pharmaceuticals, food 
additives, personal care (Puhan et al., 2005), industry is supplied by the petrochemical 
industry. 
The biodiesel production will produce a large increase in, the amount of glycerol in the 
market, causing a decrease in the prices significantly, in the world. In the European Union, 
for example, the price of glycerol, in 1995 was € 1500 t-1 and reduced to 330 € t-1 in 2006 
(Puhan et al., 2005). In Brazil, in 2005 the price of glycerol reached € 1270 t-1, but already in 
2007 the price dropped to 720 € t-1. And in regions close to the price of biodiesel plants did 
not exceed € 300 t-1, in 2010. 
Different routes have been investigated to transform this glycerol to new products and new 
applications. Some of these processes are  listed in Table 1. 
 

Process Conditions Products Ref. 

Polymerization 
T = 210-230°C; reduced 
pressure (~0,3atm); 0,5-

1,5% NaOH. 
Cyclic polymers. (Blytas & Frank, 

1993) 

Pyrolise T = 650°C. CO; acetaldehyde; 
acrolein. (Chiang, 2007) 

steam reforming T = 200-250°C; 1% cat. 
Níquel-Raney (Ni-Sn). 

50-70% H2; 30-40% 
CO; 2-11% of alkanes. 

(Stein et al., 
1983) 

Esterification 
T = 200-240°C; 0,1-0,3% 
NaOH; t =0,5 h; 100% 

methanol. 

Carbohydrates and 
esters. 

(Noureddini & 
Medikonduru, 

1997) 

Oxidation T = 50°C; Pd/C (5-8% of 
Pd), t = 8h; pH = 5-11. Dihydroxyacetone. (Garcia et al., 

1995) 

Etherization T = 90°C; 1-7,5% 
amberlist 15; t = 2-3h. 

70% of 3-tert-butoxi-
1,2-propanodiol (mono 

ether). 87% of mono 
ether. 

(Klepácová et 
al., 2003, 2006) 

Oligomerization T = 260°C; 2% Mg25Al20 
(cat.); t = 8h. 

65% of diglycerol; 
20% of triglycerol and 
15% of tetraglycerol. 

(Barrault et al., 
2004) 

Table 1. Conversion of glycerol to different products. 

Table 1 can be summarized in Scheme 1, which shows some reactions that originate from 
glycerol. 
Oxidation products of glycerol, for example, can be used in cosmetics and pharmaceuticals 
intermediates (Davis et al., 2000; Pachauri & He, 2006; Krishna et al., 2007) and even suntan 
lotion (Kimura, 1993). 
The products of oligomerization of glycerol can be used as additives for cosmetics and 
foods, the raw material for resins and foams (Shenoy , 2006; Lemke, 2003; Werpy, 2004; 
Pagliaro & Rossi, 2008), lubricants (Pagliaro & Rossi, 2008), cement additives (retains 
moisture) and are synthetic intermediates and possible substitutes of polyols, e.g. polyvinyl 
alcohol, in some applications (Werpy, 2004; Pagliaro & Rossi, 2008; Medeiros et al., 2008). 
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Scheme 1. 

It is noteworthy that many of the applications mentioned for the glycerol require high 
degree of purity, which for glycerol derived from biodiesel requires several stages of 
treatment, increasing its cost. The main impurities in the glycerol from biodiesel is methanol 
or ethanol, water, inorganic salts and catalyst residues, free fatty acids, unreacted mono, di 
and triglycerides  and various other matter organic non-glycerol (MONG) (Pagliaro & Rossi, 
2008). Thus, it is necessary to develop new routes for the consumption of glycerol from 
biodiesel. 
In this chapter, will be treated the transformation of glycerol based on production of ethers 
from condensation of two (or more) glycerol’s molecules. One of the mechanisms Favorable 
for the formation of ethers is by alcohol protonation (ROH 2

 ), followed by condensation of 
other alcohol and water loss. The condensation reaction of glycerol (Scheme 2), is usually 
catalyzed by acids or bases producing small polymers called oligomers and water. Along 
the text will be described the oligomers, polymers and carbons obtained from polyglycerol 
and its applications. 
 

 
Scheme 2.  
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2. Oligomers 
Oligomerization of glycerol (Scheme 2) is an alternative to the use of byproduct of biodiesel, 
because their products have wide application. For a better understanding of oligomerization 
(and polymerization), was accompanied through ESI-MS (Electrospray Ionization Mass 
Spectrometry in the positive ion mode) a typical reaction of oligomerization - glycerol PA 
catalyzed by 1% H2SO4 at 280°C/2h, in reflux. 
Analysis of the sample (2h) is shown in Figure 3. The presence of an intense ion of m/z 93 
(protonated glycerol = [glycerol + H]+) is clearly noticeable indicating the subsistence of 
glycerol in the reaction medium even after 2 h reaction.  
 

 
Fig. 3. ESI(+)-MS of the acid-catalyzed oligomerization of glycerol conducted in aqueous 
medium at 280 °C, 2 h. The ions marked with an asterisk (*) refer to dehydration products. 

A remarkable presence of an ion of m/z 167 is also noticed in Figure 3. This corresponds to 
the protonated form of diglycerol, i.e. [(glycerol)2 – H2O], formed under these reaction 
conditions via the condensation of two molecules of glycerol and loss of water. This 
condensation can occur via the primary or secondary hydroxyl groups at the glycerol 
molecule to yield linear (α, α -diglycerol) and branched (α, β -diglycerol; β, β -diglycerol) 
isomers, as displayed in Scheme 3. 
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Across of the fragmentation of the ion of m/z 167 are yield mainly product ions from losses 
of one or two molecules of water (m/z 149 and 131, respectively) besides to other product 
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ions, such as [glycerol + H]+ (m/z 93), [glycerol – H2O + H]+ (m/z 75), and [glycerol – 2 H2O + 
H]+ (m/z 57). To illustrate the formation of such fragments, the dissociation pathways for 
protonated α, α-diglycerol are shown in Scheme 4. 
In the Table 2, are showed ions ascribed to be the protonated forms of products formed by 
successive dehydrations of di, tri, tetra and pentaglycerol. 
 

 
Scheme 4. 

 
Primary Oligomers 

(m/z of the protonated 
forms)

Dehydration Products (m/z of the 
protonated forms) 

diglycerol (167) [diglycerol – H2O] (149) 
[diglycerol – 2 H2O] (131) 

triglycerol (241) 
[triglycerol – H2O] (223) 

[triglycerol – 2 H2O] (205) 
[triglycerol – 3 H2O] (187) 

tetraglycerol (315) 
[tetraglycerol – H2O] (297) 

[tetraglycerol – 2 H2O] (279) 
[tetraglycerol – 3 H2O] (261) 

pentaglycerol (389) 
[pentaglycerol –H2O] (371) 

[pentaglycerol – 2 H2O] (353) 
[pentaglycerol – 3 H2O] (335) 

Table 2. Primary products (diglycerol, triglycerol, tetraglycerol and pentaglycerol) and their 
dehydration products formed upon acid-catalyzed oligomerization of glycerol at 280°C. All 
these products were observed as their protonated forms in the ESI(+)-MS (Fig. 3).  

These findings thus indicate that under acidic medium and heating, olygomers can easily 
lose one or two molecules of water to form a myriad of isomeric products. Scheme 5 shows, 
for instance, products possibly formed as a result of the mono-dehydration of diglycerol, 
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such as the cyclic species 1a-c (their formation have been reported by Barrault and 
coworkers (Barrault et al., 2004, 2005) that submitted glycerol to similar reaction conditions 
than those employed herein) besides the acyclic carbonyl compounds 2a-b and the alkene 
2c. 
 

 
Scheme 5.  

All the products resulting from the mono-dehydration of diglycerol, including the ones 
shown in Scheme 3 (1a-c and 2a-c), possess the same chemical formula (C6H12O4) and bear 
similar functional groups (especially hydroxyl substituents). Hence, these protonated 
molecules lose mainly water and other small molecules, being unfeasible the unambiguous 
characterization of a particular product based exclusively on your fragmentation profile. 
 

 
Fig. 4. Fractions of the ions of m/z 167, 241, 315, and 389 as a function of reaction time. Each 
fraction was calculated as the quotient ratio between the absolute intensity of one of such 
ions and the sum of the absolute intensities of the whole set of ions. 

In Figure 4, the fraction of the ions of m/z 93, 167, 241, 315 and 389 (protonated glycerol, di, 
tri, tetra and pentaglycerol, respsctively), given as a quotient ratio between the absolute 
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intensity of one of such ions and the sum of the absolute intensities of the whole set of ions, 
are plotted against the reaction time. These results show that after 2 h reaction more than 
90% of glycerol is consumed. Furthermore, during the first 30 min a relatively high 
concentration of diglycerol is formed. At longer reaction times, however, its concentration 
decreases whereas the amount of the heavier oligomers (tri, tetra and pentaglycerol) 
concomitantly increases. The result shows that glycerol is continuously converted into the 
heavier oligomeric compounds. 

3. Polymerization of glycerol 
In open system, the polycondensation (condensation of many molecules to create larger 
molecules - polymers) that the glycerol suffers in the presence of H2SO4 at 150 ° C, is a type 
of polymerization in which mingle the three stages: initiation, propagation and termination, 
which are characteristic of polymerization reactions (Mano & Mendes, 1999). The 
condensation polymerization, when employ monomers (molecules susceptible to undergo 
polymerization) with more than two functional groups (glycerol has three OH groups), 
tends to form crosslinked or branched polymers (structures with crosslinks between chains). 
In this case, the polymerization is complex because it is formed gel (polymer molecular 
weight too large), in the same setting of the sol (the fraction that remains soluble and can be 
extracted from the middle). As the sol will turn into gel, the mixture becomes increasingly 
viscous until elastic consistency, and finally rigid. In this transformation of glycerol in hard 
polymer, the catalyst concentration has an important role. An example of the participation 
of the catalyst in the polymerization of glycerol is shown in Figure 5, in which the viscosities 
of solution reaction is monitored by 60 minutes, with different concentrations of catalyst 
(0.5, 1, 3 and 5 mol%) .  
 

 
Fig. 5. Variation of relative viscosity of the solution for the polymerization of glycerol, with 
0.5,1, 3 and 5 mol% H2SO4 (viscosity values are relative to the glycerol). 
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The curves shown in Figure 4 indicate a significant increase in viscosity of the solution, by 
varying the mole percentage of catalyst of 0.5-5%. However, this increase is gradual, as it 
rises the concentration of H2SO4. It is interesting to note that the system promoted by 5 
mol% of catalyst is very active, because it took only 45 minutes to produce a solid polymer 
(unable to measure the viscosity, since the material solidified, Figure 5), whereas in other 
systems it took at least 120 minutes. 
 

 
Fig. 6. Images of scanning electron microscopy (SEM) of polyglicerol with 5 mol% of H2SO4, 
after 45 min of reaction. 

The system promoted by 0.5, 1 and 3 mol% H2SO4 show similar viscosity curves (Figure 4) 
but with varying slopes (the higher the catalyst concentration, greater the slope of the 
viscosity). With the increase of H2SO4 concentration (0.5-3%) is expected larger number of 
simultaneous condensation, therefore, the selectivity of the catalyst to reactive hydroxyl 
groups of glycerol decreases, leading to complex structures, which offer increased viscosity 
of the solution (in 60 minutes: system promoted by 0.5 mol%  relative viscosity of 4,1%; 1 
mol%  relative viscosity of 51 e 3 mol%  relative viscosity of 169 times that of glycerol. 
In the first 15 minutes of reaction, the viscosity of the medium practically does not change. It 
is believed that during this period, is occurring the formation of linear oligomers and 
products of dehydration. However, as the polymerization reaction progresses, the ethers 
formed formed become larger and more complex, mainly due to the formation of branches 
and some bonds between parallel chains of oligomers and/or polymers. And this is the 
increase size and complexity of structures of the ethers formed which increased  the solution 
viscosity, reaching 169 times the viscosity of glycerol in just 60 minutes (system promoted 
by 3 mol% H2SO4), because the move of the structures is becoming increasingly difficult. 
To confirm the nature (thermoplastic or thermosetting) polymeric material formed by 
polymerization of glycerol, are carried out two separate tests: heating in the direct flame of a 
Bunsen burner, to ensure that it is malleable (suffers fusion) or undergo thermal 
decomposition, and washing the polymer in solvents with different polarities (hexane, THF 
and ethanol). The results of these tests showed that all the polymers (0.5, 1, 3 and 5 mol% 
H2SO4) are thermosets, because not suffers fusion, but rather, thermal decomposition and 
did not dissolve in any solvent tested. 
The polyglycerol may be used as a substitute for thermosetting phenolic resins, used in 
home utensils as well as controlled release fertilizers.  
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4. High surface area carbons 
The thermosetting polymers have the property that thermally decomposes, producing 
carbon in quantities that can vary with the degree of crosslinking of the polymer. As 
previously discussed, the degree of crosslinking (polymerization in all directions, linking 
parallel chains of the polymer) is influenced by the concentration of the catalyst. Hence, a 
polymer obtained with 5 mol% H2SO4 is more reticulated and produces more carbon than a 
polymer with only 1 mol% catalyst. 
The thermal decomposition of polyglycerol (obtained with 5 mol% H2SO4) yields 16% of 
carbon (relative to initial mass of polymer), which has extremely low surface area (2 m2g-1). 
For environmental applications, are typically used carbonaceous materials with high surface 
area. Thus, it was necessary to increase the surface area of carbons derived from 
polyglycerol, performing physical activation (850°C) with a flow of CO2 by 3, 5, 10, 15 and 
18 h (Figure 7). 
 

 
Fig. 7. Surface area of carbons derived from polyglycerol. Detail: surface area as a function 
of burn off. 
 

 
Fig. 8. Distribution of pores in activated carbonaceous material for 3, 5, 10, 15 and 18 h. 

Chemical Conversion of Glycerol from  
Biodiesel into Products for Environmental and Technological Applications 

 

295 

The Figure 7 shows a gradual increase in surface area of carbonaceous material up to 1830 
m2 g-1, 15 h of activation. After that time, the surface area begins to decrease, reaching a 
value of 1275 m2 g-1 at 18 h. A similar behavior, but not linear is observed for the surface 
area as a function of burn off (mass loss of carbon during activation) (detail of Figure 7). The 
analysis of distribution of pores indicates that the materials are essentially microporous 
(internal diameter of less than 2 nm) (Figure 8). 
As the surface area of carbonaceous material derived from polyglycerol increased with 
activation time by 15 hours, tests were made to adsorb organic contaminants (methylene 
blue) during the activation process (0, 3, 5, 10 and 15 h ). The results of these tests are shown 
in Figure 9. 
It is evident the relationship between the activation time of the carbonaceous material 
(surface area) and the adsorption of organic contaminant. During the activation process of 
the carbonaceous material, there was a gradual increase of its surface area, which is 
intimately related to the growth of its adsorption capacity. The sample of the material that 
was activated for 15 hours showed better results in the removal of organic contaminant (in 
20 minutes, the removal of contaminant was 90%, while others samples took at least 60 
minutes to obtain the same results). 

5. Vermiculite composites/activated carbon 
In order to facilitate the application of carbonaceous material in environmental problems, 
was produced a composite based in vermiculite clay and activated carbon, derived from the 
polyglycerol. This composite was designed, considering (i) some properties of the expanded 
vermiculite clay (Figure 10), which has low cost and ability to float in water, (ii) large 
adsorption capacity of Activated carbon derived from polyglycerol and (iii) facility removal 
of the composite in case of water application, requiring only one net. 
 

 
Fig. 9. Adsorption of methylene blue by carbonaceous material derived from the 
polyglycerol at different activation times (0, 3, 5, 10 and 15 h). 
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Fig. 10. (a) Sample vermiculite in natura; (b) Sample expanded vermiculite. 

The composite vermiculite/carbon is prepared the same way that the pure carbon, except 
that the clay expanded vermiculite (EV) is added before the initial stage of polymerization of 
glycerol, which will occur on the surface of clay. 
The best condition for prepare of the composite (GVE4), which has carbon content of 25% 
(compared to the mass of the composite) is 3 mol% H2SO4 and 580°C/3h and ratio (by mass) 
glycerol/VE = 4. This condition was obtained after tests with different reaction conditions. 
The images of scanning electron microscopy (SEM) for pure EV and composite (GVE4) 
showed significant differences in their surfaces (Figure 11). 
 

 
Fig. 11. SEM images of: (a) EV; (b) GVE4. 
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The SEM images for pure EV (Figure 11 (a)) show regular flat surfaces with an interlamellar 
space between 10-100 µm with some fragments attached to the edges (arrow). Figure 11 (b) 
shows large amounts of regular deposits on the EV layers with materials connecting some 
layers.  
To obtain a good adsorbent material, the composite GVE4 was submitted to physical 
activation with CO2 for periods of 0.5 (GVE4CA0.5); 1 (GVE4CA1), 2 (GVE4CA2) and 4 
hours (GVE4CA4). Table 3 shows the surface area and burn off the composite GVE4, 
activated at different times. 
To observe the data presented in Table 3 and Figure 12, perceives a linear increase in surface 
area, depending on the activation time, until the limit value of 835 m2g-1 (2h of activation), 
when the value of surface area begins to decrease to 143 m2g-1, 4h of activation. A similar 
performance is observed for the surface area as a function of burn off (detail of Figure 12). 
 

Sample Burn off/ % Surface Area / m2g-1 
GVE4CA0 0 9 

GVE4CA0.5 23,4 387 
GVE4CA1 44,2 648 
GVE4CA2 58,0 835 
GVE4CA4 73,0 146 

Table 3. Data for surface area GVE4CA0, GVE4CA0.5, GVE4CA1, GVE4CA2 and GVE4CA4, 
obtained by BET method. 

 

 
Fig. 12. Surface area of the activated composites. Detail: surface area as a function of burn 
off. 

SEM images presented in Figure 13 show how the carbon deposits on the surface of the 
composites was changed during activation. After the first hour of activation, the amount of 
material deposits on the surface of the composite is significantly lower when compared to 
the composite without activation (Figure 11 (b)), because of the oxidizing action of CO2, 
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activated at different times. 
To observe the data presented in Table 3 and Figure 12, perceives a linear increase in surface 
area, depending on the activation time, until the limit value of 835 m2g-1 (2h of activation), 
when the value of surface area begins to decrease to 143 m2g-1, 4h of activation. A similar 
performance is observed for the surface area as a function of burn off (detail of Figure 12). 
 

Sample Burn off/ % Surface Area / m2g-1 
GVE4CA0 0 9 

GVE4CA0.5 23,4 387 
GVE4CA1 44,2 648 
GVE4CA2 58,0 835 
GVE4CA4 73,0 146 

Table 3. Data for surface area GVE4CA0, GVE4CA0.5, GVE4CA1, GVE4CA2 and GVE4CA4, 
obtained by BET method. 

 

 
Fig. 12. Surface area of the activated composites. Detail: surface area as a function of burn 
off. 

SEM images presented in Figure 13 show how the carbon deposits on the surface of the 
composites was changed during activation. After the first hour of activation, the amount of 
material deposits on the surface of the composite is significantly lower when compared to 
the composite without activation (Figure 11 (b)), because of the oxidizing action of CO2, 



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

298 

850°C/1h. SEM images show that 2 h of activation are sufficient to make large part of the 
surface of the EV is exposed, reducing the carbonaceous deposits, although the surface area 
is the largest obtained (835 m2g-1). But it's after 4 h of activation that the composite loses 
most part of the carbon deposits and therefore reduces the surface area to only 146 m2g-1. 
 

 
Fig. 13. SEM images of GVE4, actived by: (a) 1h; (b) 2h and (c) 4h. 

 

 
Fig. 14. Adsoption of methilene blue by EV and composites actived by 0.5, 1 and 2h. 
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After the activation process of the composite GVE4, samples of 0.5, 1 and 2h of activation 
were tested as adsorbents for organic contaminants (methylene blue) (figure 14). 
It is possible notice that the EV practically no adsorbs or reacts with the contaminant during 
all the test period. The composite GVE4CA2 adsorbs 90% of the dye in only 60 minutes, 
tending to 100% until the end of the test (100 min). It is also notable, the action of the 
composite GVE4CA1, which absorbs more than 50% of the dye in the first 30 minutes of 
testing, tending to an equilibrium around 70% of contaminants adsorbed to the end of the 
test. Already the composite GVE4CA0.5, has unsatisfactory result, with only 20% of 
adsorbing dye after 100 minutes of testing. 

6. Conclusions 
Glycerol is a very versatile chemical species which can produce different materials to 
distinct applications. In this chapter, we discussed some possibilities for the glycerol that 
boost its use in the production of polymers and adsorbents for organic contaminants. 
Study of oligomerization of glycerol, by ESI-MS, is an important step in understanding how 
the molecules of glycerol were initially organized to enable the formation of thermosetting 
polymers and, later, special carbonaceous materials. 
The preparation of carbonaceous materials from glycerol, for environmental applications is 
a way to consume an important portion of glycerol introduced in the market from the 
production of biodiesel. 
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1. Introduction 
This chapter deals with the possibility of using soybean oil in energy generation. The 
environmental, energetic and social-economic aspects are discussed. The steps for obtaining 
biodiesel from soybean oil are presented as well as the characterization of soybean oil and 
soybean biodiesel. Results for performance and emissions of using soybean oil and soybean 
biodiesel in a stationary engine are also presented.  
Vegetable oils are obtained predominantly from grains of different plant species. The oil 
extraction can be made by physical process (pressing) or chemical (solvent). The solvent 
extraction produces better results, but the more traditional way is physical extraction, which 
uses mechanical and hydraulic presses to crush the grains. A mixed extraction 
(mechanical/solvent) can also be done. Selecting the type of extraction depends on two 
factors: the productive capacity and oil content. 
Soybean (Glycine max (L.) Merrill) is a very versatile grain that gives rise to products widely 
used by agro-chemical industry and food industry. Besides is a raw material for extraction 
of oil for biofuel production. Soybean has about 25% of oil content in grain.  
In the agribusiness world, soybean production is, among the economic activities in recent 
decades, the most prominent. This can be attributed to several factors, such as structuring of 
a large international market related to trade in products of soybean, oilseed consolidation as 
an important source of vegetable protein and increased development and delivery of 
technologies that made possible the expansion of soy exploration for various regions of the 
world. The largest producers of soybeans are: United States, Brazil, Argentina, China and 
India. 
One possible use of vegetable oil is in the power generation engines. The vegetable oil can 
be used directly in diesel engines, preferably mixed with diesel. It may also undergo a 
chemical reaction (transesterification), yielding biodiesel and glycerol. In literature, several 
works are related to the use of vegetable oil and biodiesel for power generation, as 
evidenced below. 
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1. Introduction 
This chapter deals with the possibility of using soybean oil in energy generation. The 
environmental, energetic and social-economic aspects are discussed. The steps for obtaining 
biodiesel from soybean oil are presented as well as the characterization of soybean oil and 
soybean biodiesel. Results for performance and emissions of using soybean oil and soybean 
biodiesel in a stationary engine are also presented.  
Vegetable oils are obtained predominantly from grains of different plant species. The oil 
extraction can be made by physical process (pressing) or chemical (solvent). The solvent 
extraction produces better results, but the more traditional way is physical extraction, which 
uses mechanical and hydraulic presses to crush the grains. A mixed extraction 
(mechanical/solvent) can also be done. Selecting the type of extraction depends on two 
factors: the productive capacity and oil content. 
Soybean (Glycine max (L.) Merrill) is a very versatile grain that gives rise to products widely 
used by agro-chemical industry and food industry. Besides is a raw material for extraction 
of oil for biofuel production. Soybean has about 25% of oil content in grain.  
In the agribusiness world, soybean production is, among the economic activities in recent 
decades, the most prominent. This can be attributed to several factors, such as structuring of 
a large international market related to trade in products of soybean, oilseed consolidation as 
an important source of vegetable protein and increased development and delivery of 
technologies that made possible the expansion of soy exploration for various regions of the 
world. The largest producers of soybeans are: United States, Brazil, Argentina, China and 
India. 
One possible use of vegetable oil is in the power generation engines. The vegetable oil can 
be used directly in diesel engines, preferably mixed with diesel. It may also undergo a 
chemical reaction (transesterification), yielding biodiesel and glycerol. In literature, several 
works are related to the use of vegetable oil and biodiesel for power generation, as 
evidenced below. 
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A review of the use of vegetable oils as fuel in compression ignition (CI) engines is 
presented (Hossain & Davies, 2010). The review shows that a number of plant oils can be 
used satisfactorily in CI engines, without transesterification, by preheating the oil and/or 
modifying the engine parameters. As regards life-cycle energy and greenhouse gas emission 
analyses, these reveal considerable advantages of raw plant oils over fossil diesel and 
biodiesel.    
It is pointed out (Grau et al., 2010) that straight vegetable oil can be used directly in diesel 
engines with minor modifications. It is proposed a small-scale production system for self-
supply in agricultural machinery. 
It is  emphasized (Misra & Murthy, 2010) that the ever increasing fossil fuel usage and cost, 
environmental concern has forced the world to look for alternatives. Straight vegetable oils 
in compression ignition engine are a ready solution available, however, with certain 
limitations and with some advantages.  
It is presented (Sidibé et al., 2010) a literature review on the use of crude filtered vegetable 
oil as a fuel in diesel engines. It is emphasized the potential and merits of this renewable 
fuel. Typically, straight vegetable oils produced locally on a small scale, have proven to be 
easy to produce with very little environmental impact. However, as their physico-chemical 
characteristics differ from those of diesel oil, their use in diesel engines can lead to a certain 
number of technical problems over time.  
A review on the utilization of used cooking oil biodiesel is presented (Enweremadu & Rutto, 
2010). There were no noticeable differences between used cooking oil biodiesel and fresh oil 
biodiesel as their engine performances, combustion and emissions characteristics bear a 
close resemblance. 
A review on biodiesel production, combustion, emissions and performance is shown (Basha 
et al., 2009). A vast majority of the scientists reported that short-term engine tests using 
vegetable oils as fuels were very promising, but the long-term test results showed higher 
carbon built up, and lubricating oil contamination, resulting in engine failure. It was 
reported that the combustion characteristics of biodiesel are similar as diesel. The engine 
power output was found to be equivalent to that of diesel fuel. 
An overview of political, economic and environmental impacts of biofuels is presented 
(Demirbas, 2009a). Biofuels provide the prospect of new economic opportunities for people 
in rural areas in oil importer and developing countries. Renewable energy sources that use 
indigenous resources have the potential to provide energy services with zero or almost zero 
emissions of both air pollutants and greenhouse gases. Biofuels are expected to reduce 
dependence on imported petroleum with associated political and economic vulnerability, 
reduce greenhouse gas emissions and other pollutants, and revitalize the economy by 
increasing demand and prices for agricultural products. 
It is emphasized (Sharma & Singh, 2009) that Biodiesel, a renewable source of energy seems 
to be an ideal solution for global energy demands. 
The soy, which cultivation is widespread in the world, can be used to produce vegetable oil 
in order to be used as fuel, according some following examples. 
It is pointed out (Liu et al., 2008) that Soybean (Glycine max (L.) Merrill), one of the most 
important crops in China, has been known to man for over 5000 years. The largest 
production areas in China are in the Northeast China's three provinces, where soybean is 
spring seeded and grown as a full-season crop.  
A study about large-scale bioenergy production from soybeans in Argentina is presented 
(van Dam et al., 2009), showing the potential and economic feasibility for national and 
international markets.     
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Inedible vegetable oils and their derivatives can, also, be used as alternative diesel fuels in 
compression ignition engines (No, 2011).  
The advantages of using vegetable oil as fuel are evidenced in the literature (Alonso et al. 
2008; Misra & Murthy, 2010) as described below. 
One of the main advantages of vegetable oils is its life cycle, as it is a closed cycle. Crops 
take CO2 via photosynthesis from the atmosphere. Oil is extracted from these crops which 
can be used directly as fuel or, after the pertinent transformations, a fuel can be obtained 
which, when burned, generates CO2 that can be absorbed by the plants. 
Environmental advantages of vegetable oils are: minor influence on the greenhouse effect 
when used instead of fossil fuels; biodegradability; lower sulfur and aromatic content; at 
lower percentages of vegetable oil blends with diesel have shown better results than the 
fossil diesel in terms of engine performance and exhaust emissions.  
Energetic advantages of vegetable oils are: renewable energy source; reduction of the 
dependence on fossil fuels; positive energy balance; the fuel production technology is 
simple and proven; heating values of various vegetable oils are nearly 90% to those of diesel 
fuel; higher flash point allows it to be stored at high temperatures without any fire hazard; 
additional oxygen molecule in its chemical structure helps in combustion process.  
Social-economic advantages of  vegetable oils are: use of marginal land for energy purposes; 
maintains employment and income levels in rural areas; avoids population migrations; 
encourages job creation in various agro-industries; contributes to the creation of new jobs; 
straight vegetable oils are available normally in rural area where its usage is advantageous 
especially in smaller engines in agricultural sector; improve the living conditions of the rural 
people and offer greater income opportunities through enhanced rural employment; plant 
leafs and cake can be used as organic manure which can be source of additional income 
farmers; selected crops can be grown on arid and semi-arid lands which are presently not 
cultivable; having carbon credit value (Kyoto protocol). 
The main disadvantages of vegetable oils, compared to diesel fuel, are higher viscosity, 
lower volatility, and the reactivity of unsaturated hydrocarbon chains. The problems meet in 
long term engine use (Misra & Murthy, 2010). The land required for commercial production 
is vast. 
Many countries have potential to produce biodiesel from vegetable oil. The top 10 countries 
in terms of absolute potential are: Malaysia, Indonesia, Argentina, USA, Brazil, Netherlands, 
Germany, Philippines, Belgium and Span (Sharma & Singh, 2009).  
Some reasons for sufficiently strengthen the program for the use of biofuels are: the 
variation in prices for oil, which in recent years has fluctuated between $ 40 and 150 per 
barrel, the political and social pressure in order to reduce the emission of gases that cause 
global warming, the development of the market for carbon credits, the need to strengthen 
the agriculture industry and the possibility of strengthening the energy matrix, reducing 
dependence on foreign energy sources and giving relief to the trade balance with clear 
effects on the macroeconomics of the country. 
The possibility to produce hydrocarbons from different raw material to replace the diesel 
makes the definition of biodiesel a complex and legal nature. Many documents of an 
academic nature define biodiesel as a monoalkyl ester of vegetable oil or animal fat, but 
official documents and international standards are more specific, defining the process by 
which one can obtain the ester and the characteristics that it must have to be considered 
biodiesel. 
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Inedible vegetable oils and their derivatives can, also, be used as alternative diesel fuels in 
compression ignition engines (No, 2011).  
The advantages of using vegetable oil as fuel are evidenced in the literature (Alonso et al. 
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The regulations for biodiesel have been developed in different countries where its use is 
permitted. In the U.S. the standard for biodiesel is set by the technical standard ASTM D 
6751, the European Union is related with the standard EN 14214 and in Brazil is set in the 
ANP (National Petroleum Agency) No. 07 from 19.03.2008. 
Biodiesel can be produced from different oilseeds, according to the design of the plant, 
market conditions and availability of raw material in the region. Each oilseed production 
has a different culture method and a different destination. The disposal of oils for biodiesel 
production must take into account beyond the capacity of oil production, market 
competitiveness in relation to the cost of oil and the price of a barrel of fuel. Biodiesel can be 
obtained, too, from used cooking oil, animal fats and algae. 
Just as vegetable oil, the use of biodiesel as fuel in partial or total replacement to diesel has 
many advantages that have been highlighted in the literature (Demirbas, 2009b; Pereira et 
al., 2007). 
Environmental advantages of biodiesel are: greenhouse gas reductions; biodegradability; 
higher combustion efficiency; improved land and water use; carbon sequestration; lower 
sulfur content; lower aromatic content; less toxicity.  
Energetic advantages of biodiesel are: supply reliability; higher flash point; reducing use of 
fossil fuels; ready availability; renewability. 
Social-economic advantages of  biodiesel are: sustainability; fuel diversity; increased 
number of rural manufacturing jobs; increased income taxes; increased investments in plant 
and equipment; agricultural development; international competitiveness; reducing the 
dependency on imported petroleum. 

2. Theoretical foundations  
All vegetable oils consist primarily of triglycerides. The triglycerides have a three-carbon 
backbone with a long hydrocarbon chain attached to each of the carbons. These chains are 
attached through an oxygen atom and a carbonyl carbon, which is a carbon atom that is 
double-bonded to second oxygen. The differences between oils from different sources relate 
to the length of the fatty acid chains attached to the backbone and the number of carbon–
carbon double bonds on the chain. Most fatty acid chains from plant based oils are 18 
carbons long with between zero and three double bonds. Fatty acid chains without double 
bonds are said to be saturated and those with double bonds are unsaturated (Misra & 
Murthy, 2010).  
In general, vegetable oils are made especially of fatty acids with chains between 12 and 24 
carbons: Lauric (C12:0); Myristic (C14:0); Palmitic (C16:0); Palmitoleic (C16:1); Stearic 
(C18:0); Oleic (C18:1); Linoleic (C18:2); Linolenic (C18:3); Arachidic (C20:0); Gadoleic 
(C20:1); Behenic (C22:0); Erucic (C22:1); Lignoceric (C24:0). The proportions of the fatty acid 
composition can be determined by gas chromatography method. 
Triglycerides are hydrocarbons with physical and chemical characteristics that can be 
classified as liquid fuels in the majority. 
Vegetable oils have a high heating value, near the heating value of conventional diesel fuel, 
which makes them an important energy resource. 
To improve the properties of vegetable oils and in order to use them as substitutes for diesel 
fuel, triglycerides are converted into esters (biodiesel) by transesterification process, 
modifying the composition of molecules and changing the characteristics of the fluids. The 
composition of the resulting esters has approximately the same proportion of fatty acids 
present in oils before the transformation process. 
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Biodiesel is known as monoalkyl, such as methyl and ethyl, esters of fatty acids. Biodiesel 
can be produced from a number of sources, including recycled waste vegetable oil, oil crops 
and algae oil. Biodiesels play an important role in meeting future fuel requirements in view 
of their nature (less toxic), and have an edge over conventional diesel as they are obtained 
from renewable sources (Demirbas, 2009b). 
The transesterification process is used to transform triglycerides into esters, or biodiesel. In 
the process of transesterification, the triglycerides found in different kinds of oils and fats 
react with alcohol, usually methanol or ethanol to produce esters and glycerin. For the 
reaction to occur it is necessary to use a catalyst. Processes performed the supercritical 
conditions of methanol transesterification can be conducted without the catalyst. (Demirbas, 
2003; Saka & Kusdiana, 2001) 
In the transesterification process, a triglyceride molecule reacts with an alcohol molecule 
causing the separation of one of the fatty acids of the triglyceride, producing a diglyceride 
and an ester. This diglyceride reacts with a second molecule of alcohol that takes another 
fatty acid, forming a second ester and a monoglyceride. Finally a third molecule of alcohol 
reacts with the monoglyceride, forming the third ester and a molecule of glycerin. The 
reactions occurring are reversible, and the stoichiometric ratio is three moles of alcohol for 
each mole of oil being processed. The reaction can be carried out with concentrations of 
alcohol in excess, as this reduces time and increases the conversion efficiency of the process. 
(Lang et al., 2001)  
The transesterification process using methanol and base catalyst is the most commonly used 
to produce biodiesel. The catalysts commonly used are sodium hydroxide (NaOH) or 
potassium hydroxide (KOH). The catalyst is diluted in alcohol and then added the oil. The 
product is the ester (biodiesel) and crude glycerin. The glycerin is separated from the ester 
by decanting or centrifuging. 
Repeated washing processes are performed by adding acidified water in the reaction 
products. This mixture is stirred lightly and serves to remove residual glycerine soap, 
catalyst and serves as a neutralizing agent of the fuel. The washing process is repeated until 
the biodiesel becomes clear. The main drawbacks of the process are the presence of water on 
some of the reagents and the high level of free fatty acids in the raw material. In both cases, 
the transesterification reaction is replaced by a saponification reaction. 
The transesterification process can also be developed using acid catalysts and no 
homogeneous catalysts. In the case of acid catalysts, the process times are longer, but do not 
have drawbacks with the water content and free fatty acids. In the case of no homogeneous 
catalysts, these bring benefits in: reducing the washing process; product separation and 
reuse of catalysts. 
Methanol and ethanol are produced on an industrial scale and their use in transesterification 
reactions has been reported. 
The biodiesel used in several countries of Europe and in the United States is a mixture of 
methyl esters. Methanol is usually obtained from non-renewable fossil fuels, but can also be 
obtained by distillation of wood; this route, however, produces smaller quantities. The 
technology of biodiesel production using methanol is fully understood, however, this route 
has the disadvantage that methanol is extremely toxic. 
The transesterification using ethanol is more difficult because the use of alcohol, even if 
anhydrous, involves problems in the separation of glycerin from the reaction medium. 
However, the use of ethanol is advantageous, since it is produced on a large scale in 
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countries like Brazil and the United States, being from a renewable source of energy, 
resulting in environmental gains could generate carbon credits. As for the difficulties in the 
separation of phases in reactions employing ethanol in biodiesel synthesis, they can be 
bypassed by adjustments in reaction conditions. 

3. Soybean oil and soybean biodiesel obtaining and characterization 
procedures  
The fuel blends used were prepared at the Thermo-sciences Laboratory of Mechanical 
Engineering Department at Fluminense Federal University (UFF). 
It was used Oxx as the nomenclature to designate mixtures of soybean oil with diesel, being 
xx the percentage by volume of vegetable oil added to diesel. The following mixtures were 
used: O5; O10; O15 and O20, besides pure diesel (O0). 
It was used Bxx as the nomenclature to designate mixtures of biodiesel with diesel, being xx 
the percentage by volume of biodiesel added to diesel. The following mixtures were used: 
B5; B10; B15; B20; B50 and B75, besides pure diesel (B0) and pure biodiesel (B100). 
Diesel fuel used is from the Laboratory of Distributed Power Generation at Fluminense 
Federal University. This fuel is used as reference for the tests. 
The soybean oil used in the tests was obtained in the food market and the biodiesel used 
was produced at the Thermo-sciences Laboratory of Mechanical Engineering Department at 
Fluminense Federal University. 
Refined oils are free of substances inhibiting the transesterification process. They have low 
amount of free fatty acids, less than 0.5%. The beta-carotene and phosphatides of the raw 
material are eliminated in the process of bleaching and degumming the oil. Thus the 
processing of these oils for conversion to biodiesel is a process that does not present major 
technical difficulties. The process is performed at atmospheric pressure. 

3.1 Basic procedures for biodiesel obtaining 
A guide for biodiesel obtaining from refined oils is given as follows. 
Raw material: 
 100 mL of refined vegetable oil (commercial oil, whose acidity is less than 0.5%, 

degummed, microfiltered, deodorized and bleached); 
 25 mL of anhydrous methyl alcohol; 
 1 g of potassium hydroxide; 
Steps: 
1. Put 100 mL of vegetable oil in a glass container and lead to heating to a temperature of 

45ºC; 
2. Place the container on the balance. Tare, and put 1g of KOH in it and close the container 

to avoid hydration of the reagent; 
3. Measure a volume of 25 mL of anhydrous methyl alcohol using a test tube (methanol is 

toxic and must be handled with care in appropriate place); 
4. Mixing the methanol with KOH to achieve a uniform solution of methoxide;  
5. Add the methoxide to the solution of vegetable oil and stir for a period of two hours; 
6. Turn off the mixer and check whether it produces a phase separation, it can be seen that 

a fluid dark (glycerin) deposits at the bottom of the container; 
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7. After checking the reaction, put the fluid in the decanting funnel, allow the glycerin 
settle for a period exceeding 30 minutes. Separate the glycerin and ester (biodiesel) 
produced in clean containers; 

8. Wash the decanting funnel to remove the glycerin stuck on the walls and then fill with 
the ester obtained; 

9. Perform the washing process of ester, adding 30 mL of water, preferably hot (50-60°C), 
inside the funnel, stirring to ensure the contact of two fluids; 

10. Decant the water and remove it from the funnel; 
11. Perform the washing process three more times to ensure complete removal of the 

glycerin;   
12. Perform the drying process putting the ester in an oven, heating up to 110 º C for 10 

minutes 
13. Cool and bottle the product (biodiesel) 

3.2 Characterization of soybean oil and soybean biodiesel and stationary engine tests 
The properties of soybean oil, soybean biodiesel and diesel were determined at the Thermo-
sciences Laboratory and Rheology Laboratory of Fluminense Federal University. The 
heating values were determined at the Laboratory of fuels at the National University of 
Colombia. The characterization tests followed the standards, as detailed in Table 1.  
The tests conducted in the stationary engine were made at constant speed of 3600 rpm and 
variable power in the Fluminense Federal University 
For each fuel tested, a test was performed and repeated. Performance data and emissions 
were measured continuously during the test and the series of data were analyzed to obtain 
values representative of engine performance 
 

PROPERTY STANDARD 

Viscosity ASTM D 445 Standard Test Method for Kinematic 
Viscosity of Transparent and Opaque Liquids 

Density ASTM D 4052 Density and Relative Density of Liquids 
by Digital Density Meter. 

Flash point ASTM D 93  Standard Test Methods for Flash Point by 
Pensky-Martens Closed Cup Tester 

Cloud point ASTM D2500 Test Method for Cloud Point of 
Petroleum Products 

Pour point ASTM D97 Test Method for Pour Point of Petroleum 
Products 

Copper strip corrosion ASTM D130 Test Method for Copper strip corrosion of 
Petroleum Products 

Heat of combustion ASTM 240 Test Method for heat of combustion of 
Petroleum Products. 

Table 1. Technical standards associated with the characterization tests 

The stationary engine used (Figure 1) is formed by an engine, a generator and a control 
panel, with the possibility of producing electricity at 115V and 230V. The generator has a 
control system to regulate the motor rotation. The characteristics of the diesel engine are: 
3600rpm; four-stroke; direct injection; one cylinder; air cooling system; 0.211L displacement 
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PROPERTY STANDARD 

Viscosity ASTM D 445 Standard Test Method for Kinematic 
Viscosity of Transparent and Opaque Liquids 

Density ASTM D 4052 Density and Relative Density of Liquids 
by Digital Density Meter. 

Flash point ASTM D 93  Standard Test Methods for Flash Point by 
Pensky-Martens Closed Cup Tester 

Cloud point ASTM D2500 Test Method for Cloud Point of 
Petroleum Products 

Pour point ASTM D97 Test Method for Pour Point of Petroleum 
Products 

Copper strip corrosion ASTM D130 Test Method for Copper strip corrosion of 
Petroleum Products 

Heat of combustion ASTM 240 Test Method for heat of combustion of 
Petroleum Products. 

Table 1. Technical standards associated with the characterization tests 

The stationary engine used (Figure 1) is formed by an engine, a generator and a control 
panel, with the possibility of producing electricity at 115V and 230V. The generator has a 
control system to regulate the motor rotation. The characteristics of the diesel engine are: 
3600rpm; four-stroke; direct injection; one cylinder; air cooling system; 0.211L displacement 
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volume; 2.0kW maximum output; 1.8kW nominal power; 2.5L fuel capacity and 47 kg 
weight. 
The engine was modified in order to have a fuel consumption control by gravity, changing 
the original fuel tank by a remote tank, being possible to be placed on a balance 
The electrical load was simulated on a load bank, where 150W power lamps were activated 
to modify the load (Figure 1). The measurements of instantaneous power, current frequency, 
voltage and electrical current were made using a measuring device (CCK 4300) 
manufactured by CCK Automation Ltda (São Paulo, Brazil).  
Emissions were measured using the gas analyzer Greenline 8000 built by Eurotron 
Instrument S.A. The equipment has measurement system of gas concentration by non-
dispersive infrared (NDIR) and electrochemical method, in addition to measuring 
temperature, pressure and temperature of gases. The equipment has RS232 communication 
system for data acquisition and algorithms for calculating the efficiency indicators for 
different fuels. The resolution and the error limits of the equipment for measured gases are: 
electrochemical CO, 1 ppm and ± 10 ppm; NDIR CO2, 0.01% and ± 0.3%; electrochemical 
NO, 1 ppm and ± 5 ppm; electrochemical NO2, 1 ppm and ± 5 ppm and calculated NOx, 1 
ppm. The SO2 measurements were made by the method of molecular absorption 
spectroscopy (Tulcan, 2009) 
 

 
Fig. 1. Stationary engine and control panel (operating).  
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4. Energy generation using soybean oil and soybean biodiesel 
The yield of the process of producing biodiesel from soybean was 0.91L of biodiesel per 1L 
of used oil. 
Table 2 shows the properties of diesel, soybean oil and soybean biodiesel, obtained in 
accordance with the standards shown in Table 1. 
The expanded uncertainty of measurements are: density = ± 0.00008 kg/L; viscosity = ± 
0.006 mm2/s; flash point = ± 2.1 °C; cloud point = ± 1.5°C and pour point = ± 1.8°C (Santo 
Filho, 2010a; Abreu, 2010).  
The weight composition of fatty acids found in soybean oil was: C16:0=11.6%, C16:1=0.1%, 
C18:0=3.2%, C18:1=20.4%; C18:2=59.7% and C18:3=5%. 
Based on the physicochemical characterization performed in the soybean oil and soybean 
biodiesel, some correlations were determined. 
 

PROPERTY DIESEL SOYBEAN OIL SOYBEAN BIODIESEL 
Density kg/L (20 °C) 0.85519 0.92037 0.88230 

Viscosity mm2/s (40 °C) 4.689 30.787 4.161 
Flash point °C 82 332 150 
Cloud point °C 2 -2 0 
Pour point °C -12 -14 -6 

Copper strip corrosion 1a 1b 1a 
Higher heating value kJ/kg 42800 - 41685 

Table 2. Properties of diesel, soybean oil and soybean biodiesel. 

The equation that best describes the behavior of flash point for blending diesel-soybean 
biodiesel is (Tulcan, 2009): 
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( )( ) ( ) ( ) .(% ) ( )

FP a
FP dFP mixture FP a FP d mixture FP d

 
 
 

 
    
  

 (1) 

where: FP (a) is the flash point of the additive (biodiesel) and FP (d) is the flash point of 
diesel. 
The best fitting function representing the behavior of soybean oil density is, as follows 
(Santo Filho et al., 2010b):  

 0.00069 0.93420T      (2) 

where: ρ is the density of soyben oil (kg/L) and T is the temperature (0C). 
The best fitting function representing the behavior of soybean biodiesel density is, as follows 
(Santo Filho et al., 2010c): 

 0.00073 0.89691T     (3) 

where: ρ is the density of soyben biodiesel (kg/L) and T  is the temperature (0C). 
The behavior of soybean oil viscosity is, as follows (Santo Filho, 2010a): 
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4. Energy generation using soybean oil and soybean biodiesel 
The yield of the process of producing biodiesel from soybean was 0.91L of biodiesel per 1L 
of used oil. 
Table 2 shows the properties of diesel, soybean oil and soybean biodiesel, obtained in 
accordance with the standards shown in Table 1. 
The expanded uncertainty of measurements are: density = ± 0.00008 kg/L; viscosity = ± 
0.006 mm2/s; flash point = ± 2.1 °C; cloud point = ± 1.5°C and pour point = ± 1.8°C (Santo 
Filho, 2010a; Abreu, 2010).  
The weight composition of fatty acids found in soybean oil was: C16:0=11.6%, C16:1=0.1%, 
C18:0=3.2%, C18:1=20.4%; C18:2=59.7% and C18:3=5%. 
Based on the physicochemical characterization performed in the soybean oil and soybean 
biodiesel, some correlations were determined. 
 

PROPERTY DIESEL SOYBEAN OIL SOYBEAN BIODIESEL 
Density kg/L (20 °C) 0.85519 0.92037 0.88230 

Viscosity mm2/s (40 °C) 4.689 30.787 4.161 
Flash point °C 82 332 150 
Cloud point °C 2 -2 0 
Pour point °C -12 -14 -6 

Copper strip corrosion 1a 1b 1a 
Higher heating value kJ/kg 42800 - 41685 

Table 2. Properties of diesel, soybean oil and soybean biodiesel. 

The equation that best describes the behavior of flash point for blending diesel-soybean 
biodiesel is (Tulcan, 2009): 
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where: FP (a) is the flash point of the additive (biodiesel) and FP (d) is the flash point of 
diesel. 
The best fitting function representing the behavior of soybean oil density is, as follows 
(Santo Filho et al., 2010b):  

 0.00069 0.93420T      (2) 

where: ρ is the density of soyben oil (kg/L) and T is the temperature (0C). 
The best fitting function representing the behavior of soybean biodiesel density is, as follows 
(Santo Filho et al., 2010c): 

 0.00073 0.89691T     (3) 

where: ρ is the density of soyben biodiesel (kg/L) and T  is the temperature (0C). 
The behavior of soybean oil viscosity is, as follows (Santo Filho, 2010a): 
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 (953.1562/( 129.5732))(0.1115) Te     (4) 

where: the viscosity of  soyben oil is given in mm2/s and the temperature (T) is in (0C). 
The behavior of soybean biodiesel viscosity is, as follows (Santo Filho, 2010a): 

 (609.1440/( 133.6409))(0.1246) Te     (5) 
 

where: the viscosity of soyben biodiesel is given in mm2/s and the temperature (T) is in 0C. 
Figures 2-7 show the values of specific fuel consumption (SFC) and emissions of NO, NOx, 
CO, CO2  and SO2 for diesel, soybean biodiesel and mixtures of diesel-soybean oil and 
diesel-soybean biodiesel. The reported values represent the average for four values of load 
(400W, 700W, 1000W and 1300W).  
Figure 2 shows the behavior of SFC for diesel-soybean oil mixtures and diesel-soybean 
biodiesel blends. The specific fuel consumption is lower for mixtures of 5% soybean oil than 
that for diesel. For this percentage, the oil has an oxygenating effect which improves engine 
performance, with an average of 1.9% decrease from the SFC. For larger percentages of 
mixture, the SFC increases, indicating a drop in engine performance. This is a consequence 
of lower heating value of soybean oil and of the increasing of the difficulties to burn fuel in 
the combustion chamber, requiring more fuel. For mixtures of 20% soybean oil, the increase 
in SFC is 4.5%. In the case of diesel-soybean biodiesel blends, a slight decrease in the SFC 
can be observed for smaller proportions of the mixture (5% to 10% soybean biodiesel). This 
decrease is due to the oxygenating capacity of biodiesel. For larger values of the mixture 
(15% to 100% soybean biodiesel), the SFC increases. This increase in SFC is due to the lower 
heating value of biodiesel, requiring more fuel. As the mixing ratio increases, the specific 
fuel consumption increases. The SFC hits an increase of 14% for the use of pure biodiesel 
compared to diesel. 
Figures 3 and 4 present the average values of NO and NOx emissions for different mixing 
ratios of soybean oil with diesel and soybean biodiesel with diesel. The NO and NOx 
emissions increase with the use of blends up to 10% of soybean oil in diesel. From this 
amount of mixture, the NO and NOx emissions decrease reflecting a decrease in the 
temperature of combustion chamber. However, the values are still higher than the emissions 
of diesel. For diesel-soybean biodiesel blends, the production of NO and NOx is higher for 
blends superior to 5% than for diesel. Emissions of NO and NOx grow rapidly for blends 
above 15% of soybean biodiesel. For mixtures between 20% and 75% soybean biodiesel, the 
emission levels of NO are an average of 200 ppm. For pure biodiesel the emission levels fall, 
this is a consequence of the low temperature in the combustion chamber due to the lower 
heating value of fuel. 
Figure 5 shows the mean values of CO for soybean oil and soybean biodiesel blended in 
diesel. It may be noted that in proportions of up to 5% of soybean oil, the mixtures have an 
advantage in relation to diesel. For higher proportions, the CO emission increases to a level 
of 405 ppm for the mixture with 20% of soybean oil, 18% higher than the levels achieved by 
diesel emissions. The increase in the amount of CO shows a less efficient combustion. In the 
case of diesel-soybean biodiesel blends, it can be observed that the emission of CO for 
mixtures was lower than for diesel. The CO emission decreases by increasing the proportion 
of soybean biodiesel in the blend. In the case of pure biodiesel, the reduction in CO emission 
was 21% compared with diesel. 
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Fig. 2. Mean values of SFC for soybean biodiesel and soybean oil blended in diesel. 
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Fig. 3. Mean values of NO for soybean biodiesel and soybean oil blended in diesel. 
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diesel-soybean biodiesel. The reported values represent the average for four values of load 
(400W, 700W, 1000W and 1300W).  
Figure 2 shows the behavior of SFC for diesel-soybean oil mixtures and diesel-soybean 
biodiesel blends. The specific fuel consumption is lower for mixtures of 5% soybean oil than 
that for diesel. For this percentage, the oil has an oxygenating effect which improves engine 
performance, with an average of 1.9% decrease from the SFC. For larger percentages of 
mixture, the SFC increases, indicating a drop in engine performance. This is a consequence 
of lower heating value of soybean oil and of the increasing of the difficulties to burn fuel in 
the combustion chamber, requiring more fuel. For mixtures of 20% soybean oil, the increase 
in SFC is 4.5%. In the case of diesel-soybean biodiesel blends, a slight decrease in the SFC 
can be observed for smaller proportions of the mixture (5% to 10% soybean biodiesel). This 
decrease is due to the oxygenating capacity of biodiesel. For larger values of the mixture 
(15% to 100% soybean biodiesel), the SFC increases. This increase in SFC is due to the lower 
heating value of biodiesel, requiring more fuel. As the mixing ratio increases, the specific 
fuel consumption increases. The SFC hits an increase of 14% for the use of pure biodiesel 
compared to diesel. 
Figures 3 and 4 present the average values of NO and NOx emissions for different mixing 
ratios of soybean oil with diesel and soybean biodiesel with diesel. The NO and NOx 
emissions increase with the use of blends up to 10% of soybean oil in diesel. From this 
amount of mixture, the NO and NOx emissions decrease reflecting a decrease in the 
temperature of combustion chamber. However, the values are still higher than the emissions 
of diesel. For diesel-soybean biodiesel blends, the production of NO and NOx is higher for 
blends superior to 5% than for diesel. Emissions of NO and NOx grow rapidly for blends 
above 15% of soybean biodiesel. For mixtures between 20% and 75% soybean biodiesel, the 
emission levels of NO are an average of 200 ppm. For pure biodiesel the emission levels fall, 
this is a consequence of the low temperature in the combustion chamber due to the lower 
heating value of fuel. 
Figure 5 shows the mean values of CO for soybean oil and soybean biodiesel blended in 
diesel. It may be noted that in proportions of up to 5% of soybean oil, the mixtures have an 
advantage in relation to diesel. For higher proportions, the CO emission increases to a level 
of 405 ppm for the mixture with 20% of soybean oil, 18% higher than the levels achieved by 
diesel emissions. The increase in the amount of CO shows a less efficient combustion. In the 
case of diesel-soybean biodiesel blends, it can be observed that the emission of CO for 
mixtures was lower than for diesel. The CO emission decreases by increasing the proportion 
of soybean biodiesel in the blend. In the case of pure biodiesel, the reduction in CO emission 
was 21% compared with diesel. 
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Fig. 2. Mean values of SFC for soybean biodiesel and soybean oil blended in diesel. 
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Fig. 3. Mean values of NO for soybean biodiesel and soybean oil blended in diesel. 
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Fig. 4. Mean values of NOx for soybean biodiesel and soybean oil blended in diesel. 
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Fig. 5. Mean values of CO for soybean biodiesel and soybean oil blended in diesel. 

 
Use of Soybean Oil in Energy Generation 

 

313 

2

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3

0 10 20 30 40 50 60 70 80 90 100

BIOFUEL VOLUME (%)

C
A

R
B

O
N

 D
IO

X
ID

E 
(%

)

DIESEL
SOYBEAN OIL
SOYBEAN BIODIESEL

 
Fig. 6. Mean values of CO2 for soybean biodiesel and soybean oil blended in diesel. 

Figure 6 shows the CO2 average emissions for soybean oil and soybean biodiesel blended in 
diesel. It can be observed that the percentages of CO2 emissions for the mixtures are always 
higher than for diesel. Compared with diesel, a mixture of 15% of soybean oil increases the 
production of CO2 by 40% and the mixture of 20% of soybean oil by 31%. The production of 
CO2 increases with the addition of soybean biodiesel reaching a value of 2.77% to 50% 
soybean biodiesel, representing an increase of 37% compared to diesel. From this value a 
slight reduction in CO2 occurs.   
Figure 7 shows average results of the SO2 emission obtained by the method of molecular 
absorption spectroscopy. In the figure it can be observed that, in some cases, the addition of 
soybean oil increases the production of SO2. The production of SO2 is caused by oxidation of 
sulfur in the fuel. Although the addition of soybean oil reduces the presence of sulfur in 
fuel, the cause of production of sulfur oxides may be due to rising temperatures in the 
combustion chamber and the consequent degradation of lubricating oils in the engine and 
volatilization of no burning fuel inside the combustion chamber. For fuel mixtures in 
proportions greater than 10% of soybean oil, the levels of SO2 emissions begin to decrease. 
For mixtures of 15% to 20% of soybean oil, the levels of SO2 emissions are lower than for 
diesel. In the case of 20% soybean oil, the reduction of SO2 is 69%. For diesel-soybean 
biodiesel blends, the emission of sulfur dioxide, in some cases, is higher than for diesel, as 
also happened in the case of mixtures with soybean oil. Moreover, one can observe that the 
emission of SO2 decreases for fuel mixtures in proportions greater than 50% of soybean 
biodiesel. In the case of 100% soybean biodiesel, the reduction of SO2 is 71%. The presence of 
SO2 in the burning of pure biodiesel can be due to burning of lubricating oil and residual 
diesel into the combustion chamber. 
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Fig. 4. Mean values of NOx for soybean biodiesel and soybean oil blended in diesel. 
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Fig. 5. Mean values of CO for soybean biodiesel and soybean oil blended in diesel. 
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Fig. 6. Mean values of CO2 for soybean biodiesel and soybean oil blended in diesel. 

Figure 6 shows the CO2 average emissions for soybean oil and soybean biodiesel blended in 
diesel. It can be observed that the percentages of CO2 emissions for the mixtures are always 
higher than for diesel. Compared with diesel, a mixture of 15% of soybean oil increases the 
production of CO2 by 40% and the mixture of 20% of soybean oil by 31%. The production of 
CO2 increases with the addition of soybean biodiesel reaching a value of 2.77% to 50% 
soybean biodiesel, representing an increase of 37% compared to diesel. From this value a 
slight reduction in CO2 occurs.   
Figure 7 shows average results of the SO2 emission obtained by the method of molecular 
absorption spectroscopy. In the figure it can be observed that, in some cases, the addition of 
soybean oil increases the production of SO2. The production of SO2 is caused by oxidation of 
sulfur in the fuel. Although the addition of soybean oil reduces the presence of sulfur in 
fuel, the cause of production of sulfur oxides may be due to rising temperatures in the 
combustion chamber and the consequent degradation of lubricating oils in the engine and 
volatilization of no burning fuel inside the combustion chamber. For fuel mixtures in 
proportions greater than 10% of soybean oil, the levels of SO2 emissions begin to decrease. 
For mixtures of 15% to 20% of soybean oil, the levels of SO2 emissions are lower than for 
diesel. In the case of 20% soybean oil, the reduction of SO2 is 69%. For diesel-soybean 
biodiesel blends, the emission of sulfur dioxide, in some cases, is higher than for diesel, as 
also happened in the case of mixtures with soybean oil. Moreover, one can observe that the 
emission of SO2 decreases for fuel mixtures in proportions greater than 50% of soybean 
biodiesel. In the case of 100% soybean biodiesel, the reduction of SO2 is 71%. The presence of 
SO2 in the burning of pure biodiesel can be due to burning of lubricating oil and residual 
diesel into the combustion chamber. 
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Fig. 7. Mean values of SO2 for soybean biodiesel and soybean oil blended in diesel. 

Figures 8 to 13 show the emission behavior as a function of load in the stationary engine for 
mixtures of 20% soybean oil and 20% soybean biodiesel with diesel. 
The behavior of the SFC is similar in the cases of diesel and the mixtures 20% soybean oil-
diesel and 20% soybean biodiesel-diesel. As shown in Figure 8 the value of SCF for the fuels 
studied decreases with increasing load. 
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Fig. 8. Values of SFC for 20% soybean biodiesel and 20% soybean oil blended in diesel. 
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Fig. 9. Values of NO for 20% soybean biodiesel and 20% soybean oil blended in diesel. 
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Fig. 10. Values of NOx  for 20% soybean biodiesel and 20% soybean oil blended in diesel. 
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Figures 8 to 13 show the emission behavior as a function of load in the stationary engine for 
mixtures of 20% soybean oil and 20% soybean biodiesel with diesel. 
The behavior of the SFC is similar in the cases of diesel and the mixtures 20% soybean oil-
diesel and 20% soybean biodiesel-diesel. As shown in Figure 8 the value of SCF for the fuels 
studied decreases with increasing load. 
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Fig. 8. Values of SFC for 20% soybean biodiesel and 20% soybean oil blended in diesel. 
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Fig. 9. Values of NO for 20% soybean biodiesel and 20% soybean oil blended in diesel. 
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Fig. 10. Values of NOx  for 20% soybean biodiesel and 20% soybean oil blended in diesel. 
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Fig. 11. Values of CO for 20% soybean biodiesel and 20% soybean oil blended in diesel. 
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Fig. 13. Values of SO2 for 20% soybean biodiesel and 20% soybean oil blended in diesel. 

The Figures 9 and 10 show that the emission of NO and NOx, for mixtures of 20% soybean 
oil-diesel and 20% soybean biodiesel-diesel, are higher than those of diesel at all loads 
studied, probably due to increased temperature in the combustion chamber. 
In Figure 11 it can be observed that the CO emissions decrease with increasing load for all 
fuels tested, showing a better combustion in these cases. The lower values of CO occur with 
the 20% blend of soybean biodiesel (B20). 
As shown in Figure 12, as the load increases the amount of CO2 emissions increases for all 
fuels studied. 
The emissions of SO2 with the load are shown in Figure 13. The lowest emissions occur at 
lower loads.   

5. Conclusion  
Soybean oil and soybean biodiesel can be added to diesel fuel to be burned in combustion 
engines. These compounds have an oxygenate capacity that is useful to improve engine 
performance, but this ability only gives you an edge when the mix ratio is 5% for vegetable 
oil and 10% for biodiesel. The gains made in reducing the SFC using the oxygenating 
additives affect about 2% in the case of 5% soybean oil blended with diesel and about 4.5% 
for 10% soybean biodiesel blended with diesel. Using a larger proportion of mixture 
generates increases in SFC by 9% on average when pure biodiesel is used, and 3% when 
mixture of 20% soybean oil is used. 
The emission of NO and NOx increases with the addition of oxygenated components 
(vegetable oil and biodiesel). The use of 20% soybean oil blended with diesel (O20) increases 
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the NO emission by 30%. But the use of pure soybean biodiesel (B100) promotes an increase 
in NO emission by 28%. 
The addition of soybean oil in diesel reduces emissions of CO only for mixtures of up to 5% 
soybean oil. In the case of biodiesel addition in diesel, CO emissions decrease with the 
mixture reaching a 21% reduction, when pure soybean biodiesel (B100) is used. 
The addition of soybean oil and soybean biodiesel in diesel increases the emission of CO2 
which however is compensated by the absorption of CO2 by the plants (raw material for 
production of vegetable oil and biodiesel). 
The addition of soybean oil and soybean biodiesel in diesel reduces the sulfur content in fuel 
and consequently reduces the emission of sulfur dioxide. 
Soybean oil can be successfully applied in CI engine blending with diesel up to 20% of 
soybean oil.  Soybean oil can also be converted in biodiesel and applied in CI engines neat or 
blended with diesel in any proportion. Concerning the exhaust emissions it is better use 
soybean biodiesel or blends of soybean biodesel with diesel instead of blends of soybeans oil 
with diesel.   
The possibility of using soybean oil in power generation, leads to the concept of energy 
farms soybeans that can be an opportunity for farmers who can not meet the quality 
standards required for selling the soybeans to food industry. 
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1. Introduction  
According to the predictive studies of the World Energy Outlook 2009, the global demand of 
energy is expected to increase till 2030 of about 1.5 percentage points per year. Fossil fuels 
are expected to remain the main energy source in the world, but in the meantime renewable 
energy sources (wind, solar, geothermal, bioenergy) will be characterized by a rapid 
growing rate. Their use and development is strongly encouraged by most of the recent 
regulations. For instance, as reported by the European Environment Agency Transport 
(EEA), 2009, the European Union required in the same year to achieve by 2020 at least 10% 
of mixture of hydrocarbons from renewable and conventional sources for what concerns the 
energy employed for the transports. In addition, the increase in oil price and the growing 
interest in environmental issues have recently given a considerable impetus to the research 
for cleaner and renewable energy sources, in order to ensure a sustainable future.  
Biodiesel (BD) is a renewable energy source in liquid form that has many advantages over 
normal diesel, including lower emissions of gases harmful to humans and environment. The 
UE directive 2003/30/EC, defines the Biodiesel as “a methyl ester produced from vegetable 
or animal oil, of diesel quality, to be used as biofuel”. Moreover, the National Biodiesel 
Board (NBB), 1996, responsable for biodiesel ASTM standards, define biodiesel as “the 
mono alkyl esters of long chain fatty acids derived from renewable lipid feedstock’s, such as 
vegetable oils or animal fats, for use in compression ignition (diesel) engines.” 
The processes for BD production are well known. According to the NBB, 2007, there are 
three main routes to BD production from oils and fats: 
- Base- catalyzed transesterification;  
- Direct acid- catalyzed transesterification; 
- Conversion of the oil into fatty acids and then into biodiesel. 
At the present BD is mainly produced through the base-catalyzed transesterification for 
many different reasons: 
- Mild reaction conditions, i.e. low temperature and pressure may be adopted; 
- High conversions (up to 98.5%) are usually achieved in short times with minimization 

of side reactions; 
- The conversion into BD is direct and no intermediate steps are required; 
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- No expensive construction materials are required. 
According to the base-catalyzed process, BD is produced through the transesterification of 
triglycerides contained in oils or fats, with methanol and in the presence of an alkaline 
catalyst, also yielding glycerin as a by-product (Fig. 1).  
 

 
Fig. 1. Transesterification of a triglyceride for biodiesel production. 

Although food-grade oils with low acidity can be employed with few practical problems, 
their use is strongly discouraged to avoid interference with the human food requirements, 
besides being not cost-wise competitive with the petroleum-based diesel.  
To overcome this problem, waste materials, such as waste cooking oils or animal fat, can be 
employed.  
The use of not refined or waste oils as a feedstock represents a very convenient way in order 
to lower biodiesel production costs. Crude vegetable oil, waste cooking oils and animal fat 
are examples of alternative, cheaper, raw materials. The main problem associated with the 
use of this type of low-cost feedstock lies in its high content of FFA, leading to the formation 
of soaps during the final transesterification step. 
The presence of soaps during the transesterification complicates the reaction resulting in 
hindering the contact between the reagents and causing difficulties in products separation 
Not refined or waste fats require therefore to be standardized by the reduction of the acidity 
prior to be processed through the transesterification reaction (Bianchi et al., 2010). 
However, while BD (pure or mixed) as an alternative fuel to diesel for use in diesel engines 
is a reality in many states (in France it is usually used in a 5% blend with diesel fuel, in 
Germany pure, in the USA in the "fleet"), the same cannot be stated for what concerns the 
use of biofuels as boilers in small, medium or large size plant.  
The EU has also published some very restrictive parameters in collaboration with the CEN 
(European Committee for Standardization) to ensure an adequate performance and 
consequently a higher quality of the BD as biofuel. The required limits for biodiesel 
properties are listed in the paragraph 4 (European Standard EN 14214). 

2. Different technologies for FFA removal from triglycerides (TG) 
The starting materials for the biodiesel production are usually vegetable oils and animal 
fats, indeed constituted mainly by triglycerides (TG) and Free Fatty Acids (FFA), linear 
carboxylic acids in the range C14-C22 with different unsaturation levels. FFA are contained in 
the oils in their free form as a result of the spontaneous hydrolysis of the starting TG 
molecules. 
Fats have more saturated fatty acids as compositional building blocks than oils. This gives 
rise to higher melting points and higher viscosities for fats in comparison to oils. The FFA 
content varies among different lipid sources and also depends on the treatments and storage 
conditions. In Tab.1 a comparison among soybean oil and other kinds of feedstock is 
reported, from Lotero et al. (2005). 
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 Fatty acid composition, wt%  

Fatty acid Myristic
14:00 

Palmitic 
16:00 

Palmitoleic 
16:01 

Stearic 
18:00 

Oleic 
18:01 

Linoleic 
18:02 

Linolenic 
18:03 

Sat. 
(%) 

Soybean oil 0.1 10.6 - 4.8 22.5 52.3 8.2 15.5 
Palm oil 1.2 47.9 - 4.2 37 9.1 0.3 53.3 

Sunflower 
oil - 6.0 - 4.2 18.7 69.3 - 10.2 

Lard 1.7 17.3 1.9 15.6 42.5 9.2 0.4 34.6 
Yellow 
grease 2.4 23.2 3.8 13 44.3 7.0 0.7 38.6 
Brown 
grease 1.7 22.8 3.1 12.5 42.4 12.1 0.8 37.0 

Table 1.Typical FFA composition of soybean oil and others raw materials for BD production. 

As already discussed in the introduction, the chemical transformation of these lipids into 
biodiesel involves the transesterification of glycerides with alcohols to alkylesters. 
Nowadays BD is industrially obtained using alkaline homogeneous catalysts, such as 
sodium and potassium methoxides and hydroxides. Other possible routes to obtain 
biodiesel through transesterification and exploiting different catalytic systems are reported 
in a recent review (Vyas et al., 2010). These include: 1) homogeneous acid catalysis, 2) 
heterogeneous alkali or acid catalysis; 3) enzymatic catalysis, 4) supercritical conditions 
without catalyst, 5) microwave or ultrasound assisted reactions. All these methods will be 
presented in the paragraph 2.2. 
Any TG or FFA source (vegetable oil, animal fat or waste grease) may be potentially used as 
source for biodiesel production through alkali or acid-catalyzed transesterification reaction. 
In spite of this, a feedstock characterized by a low impurities level and low water and FFA 
content is required to obtain a valuable, marketable product. In particular, the base-
catalyzed transesterification requires high purity reactants (FFA < 0.5wt%, water< 0.1-0.3 
wt%), having demonstrated to be very sensitive to the impurities contained in the feedstock 
(Strayer et al., 1983).  
As a matter of fact, the raw material contributes 60-70% to the final manufacture cost of BD 
obtained from soybean oil. As a consequence, the utilization of expensive raw materials is 
responsible for the lack of economic competitioness of BD with fossil fuel.   
In paragraph 2.1 different methods of performing the transesterification reaction are 
described, while in paragraph 2.2 various processes to lower the acidity content of the oil are 
reported. 

2.1 Non alkali-catalyzed transesterification for BD production from feedstock with 
high FFA content 
Synthesis of biodiesel via homogeneous acid catalysis: the homogeneous acid-catalyzed 
reaction rate is reported to be about 4000 time slower than the homogeneous one (Srivastava 
and Prasad, 2000). Nevertheless, adopting this technology it is possible to perform TG 
transesterification of not refined oils. Sulphuric acid is reported to be the best performing 
catalyst. Other homogeneous catalytic systems, such as HCl, BF3, H3PO4 and organic 
sulphonic acids have also been studied (Liu, 1994). Homogeneous systems require a large 
molar ratio alcohol to oil (30:1 at least) to reach acceptable reaction rates. On the other hand, 
by increasing the alcohol amount, the separation costs increase as well.  
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- No expensive construction materials are required. 
According to the base-catalyzed process, BD is produced through the transesterification of 
triglycerides contained in oils or fats, with methanol and in the presence of an alkaline 
catalyst, also yielding glycerin as a by-product (Fig. 1).  
 

 
Fig. 1. Transesterification of a triglyceride for biodiesel production. 

Although food-grade oils with low acidity can be employed with few practical problems, 
their use is strongly discouraged to avoid interference with the human food requirements, 
besides being not cost-wise competitive with the petroleum-based diesel.  
To overcome this problem, waste materials, such as waste cooking oils or animal fat, can be 
employed.  
The use of not refined or waste oils as a feedstock represents a very convenient way in order 
to lower biodiesel production costs. Crude vegetable oil, waste cooking oils and animal fat 
are examples of alternative, cheaper, raw materials. The main problem associated with the 
use of this type of low-cost feedstock lies in its high content of FFA, leading to the formation 
of soaps during the final transesterification step. 
The presence of soaps during the transesterification complicates the reaction resulting in 
hindering the contact between the reagents and causing difficulties in products separation 
Not refined or waste fats require therefore to be standardized by the reduction of the acidity 
prior to be processed through the transesterification reaction (Bianchi et al., 2010). 
However, while BD (pure or mixed) as an alternative fuel to diesel for use in diesel engines 
is a reality in many states (in France it is usually used in a 5% blend with diesel fuel, in 
Germany pure, in the USA in the "fleet"), the same cannot be stated for what concerns the 
use of biofuels as boilers in small, medium or large size plant.  
The EU has also published some very restrictive parameters in collaboration with the CEN 
(European Committee for Standardization) to ensure an adequate performance and 
consequently a higher quality of the BD as biofuel. The required limits for biodiesel 
properties are listed in the paragraph 4 (European Standard EN 14214). 

2. Different technologies for FFA removal from triglycerides (TG) 
The starting materials for the biodiesel production are usually vegetable oils and animal 
fats, indeed constituted mainly by triglycerides (TG) and Free Fatty Acids (FFA), linear 
carboxylic acids in the range C14-C22 with different unsaturation levels. FFA are contained in 
the oils in their free form as a result of the spontaneous hydrolysis of the starting TG 
molecules. 
Fats have more saturated fatty acids as compositional building blocks than oils. This gives 
rise to higher melting points and higher viscosities for fats in comparison to oils. The FFA 
content varies among different lipid sources and also depends on the treatments and storage 
conditions. In Tab.1 a comparison among soybean oil and other kinds of feedstock is 
reported, from Lotero et al. (2005). 
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biodiesel involves the transesterification of glycerides with alcohols to alkylesters. 
Nowadays BD is industrially obtained using alkaline homogeneous catalysts, such as 
sodium and potassium methoxides and hydroxides. Other possible routes to obtain 
biodiesel through transesterification and exploiting different catalytic systems are reported 
in a recent review (Vyas et al., 2010). These include: 1) homogeneous acid catalysis, 2) 
heterogeneous alkali or acid catalysis; 3) enzymatic catalysis, 4) supercritical conditions 
without catalyst, 5) microwave or ultrasound assisted reactions. All these methods will be 
presented in the paragraph 2.2. 
Any TG or FFA source (vegetable oil, animal fat or waste grease) may be potentially used as 
source for biodiesel production through alkali or acid-catalyzed transesterification reaction. 
In spite of this, a feedstock characterized by a low impurities level and low water and FFA 
content is required to obtain a valuable, marketable product. In particular, the base-
catalyzed transesterification requires high purity reactants (FFA < 0.5wt%, water< 0.1-0.3 
wt%), having demonstrated to be very sensitive to the impurities contained in the feedstock 
(Strayer et al., 1983).  
As a matter of fact, the raw material contributes 60-70% to the final manufacture cost of BD 
obtained from soybean oil. As a consequence, the utilization of expensive raw materials is 
responsible for the lack of economic competitioness of BD with fossil fuel.   
In paragraph 2.1 different methods of performing the transesterification reaction are 
described, while in paragraph 2.2 various processes to lower the acidity content of the oil are 
reported. 

2.1 Non alkali-catalyzed transesterification for BD production from feedstock with 
high FFA content 
Synthesis of biodiesel via homogeneous acid catalysis: the homogeneous acid-catalyzed 
reaction rate is reported to be about 4000 time slower than the homogeneous one (Srivastava 
and Prasad, 2000). Nevertheless, adopting this technology it is possible to perform TG 
transesterification of not refined oils. Sulphuric acid is reported to be the best performing 
catalyst. Other homogeneous catalytic systems, such as HCl, BF3, H3PO4 and organic 
sulphonic acids have also been studied (Liu, 1994). Homogeneous systems require a large 
molar ratio alcohol to oil (30:1 at least) to reach acceptable reaction rates. On the other hand, 
by increasing the alcohol amount, the separation costs increase as well.  
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Reaction rates may also be increased using higher amounts of catalyst. Common catalysts 
loadings are in the range 1- 5 wt%, while higher catalyst’s loadings result in promoting ether 
formation by alcohol dehydration (Lotero et al., 2005).  
The amount of water content in the oil is more critical in the case of the acid-catalyzed 
transesterification than in the base-catalyzed one (Canakcy and Van Gerpen, 1999). Canakcy 
reports that esters production can be affected by a water concentration as little as 0.1 wt% 
and can be almost totally inhibited by water concentrations higher than 5 wt%. This can be 
explained supposing that water molecules form a sort of shield around the catalyst, 
preventing its coming in contact with the hydrophobic TG molecules, so inhibiting the 
reaction. Water can in fact bind acid species in solution more effectively than alcohol. For 
this reason, in acid catalyzed processes, the water removal step has to be taken into account. 
The most economical method for water removal from oils is the one acting under gravity 
separation.  
Synthesis of biodiesel via enzymatic transesterification: the enzymatic methods require 
expensive enzymes such as lipase. On the other hand these methods are affected by water to 
a less extent than acid-catalyzed process and can tolerate FFA concentration till 30 wt% 
(Vyas et al, 2010). Besides some advantages such as the mild reaction conditions (50°C for 
12-24 h), easy products separation, minimal wastewater treatment and absence of side 
reactions, there are also some drawbacks such as the contamination of the final product with 
the residual enzymatic activity and the high costs of this technology (A. Sulaiman, 2007).  
Low water contents in the production of BD from soybean oils using lipase as catalyst are 
reported to lower the enzyme activity (A. Sulaiman, 2007). Nevertheless, an excess of water 
is not convenient using immobilized lipase (Yuji et al., 1999). Indeed, the water content is a 
crucial factor, which requires to be optimized basing on the used reaction system.  
In any case, the cost of lipase is still the major concern for the industrialization of this 
technology. 
Synthesis of biodiesel via supercritical transesterification: when a fluid or gas is subjected to 
temperatures and pressures exceeding its critical point, a single fluid phase is present. 
Solvents containing hydroxyl (OH) groups, as methanol or water, when subjected to 
supercritical conditions, gain super-acids properties which can be exploited for some kinds 
of catalysis.  
Transesterification reaction of soybean oil in supercritical methanol conditions (350°C; 200 
bar) is reported to have been completed in about 25 minutes (Huayang et al., 2007). In 
supercritical conditions, the use of an excess of alcohol (ratio soybean oil/methanol =1: 40) is 
also possible, as a single homogeneous phase is present. This results in accelerating the 
reaction rate as no limitations to the mass transfer due to the presence of interphases occur.  
The use of such high temperatures and pressures undoubtedly leads to very huge capital 
and operating costs and high energy consumption. The scale-up of this process may be 
therefore very difficult. 
Synthesis of biodiesel via Microwave or Ultrasound assisted transesterification: microwave 
(MW) irradiation activates the smallest degree of variance of polar molecules such as alcohol 
through the continuous changing of the magnetic field. The production of BD using MW 
leads to some advantages as short reaction times, low oil/methanol ratio and general 
reduction of energy consumption (Vyas et al., 2010). MW assisted processes have been 
studied both in homogeneous and heterogeneous alkali- and acid-catalyzed BD syntheses 
(Leonelli and Mason, 2010). For this reason MW might be a suitable solution to process 
feedstock characterized by high initial FFA content. The main problem of the use of MW is 
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the scale-up from the laboratory scale to the industrial plant. The crucial issue is represented 
by the penetration depth of MW radiation into the absorbing material. Another critical point 
is the safety aspect concerning the use of this technology, in particular on an industrial scale.  
Ultrasound (US) is well known as a powerful tool to enhance the reaction rate in a variety of 
chemical reactions. At high ultrasonic intensities and frequencies between 20 kHz and 100 
MHz, a small gas cavity present in the liquid may grow rapidly generating oscillating 
bubbles; when these bubbles collapse they produce local hot spots of high temperature and 
pressure able to promote chemical and mechanical effects (Leonelli and Mason, 2010; 
Colucci et al., 2005). In the biodiesel reacting media, the collapse of these bubbles may be 
moreover able to disrupt the phase boundary causing emulsification, so impinging one 
liquid to another as a consequence of the formation of ultrasonic jets (Stavarache et al., 
2005). US also introduce turbulence in the system resulting in an improved mechanical 
mixing: the activation energy required for initiating the reaction can be so easily achieved. 
Both the advantages and the drawbacks of the US-assisted transesterification are the same 
described for MW-assisted reaction. 

2.2 FFA removal to make oil feedstock suitable to the alkali-catalyzed 
transesterification 
Alkali refining method: in this technology, the removal of FFA is performed adding caustic 
soda and water to the oil before carrying out the transesterification reaction. In this way the 
FFA are transformed in fatty acid soaps and then removed by washing. This is a well-
established practice in the soybean processing industry (Erikson, 1995). The soybean oil is 
heated to 70°C and mixed with a caustic solution to form soap and free fatty acids. The 
amount of FFA measured in the oil determines the flow rate of caustic soda to be added. The 
washing step is also carried out at 70°C, at a rate of 15% of the crude oil soybean mass flow 
rate. A certain yield loss occurs as result from the saponification of tryglicerides. The 
resulting mixture (oil, soap and wash water) is sent to a centrifuge to separate soap and 
water from the oil. A total quantity of about 1% of oil is lost in the soap and water mixture. 
The loss of product represents the main drawback of this method. Moreover, this technology 
gives often rise to problems during the separation phase. 
Solvent extraction method: the FFA can be transferred into another phase from the oil one 
exploiting the difference of solubility in a solvent (e.g. methanol) between the fatty acids and 
the triglycerides (Ganquli et al., 1998). The oil and the solvent are fed counter-current with a 
high ratio solvent/oil. After the extraction process, the esterification using H2SO4 as acid 
homogeneous catalyst is performed. The solvent is then separated from the final product, 
purified and re-used. The main drawbacks of this technology are represented by the high 
costs lying in the separation and re-use cycle, also due to the presence of emulsions in the 
extraction reactor. 
Hydrolization method: this technology is based on the hydrolyzation of the starting TG into 
pure FFA and glycerine. This process is typically performed in a counter-current reactor 
using sulphuric/sulfonic acids and steam. Then, pure FFA undergo to the acid-catalyzed 
esterification in another counter-current reactor and are converted into methylesters. In this 
case yields can be higher than 99%. The equipment to be adopted requires being highly 
acid-resistant.  
Glycerolysis: this technique involves the addition of glycerol to the starting TG and the 
consequent heating to high temperatures (200°C). Zinc chloride is often used as catalyst. 
This reaction produces mono and dyglicerides, i.e. low FFA oil suitable for the based-
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Reaction rates may also be increased using higher amounts of catalyst. Common catalysts 
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the scale-up from the laboratory scale to the industrial plant. The crucial issue is represented 
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amount of FFA measured in the oil determines the flow rate of caustic soda to be added. The 
washing step is also carried out at 70°C, at a rate of 15% of the crude oil soybean mass flow 
rate. A certain yield loss occurs as result from the saponification of tryglicerides. The 
resulting mixture (oil, soap and wash water) is sent to a centrifuge to separate soap and 
water from the oil. A total quantity of about 1% of oil is lost in the soap and water mixture. 
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Solvent extraction method: the FFA can be transferred into another phase from the oil one 
exploiting the difference of solubility in a solvent (e.g. methanol) between the fatty acids and 
the triglycerides (Ganquli et al., 1998). The oil and the solvent are fed counter-current with a 
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case yields can be higher than 99%. The equipment to be adopted requires being highly 
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consequent heating to high temperatures (200°C). Zinc chloride is often used as catalyst. 
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catalysed transesterification. A recent patent by Parodi and Marini (WO 2008/007231 A1) 
deals with this technology and its improvement with a new optimized process design and 
new kinds of catalysts. 
Pre-esterification method: this method will be deeply described in the next paragraphs. The 
involved technology is based on the esterification of FFA with an alcohol in presence of a 
homogeneous or heterogeneous acid catalyst. Transesterification is then performed in a 
second step by using an alkaline homogeneous catalyst. 
The not alkali-catalyzed systems for BD production are today used only on the laboratory 
scale. Moreover, the possibility to maintain and improve the alkali-catalyzed 
transesterification process as main route to BD production is an important requirement by 
all the currently working BD plants.  
The pre-esterification process is the only method not resulting in a loss of final product, 
differently from all the other technologies previously described in this paragraph. These last 
give moreover rise to problems during the separation phase and require therefore high 
energy exploitation.  
The main drawback of the pre-esterification method, if performed with the use of a 
homogeneous acid catalyst, consists in the necessity of the catalyst’s removal from the oil 
before the transesterification step. This problem, as will be discussed in the next paragraphs, 
can be solved using a heterogeneous catalyst. 

3. Pre-esterification methods by heterogeneous acid catalysis 
Nowadays BD synthesis using homogeneous catalysis is considered not advisable. In fact, 
all processes involving homogeneous catalysis give raise to problems such as product 
purification and catalyst recovery. In addition, homogeneous acid catalysts are strongly 
corrosive. 
Even a very small amount of residual acid catalyst in the final BD could cause engine 
problems; hence, an extensive washing with water is required to remove the catalyst 
residuals from the systems and obtain marketable products.  
The use of heterogeneous catalysts prevents neutralization and separation costs, besides 
being not corrosive, so avoiding the use of expensive construction materials. Another 
important advantage is that the recovered catalysts can be potentially used for a long time 
and/or multiple reaction cycles. For all these reasons, the FFA pre-esterification method 
using heterogeneous acid catalysts is usually preferred to the homogeneously-catalyzed 
process.  
Different solid acid catalysts have been studied in the recent years (Goodwin Jr. et al., 2005). 
They can be classified into two main categories: inorganic materials and ion-exchange resins 
functionalized with –SO3H groups. The main advantage of inorganic materials is 
represented by their higher thermal stability compared to the resin-based ones. For these 
last the maximum operating temperatures are in fact around 140° C. Nevertheless, the 
effectiveness of the –SO3H active groups for the catalysis of the FFA esterification reaction 
has been proved even at low temperatures (< 100°C). 
Among the different types of inorganic solid materials used for the production of esters, the 
most popular are the zeolitic compounds. The acid strength of these materials can be 
modulated changing the Si/Al ratio. In addition, by adopting zeolites as catalysts, it is 
possible to choose among different pore structures and surface hydrophobicity. Only large-
pore zeolites have been used in FFA esterification to avoid limitation to the mass transfer of 
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both reactants and products inside the catalyst’s pores. Their use along with high operating 
temperatures may lead to the formation of undesired by-products (Corma and Garcia, 1997). 
Silica molecular sieves with amorphous pore walls, as MCM-41, are not sufficiently acid to 
catalyze the esterification process. The introduction of aluminum, zirconium or titanium 
into the silica matrix to improve the acid strength is not advisable, due to the easy 
deactivation to which these materials are usually subjected when water is present in the 
reaction system (Goodwin Jr. et al., 2005). Another possibility is represented by sulfated 
zirconia (SO42-/ZrO2), which has already been experimented in other kinds of esterification 
reactions (Bianchi et al., 2003), both in monophasic and biphasic systems. The main 
drawback of this type of catalyst lies in its fast deactivation due to the sulphate groups 
leaching, which may be favored by the presence of water in the system. Others similar 
materials that can be employed in the FFA esterification reaction are: sulfated tin oxide 
(SO42-/SnO2), prepared from meta-stanic acid, which is characterized by higher acidity 
compared to sulfated zirconia, and tungstaned zirconia, characterized by lower acidity but 
higher resistance to deactivation (Di Serio et al, 2008).  
Recently, sulfonated carbons (the so called “sugar catalysts”, derived by incomplete 
carbonization of simple cheap sugar), were reported to have a good performance in the FFA 
esterification (Takagaki et al., 2006). These carbon-based acids are thermally stable up to 
230°C, and are characterized by very low surface area (1-2 m2 g-1) and amorphous structure. 
Their high acid strength, due to the electron-withdrawing capacity of the polycyclic 
aromatic rings, besides to the surface hydrophobicity, makes these catalysts highly suitable 
for FFA esterification in oils (Goodwin Jr. et al., 2005).  
Mixed zinc and aluminium oxide (Bournay et al., 2005) is an inorganic material industrially 
adopted in the Hepsterfip-H technology, developed by the Institute Français du Petrol and 
used in a plant producing 160000 t/y started up in 2006 (Santacesaria et al., 2008). In this 
case the range of the operating temperature is 200-250 °C. 
The ion-exchange resins are characterized by a gel structure of microsphere that forms a 
macroporous polymer (generally copolymers of divinylbenzene and styrene) with sulfonic 
Brønsted acid groups as active sites. Due to their polymeric matrix, such materials have 
limited thermal stability (< 140°C) and low structural integrity at high pressure. Their 
swelling capacity controls substrate accessibility to the acid sites and for some kinds of 
reactor the effective operating volume of the catalytic bed. Once swelled in a polar medium, 
such as methanol, the resins pores are able to become macropores, so contributing to reduce 
the diffusive limitations in the working conditions. Recent studies dealing with the use of 
acid ion exchange resins demonstrated the possibility to obtain excellent results in FFA 
esterification in mild temperature and pressure conditions, as reported in the following 
papers: (Santacesaria et. al., 2005; Pirola et al., 2010) (T= 85°C) and (Bianchi et al., 2010) (T = 
65°C). The total pressure inside the system is given by the methanol vapour pressure at the 
reaction temperature. 
Several kinds of ion-exchange resins are commercially available from various producers and 
differ to each other for what concerns acidity strength, surface area, porosity, swelling, 
characteristics and disposal of acid groups. In Table 2, some features of a series of 
Amberlysts by Dow Chemical ®  and D5081 resin by Purolite are reported. 
A distinguishing feature of A46 and D5081 is represented by the location of the active acid 
sites: these catalysts are in fact sulphonated only on their surface and not inside the pores. 
Consequently, A46 and D5081 are characterized by a smaller number of acid sites per gram 
if compared to other Amberlysts®, which are also internally sulphonated. 
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catalysed transesterification. A recent patent by Parodi and Marini (WO 2008/007231 A1) 
deals with this technology and its improvement with a new optimized process design and 
new kinds of catalysts. 
Pre-esterification method: this method will be deeply described in the next paragraphs. The 
involved technology is based on the esterification of FFA with an alcohol in presence of a 
homogeneous or heterogeneous acid catalyst. Transesterification is then performed in a 
second step by using an alkaline homogeneous catalyst. 
The not alkali-catalyzed systems for BD production are today used only on the laboratory 
scale. Moreover, the possibility to maintain and improve the alkali-catalyzed 
transesterification process as main route to BD production is an important requirement by 
all the currently working BD plants.  
The pre-esterification process is the only method not resulting in a loss of final product, 
differently from all the other technologies previously described in this paragraph. These last 
give moreover rise to problems during the separation phase and require therefore high 
energy exploitation.  
The main drawback of the pre-esterification method, if performed with the use of a 
homogeneous acid catalyst, consists in the necessity of the catalyst’s removal from the oil 
before the transesterification step. This problem, as will be discussed in the next paragraphs, 
can be solved using a heterogeneous catalyst. 

3. Pre-esterification methods by heterogeneous acid catalysis 
Nowadays BD synthesis using homogeneous catalysis is considered not advisable. In fact, 
all processes involving homogeneous catalysis give raise to problems such as product 
purification and catalyst recovery. In addition, homogeneous acid catalysts are strongly 
corrosive. 
Even a very small amount of residual acid catalyst in the final BD could cause engine 
problems; hence, an extensive washing with water is required to remove the catalyst 
residuals from the systems and obtain marketable products.  
The use of heterogeneous catalysts prevents neutralization and separation costs, besides 
being not corrosive, so avoiding the use of expensive construction materials. Another 
important advantage is that the recovered catalysts can be potentially used for a long time 
and/or multiple reaction cycles. For all these reasons, the FFA pre-esterification method 
using heterogeneous acid catalysts is usually preferred to the homogeneously-catalyzed 
process.  
Different solid acid catalysts have been studied in the recent years (Goodwin Jr. et al., 2005). 
They can be classified into two main categories: inorganic materials and ion-exchange resins 
functionalized with –SO3H groups. The main advantage of inorganic materials is 
represented by their higher thermal stability compared to the resin-based ones. For these 
last the maximum operating temperatures are in fact around 140° C. Nevertheless, the 
effectiveness of the –SO3H active groups for the catalysis of the FFA esterification reaction 
has been proved even at low temperatures (< 100°C). 
Among the different types of inorganic solid materials used for the production of esters, the 
most popular are the zeolitic compounds. The acid strength of these materials can be 
modulated changing the Si/Al ratio. In addition, by adopting zeolites as catalysts, it is 
possible to choose among different pore structures and surface hydrophobicity. Only large-
pore zeolites have been used in FFA esterification to avoid limitation to the mass transfer of 
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both reactants and products inside the catalyst’s pores. Their use along with high operating 
temperatures may lead to the formation of undesired by-products (Corma and Garcia, 1997). 
Silica molecular sieves with amorphous pore walls, as MCM-41, are not sufficiently acid to 
catalyze the esterification process. The introduction of aluminum, zirconium or titanium 
into the silica matrix to improve the acid strength is not advisable, due to the easy 
deactivation to which these materials are usually subjected when water is present in the 
reaction system (Goodwin Jr. et al., 2005). Another possibility is represented by sulfated 
zirconia (SO42-/ZrO2), which has already been experimented in other kinds of esterification 
reactions (Bianchi et al., 2003), both in monophasic and biphasic systems. The main 
drawback of this type of catalyst lies in its fast deactivation due to the sulphate groups 
leaching, which may be favored by the presence of water in the system. Others similar 
materials that can be employed in the FFA esterification reaction are: sulfated tin oxide 
(SO42-/SnO2), prepared from meta-stanic acid, which is characterized by higher acidity 
compared to sulfated zirconia, and tungstaned zirconia, characterized by lower acidity but 
higher resistance to deactivation (Di Serio et al, 2008).  
Recently, sulfonated carbons (the so called “sugar catalysts”, derived by incomplete 
carbonization of simple cheap sugar), were reported to have a good performance in the FFA 
esterification (Takagaki et al., 2006). These carbon-based acids are thermally stable up to 
230°C, and are characterized by very low surface area (1-2 m2 g-1) and amorphous structure. 
Their high acid strength, due to the electron-withdrawing capacity of the polycyclic 
aromatic rings, besides to the surface hydrophobicity, makes these catalysts highly suitable 
for FFA esterification in oils (Goodwin Jr. et al., 2005).  
Mixed zinc and aluminium oxide (Bournay et al., 2005) is an inorganic material industrially 
adopted in the Hepsterfip-H technology, developed by the Institute Français du Petrol and 
used in a plant producing 160000 t/y started up in 2006 (Santacesaria et al., 2008). In this 
case the range of the operating temperature is 200-250 °C. 
The ion-exchange resins are characterized by a gel structure of microsphere that forms a 
macroporous polymer (generally copolymers of divinylbenzene and styrene) with sulfonic 
Brønsted acid groups as active sites. Due to their polymeric matrix, such materials have 
limited thermal stability (< 140°C) and low structural integrity at high pressure. Their 
swelling capacity controls substrate accessibility to the acid sites and for some kinds of 
reactor the effective operating volume of the catalytic bed. Once swelled in a polar medium, 
such as methanol, the resins pores are able to become macropores, so contributing to reduce 
the diffusive limitations in the working conditions. Recent studies dealing with the use of 
acid ion exchange resins demonstrated the possibility to obtain excellent results in FFA 
esterification in mild temperature and pressure conditions, as reported in the following 
papers: (Santacesaria et. al., 2005; Pirola et al., 2010) (T= 85°C) and (Bianchi et al., 2010) (T = 
65°C). The total pressure inside the system is given by the methanol vapour pressure at the 
reaction temperature. 
Several kinds of ion-exchange resins are commercially available from various producers and 
differ to each other for what concerns acidity strength, surface area, porosity, swelling, 
characteristics and disposal of acid groups. In Table 2, some features of a series of 
Amberlysts by Dow Chemical ®  and D5081 resin by Purolite are reported. 
A distinguishing feature of A46 and D5081 is represented by the location of the active acid 
sites: these catalysts are in fact sulphonated only on their surface and not inside the pores. 
Consequently, A46 and D5081 are characterized by a smaller number of acid sites per gram 
if compared to other Amberlysts®, which are also internally sulphonated. 
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Catalyst A15d A36d A39w A40w A46w A70w D5081 
Surface area (m2/g) 53 33 32 33 75 36 n.d. 

Average pore 
diameter (Ǻ) 300 240 230 170 235 220 n.d. 

Total pore volume 
(cc/g) 0.40 0.20 0.20 0.15 0.15 0.20 n.d. 

Acidity (meq H+/g) 4.7 5.4 5.0 2.2 0.43 2.55 1.00 
Max. operating 
temperature (K) 393 423 403 413 393 463 403 

[a]: Nitrogen BET; [b]: Dry weight 

Table 2. Characteristics of some ion-exchange resins (Amberlyst® - Dow Chemical). 

The main advantage represented by the use of these catalysts lies in the possibility of 
adopting very mild reaction conditions. In particular, working at temperatures lower than 
the methanol boiling point (64,7°C), FFA esterification can be performed without 
overpressure. In this way no expensive and complex plants are required, making this 
technology adaptable also for little biodiesel manufacturers. Another interesting aspect of 
these catalysts is their small deactivation even after long operating periods. In fact, if no 
particular critical conditions are present in the system during the process (e.g. mechanical 
fragmentation of the catalyst (Pirola et al., 2010) or presence of metallic ions as Fe3+ in the 
starting TG (Tesser et al., 2010)), no remarkable diminution of the catalytic performance is 
observed for several operating hours. 
Different types of reactors exploiting these ion-exchange resins have been proposed for FFA 
esterification (Santacesaria et al., 2007; Pirola et al., 2010). The most studied system is a 
slurry configuration reactor.  
The main drawback of the slurry system lies in the fragmentation of the catalyst’s particles 
due to their collision one against the other and against the inner reactor’s walls (Pirola et al., 
2010). 
Alternatives to the slurry reactor are the PFR (Plug Flow) reactor, the Carberry-type reactor, 
the chromatographic reactor or spray tower loop reactor.  

4. Experimental part 
4.1 Oil characterization 
Oil characterization before proceeding with the standardization of the raw material is a very 
important issue. Some properties remain in fact unchanged from the starting material to the 
finished biodiesel, or they are anyway predetermined. It is so important to check that the 
values of such chemical and physical oil properties are in range with those required by the 
standard regulations (see Table 3).  
The experimental procedures to get the values of such properties are also standardized and 
are indicated in the regulations. The following are parameters for starting oil that can affect 
the quality of the final biodiesel. 
 Sulfur and Phosphorous content: 
High sulphur fuels cause greater engine wear and in particular shorten the life of the 
catalyst. Biodiesel derived from soybean oil, as well as from pure rapeseed oil, is known to 
contain virtually no sulphur (Radich, 2004; Zhiyuan et al., 2008).  
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The phosphorus content of the vegetable oil depends mainly on the grade of refined oil and 
arises mainly from phospholipids within the starting material. Measurement of the SO2 from 
sulphur is accomplished by ultraviolet fluorescence (ASTM D5453, 2002), whereas the 
analytical method to determine phosphorous requires an Inductively Coupled Plasma 
Atomic Emission Spectrometry (ASTM International, 2002). 
 Linoleic acid methyl ester and polyunsaturated methyl esters 
Soy, sunflower, cottonseed and maize oils contain a high proportion of linoleic fatty acids, 
so affecting the properties of the derived ester with a low melting point and cetane number. 
Quantitative determination of linoleic acid methyl ester is accomplished by gas 
chromatography with the use of an internal standard after the substrate has been 
transesterificated and allows also the quantification of the other acid methyl esters 
(Environment Australia, 2003). 
A typical fatty acid methyl esters composition of soybean oil and other feedstock oils is 
given in Tab. 1, paragraph 2. 
 Iodine Value  
The iodine value (IV) is an index of the number of double bonds in biodiesel, and therefore 
is a parameter that quantifies the degree of unsaturation of biodiesel. Both EN and ASTM 
standard methods measure the IV by addition of an iodine/chlorine reagent. 
Soybean oil is reported to have an IV ranging from about 117 to 143 (Knothe, 1997), having 
quite the same unsaturation level of sunflower oil.  
 Cold Filter Plugging Point 
The cold filter plugging point (CFPP) is the temperature at which wax crystals precipitate 
out of the fuel and plug equipment filters. At temperatures above this point, the fuel should 
give trouble free flow. These limits are to be decided by each EU member state according to 
its climate conditions, whereas the US ASTM D 6751 does not set any limit. 
The test requires that the sample is cooled and, at intervals of fixed temperature, is drawn 
through a standard filter so determining the temperature at which the fuel is no longer 
filterable within a specified time limit. 
The CFPP of soybean oil is reported to be around -5°C (Georgianni et al., 2007; Ramos et al., 
2009), i.e. accomplishing only a part of the EU members countries (Meher et al., 2006). 
 Cetane Number 
The cetane number (CN) measures the readiness of a fuel to auto-ignite when injected into 
the engine. It is also an indication of the smoothness of combustion. The CN of biodiesel 
depends on the distribution of fatty acids in the original oil. The CN determination is 
accomplished with the use a diesel engine called Cooperative Fuel Research (CFR) engine, 
under standard test conditions. The CFPP of soybean oil is reported to be higher than 50 
(Ramos et al., 2009), so matching in the most cases the limit required by both EN and ASTM 
biodiesel standards. 

4.2 Oil standardization: the esterification reaction 
As already remarked in paragraph 3, pre-esterification of FFA in oils assumes great 
importance to obtain a feedstock suitable to be processed in the transesterification reaction. 
In the recent years the authors have deepened the study of the pre-esterification process 
investigating the effect of the use of different kinds of oils, different types of reactors and 
catalysts and different operating conditions.  
In the following paragraphs, the most relevant aspects of the experimental work and the 
results obtained by the authors for what concerns the pre-esterification process are reported. 
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Catalyst A15d A36d A39w A40w A46w A70w D5081 
Surface area (m2/g) 53 33 32 33 75 36 n.d. 

Average pore 
diameter (Ǻ) 300 240 230 170 235 220 n.d. 

Total pore volume 
(cc/g) 0.40 0.20 0.20 0.15 0.15 0.20 n.d. 

Acidity (meq H+/g) 4.7 5.4 5.0 2.2 0.43 2.55 1.00 
Max. operating 
temperature (K) 393 423 403 413 393 463 403 

[a]: Nitrogen BET; [b]: Dry weight 

Table 2. Characteristics of some ion-exchange resins (Amberlyst® - Dow Chemical). 

The main advantage represented by the use of these catalysts lies in the possibility of 
adopting very mild reaction conditions. In particular, working at temperatures lower than 
the methanol boiling point (64,7°C), FFA esterification can be performed without 
overpressure. In this way no expensive and complex plants are required, making this 
technology adaptable also for little biodiesel manufacturers. Another interesting aspect of 
these catalysts is their small deactivation even after long operating periods. In fact, if no 
particular critical conditions are present in the system during the process (e.g. mechanical 
fragmentation of the catalyst (Pirola et al., 2010) or presence of metallic ions as Fe3+ in the 
starting TG (Tesser et al., 2010)), no remarkable diminution of the catalytic performance is 
observed for several operating hours. 
Different types of reactors exploiting these ion-exchange resins have been proposed for FFA 
esterification (Santacesaria et al., 2007; Pirola et al., 2010). The most studied system is a 
slurry configuration reactor.  
The main drawback of the slurry system lies in the fragmentation of the catalyst’s particles 
due to their collision one against the other and against the inner reactor’s walls (Pirola et al., 
2010). 
Alternatives to the slurry reactor are the PFR (Plug Flow) reactor, the Carberry-type reactor, 
the chromatographic reactor or spray tower loop reactor.  

4. Experimental part 
4.1 Oil characterization 
Oil characterization before proceeding with the standardization of the raw material is a very 
important issue. Some properties remain in fact unchanged from the starting material to the 
finished biodiesel, or they are anyway predetermined. It is so important to check that the 
values of such chemical and physical oil properties are in range with those required by the 
standard regulations (see Table 3).  
The experimental procedures to get the values of such properties are also standardized and 
are indicated in the regulations. The following are parameters for starting oil that can affect 
the quality of the final biodiesel. 
 Sulfur and Phosphorous content: 
High sulphur fuels cause greater engine wear and in particular shorten the life of the 
catalyst. Biodiesel derived from soybean oil, as well as from pure rapeseed oil, is known to 
contain virtually no sulphur (Radich, 2004; Zhiyuan et al., 2008).  
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The phosphorus content of the vegetable oil depends mainly on the grade of refined oil and 
arises mainly from phospholipids within the starting material. Measurement of the SO2 from 
sulphur is accomplished by ultraviolet fluorescence (ASTM D5453, 2002), whereas the 
analytical method to determine phosphorous requires an Inductively Coupled Plasma 
Atomic Emission Spectrometry (ASTM International, 2002). 
 Linoleic acid methyl ester and polyunsaturated methyl esters 
Soy, sunflower, cottonseed and maize oils contain a high proportion of linoleic fatty acids, 
so affecting the properties of the derived ester with a low melting point and cetane number. 
Quantitative determination of linoleic acid methyl ester is accomplished by gas 
chromatography with the use of an internal standard after the substrate has been 
transesterificated and allows also the quantification of the other acid methyl esters 
(Environment Australia, 2003). 
A typical fatty acid methyl esters composition of soybean oil and other feedstock oils is 
given in Tab. 1, paragraph 2. 
 Iodine Value  
The iodine value (IV) is an index of the number of double bonds in biodiesel, and therefore 
is a parameter that quantifies the degree of unsaturation of biodiesel. Both EN and ASTM 
standard methods measure the IV by addition of an iodine/chlorine reagent. 
Soybean oil is reported to have an IV ranging from about 117 to 143 (Knothe, 1997), having 
quite the same unsaturation level of sunflower oil.  
 Cold Filter Plugging Point 
The cold filter plugging point (CFPP) is the temperature at which wax crystals precipitate 
out of the fuel and plug equipment filters. At temperatures above this point, the fuel should 
give trouble free flow. These limits are to be decided by each EU member state according to 
its climate conditions, whereas the US ASTM D 6751 does not set any limit. 
The test requires that the sample is cooled and, at intervals of fixed temperature, is drawn 
through a standard filter so determining the temperature at which the fuel is no longer 
filterable within a specified time limit. 
The CFPP of soybean oil is reported to be around -5°C (Georgianni et al., 2007; Ramos et al., 
2009), i.e. accomplishing only a part of the EU members countries (Meher et al., 2006). 
 Cetane Number 
The cetane number (CN) measures the readiness of a fuel to auto-ignite when injected into 
the engine. It is also an indication of the smoothness of combustion. The CN of biodiesel 
depends on the distribution of fatty acids in the original oil. The CN determination is 
accomplished with the use a diesel engine called Cooperative Fuel Research (CFR) engine, 
under standard test conditions. The CFPP of soybean oil is reported to be higher than 50 
(Ramos et al., 2009), so matching in the most cases the limit required by both EN and ASTM 
biodiesel standards. 

4.2 Oil standardization: the esterification reaction 
As already remarked in paragraph 3, pre-esterification of FFA in oils assumes great 
importance to obtain a feedstock suitable to be processed in the transesterification reaction. 
In the recent years the authors have deepened the study of the pre-esterification process 
investigating the effect of the use of different kinds of oils, different types of reactors and 
catalysts and different operating conditions.  
In the following paragraphs, the most relevant aspects of the experimental work and the 
results obtained by the authors for what concerns the pre-esterification process are reported. 
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Specification Units limits Method Min Max 
Ester content % (m/m) 96.5  EN 14103 

Density 15°C kg/m3 860 900 EN ISO 3675 
EN ISO 12185 

Viscosity 40°C mm2/s 3.50 5.00 EN ISO 3104 

Sulphur mg/kg - 10.0 preEN ISO 20846 
preEN ISO 20884 

Carbon residue 
(10% dist.residue) % (m/m) - 0.30 EN ISO 10370 

Cetane number  51.0  EN ISO 5165 
Sulphated ash % (m/m) - 0.02 ISO 3987 

Water mg/kg - 500 EN ISO 12937 
Total contamination mg/kg - 24 EN 12662 

Cu corrosion max  -  EN ISO 2160 
Oxidation stability, 

110°C h (hours) 6.0  EN 14112 

Acid value mg KOH/g - 0.5 EN 14104 
Iodine value gr I2/100 gr - 120 EN 14111 

Linoleic acid ME % (m/m) - 12.0 EN 14103 
Methanol % (m/m) - 0.20 EN 14110 

Monoglyceride % (m/m) - 0.80 EN 14105 
Diglyceride % (m/m) - 0.20 EN 14105 
Triglyceride % (m/m) - 0.20 EN 14105 
Free glycerol % (m/m) - 0.02 EN 14105 
Total glycerol % (m/m) - 0.25 EN 14105 

GpI metals (Na+K) mg/kg - 5.0 EN 14108 
EN14109 

Gp II metals 
(Ca+Mg) mg/kg - 5.0 EN14538 

Phosphorous mg/kg - 5.0 EN 14538 

Table 3. Standard specifications for biodiesel (automotive fuels). 

In the following table (Table 4) the IV obtained by the authors using the standard procedure 
are listed for different kinds of not refined feedstock. 
 

Oilseed Iodine Value (g I2/100 g fat) 
Brassica juncea (Indian mustard) 111 

Brassica napus (Rapeseed) 115 
Cartamus tinctorius (Safflower) 109 

Heliantus annus (Sanflower) 143 
Nicotiana tabacum (Tobacco) 137 

Waste Cooking Oil 54.0 

Table 4. Iodine values of some potential feedstock for biodiesel production.  
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4.2.1 General reaction conditions 
A remarkable aspect of the proposed process is represented by the mild operative 
conditions, i.e. low temperature (between 303 and 338 K) and atmospheric pressure. 
Each single reaction has been carried out for six hours withdrawing samples from the 
reactor at pre-established times and analysing them through titration with KOH 0.1 M. The 
percentage of FFA content per weight was calculated as otherwise reported (Marchetti & 
Errazu, 2007, Pirola et al. 2010). 
Unless otherwise specified, all the esterification experiments have been conducted using a 
slurry reactor as the one represented in Fig. 2a. A slurry reactor is the simplest type of 
catalytic reactor, in which the catalyst is suspended in the mass of the regents thanks to the 
agitation. In Fig. 2b a typical kinetic curve for the esterification reaction performed with 
soybean oil is displayed. 
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Fig. 2. a) Scheme of the slurry reactor; b) Example of kinetic curve of crude soybean oil with 
initial acidity=5% (wt.): FFA conversion (%) vs. time, slurry reactor, T=338K, catalyst: 
Amberlyst® 46, weight ratio alcohol/oil= 16:100, weight ratio catalyst/oil=1:10. 

Much attention has been paid by the authors to the use of acid ion exchange resins. 
Amberlysts ®, i.e. a commercial product by Dow Advanced Materials, and D5081, a catalyst 
at the laboratory development stage by Purolite® have been successfully applied in this 
reaction. The main features of the employed catalysts are reported in Tab. 2 and described in 
paragraph 3. 

4.2.2 Effect of the use of different kinds of oil 
In Fig. 3 the results from the esterification reaction of different starting oils are shown. 
From the graph it can be noted that the lowest final acidity values are obtained with the 
refined materials, in spite of their initial acidities are the highest due to the addition of pure 
oleic acid. Refined oils are undoubtedly more easily processable with the esterification in 
comparison to crude oils, probably due to their lower viscosity which does not result in 
limitations to the mass transfer of the reagents towards catalysts. 
This result has been confirmed by the addition of rapeseed oil, less viscous, to the waste 
cooking oil in different ratios: increasing the ratio of rapeseed oil to waste oil, the FFA 
conversion after 6 hours increases. 
The differences in the acidic composition seem not to affect the yield of the reaction; in fact, 
similar values of FFA conversions are obtained for both the soybean oil and the animal fat, 
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Specification Units limits Method Min Max 
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Acid value mg KOH/g - 0.5 EN 14104 
Iodine value gr I2/100 gr - 120 EN 14111 
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GpI metals (Na+K) mg/kg - 5.0 EN 14108 
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Gp II metals 
(Ca+Mg) mg/kg - 5.0 EN14538 

Phosphorous mg/kg - 5.0 EN 14538 

Table 3. Standard specifications for biodiesel (automotive fuels). 

In the following table (Table 4) the IV obtained by the authors using the standard procedure 
are listed for different kinds of not refined feedstock. 
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Brassica napus (Rapeseed) 115 
Cartamus tinctorius (Safflower) 109 

Heliantus annus (Sanflower) 143 
Nicotiana tabacum (Tobacco) 137 
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Table 4. Iodine values of some potential feedstock for biodiesel production.  
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4.2.1 General reaction conditions 
A remarkable aspect of the proposed process is represented by the mild operative 
conditions, i.e. low temperature (between 303 and 338 K) and atmospheric pressure. 
Each single reaction has been carried out for six hours withdrawing samples from the 
reactor at pre-established times and analysing them through titration with KOH 0.1 M. The 
percentage of FFA content per weight was calculated as otherwise reported (Marchetti & 
Errazu, 2007, Pirola et al. 2010). 
Unless otherwise specified, all the esterification experiments have been conducted using a 
slurry reactor as the one represented in Fig. 2a. A slurry reactor is the simplest type of 
catalytic reactor, in which the catalyst is suspended in the mass of the regents thanks to the 
agitation. In Fig. 2b a typical kinetic curve for the esterification reaction performed with 
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Fig. 2. a) Scheme of the slurry reactor; b) Example of kinetic curve of crude soybean oil with 
initial acidity=5% (wt.): FFA conversion (%) vs. time, slurry reactor, T=338K, catalyst: 
Amberlyst® 46, weight ratio alcohol/oil= 16:100, weight ratio catalyst/oil=1:10. 

Much attention has been paid by the authors to the use of acid ion exchange resins. 
Amberlysts ®, i.e. a commercial product by Dow Advanced Materials, and D5081, a catalyst 
at the laboratory development stage by Purolite® have been successfully applied in this 
reaction. The main features of the employed catalysts are reported in Tab. 2 and described in 
paragraph 3. 

4.2.2 Effect of the use of different kinds of oil 
In Fig. 3 the results from the esterification reaction of different starting oils are shown. 
From the graph it can be noted that the lowest final acidity values are obtained with the 
refined materials, in spite of their initial acidities are the highest due to the addition of pure 
oleic acid. Refined oils are undoubtedly more easily processable with the esterification in 
comparison to crude oils, probably due to their lower viscosity which does not result in 
limitations to the mass transfer of the reagents towards catalysts. 
This result has been confirmed by the addition of rapeseed oil, less viscous, to the waste 
cooking oil in different ratios: increasing the ratio of rapeseed oil to waste oil, the FFA 
conversion after 6 hours increases. 
The differences in the acidic composition seem not to affect the yield of the reaction; in fact, 
similar values of FFA conversions are obtained for both the soybean oil and the animal fat, 
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in spite of their different acidic compositions. Indicative compositions of some oils used in 
the experimentation are given in Tab.1 
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Fig. 3. Acidity removed by esterification (6 h) and residual acidity of different oils used as 
raw material: slurry reactor, T=338K, catalyst: Amberlyst® 46 weight ratio alcohol/oil= 
16:100, weight ratio catalyst/oil=1:10; *commercial, refined fats with the addition of pure 
oleic acid. 

4.2.3 Comparison among different catalysts at different loadings and temperatures  
A comparison among the different kinds of Amberlyst at different temperatures has been 
performed by the authors in a recently published paper dealing with the de-acidification of 
animal fat (Bianchi et al., 2010). In Fig. 4 the results of this study are summarized. 
Under the applied conditions, all the catalysts perform quite well in the esterification 
reaction, with the exception of A40. Its unsatisfactory performance can be explained taking 
into account its lower specific surface area and a lower acid site concentration if compared 
to other Amberlysts. Being these two parameters directly connected to catalytic activity, 
their simultaneous deficiency is clearly the cause of the unsatisfactory performance. 
The catalytic performances of the sample A46 appear to be remarkable, in spite of the low 
concentration of active acid sites. This result can be explained considering the particular 
configuration of the catalytic particles, where acid sites are located only on its surface, thus 
being immediately and easily available for the reaction. 
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Fig. 4. FFA conversion (%) after 6 h. Comparison of Amberlysts in different operative 
conditions, initial acidity=5%, slurry reactor, T=338K, weight ratio alcohol/oil= 16:100, 
weight ratio catalyst/oil=1:10. The dotted line represents the value of FFA conversion 
necessary to obtain a feedstock with FFA content 0.5% per weight, i.e. suitable for industrial 
applications. 

A70 shows the best performance in all the operative conditions. For this reason, it was 
further tested to evaluate its catalytic activity in milder operating conditions, i.e. lower 
temperatures and lower catalyst/fat ratio. The results thus obtained are displayed in Figs. 5a 
and b, showing that the activity of the catalyst decreases as the reaction temperature or its 
concentration decrease. However it is worth remarking that even at room temperature.  
Catalysts A46 and D5081, have been compared at different temperatures and catalyst’s 
loadings. The results of this study are summarized in the Figs. 6 a and b. 
As can be seen from the graphs, catalyst D5081 shows better results than A46 in milder 
operative conditions. This can be easily explained by the higher number of acid sites located 
on its surface (compared with Tab. 2). In particular, the use of a ratio of 10% of catalyst 
D5081 vs. oil allows reaching the maximum conversion in 2 hours. The outcome of this 
study suggested that a fixed amount of acid active sites per gram of FFA was required to 
reach the maximum of conversion in 4 hours. Based on the experimental data, this amount 
was found to be equal to 1,2 meq of H+. 
To verify this hypothesis, different batches of sunflower oil with different initial acidity 
were prepared and then de-acidified by loading a quantity of A46 corresponding to  1,2 meq 
of H+ per gram of FFA. The obtained results are shown in Fig. 7 and confirm the hypothesis 
set out above. In fact, a complete conversion, corresponding to a FFA concentration lower 
than 0,5%, is reached after 4 hours regardless of the initial FFA amount. 
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animal fat (Bianchi et al., 2010). In Fig. 4 the results of this study are summarized. 
Under the applied conditions, all the catalysts perform quite well in the esterification 
reaction, with the exception of A40. Its unsatisfactory performance can be explained taking 
into account its lower specific surface area and a lower acid site concentration if compared 
to other Amberlysts. Being these two parameters directly connected to catalytic activity, 
their simultaneous deficiency is clearly the cause of the unsatisfactory performance. 
The catalytic performances of the sample A46 appear to be remarkable, in spite of the low 
concentration of active acid sites. This result can be explained considering the particular 
configuration of the catalytic particles, where acid sites are located only on its surface, thus 
being immediately and easily available for the reaction. 
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Fig. 4. FFA conversion (%) after 6 h. Comparison of Amberlysts in different operative 
conditions, initial acidity=5%, slurry reactor, T=338K, weight ratio alcohol/oil= 16:100, 
weight ratio catalyst/oil=1:10. The dotted line represents the value of FFA conversion 
necessary to obtain a feedstock with FFA content 0.5% per weight, i.e. suitable for industrial 
applications. 

A70 shows the best performance in all the operative conditions. For this reason, it was 
further tested to evaluate its catalytic activity in milder operating conditions, i.e. lower 
temperatures and lower catalyst/fat ratio. The results thus obtained are displayed in Figs. 5a 
and b, showing that the activity of the catalyst decreases as the reaction temperature or its 
concentration decrease. However it is worth remarking that even at room temperature.  
Catalysts A46 and D5081, have been compared at different temperatures and catalyst’s 
loadings. The results of this study are summarized in the Figs. 6 a and b. 
As can be seen from the graphs, catalyst D5081 shows better results than A46 in milder 
operative conditions. This can be easily explained by the higher number of acid sites located 
on its surface (compared with Tab. 2). In particular, the use of a ratio of 10% of catalyst 
D5081 vs. oil allows reaching the maximum conversion in 2 hours. The outcome of this 
study suggested that a fixed amount of acid active sites per gram of FFA was required to 
reach the maximum of conversion in 4 hours. Based on the experimental data, this amount 
was found to be equal to 1,2 meq of H+. 
To verify this hypothesis, different batches of sunflower oil with different initial acidity 
were prepared and then de-acidified by loading a quantity of A46 corresponding to  1,2 meq 
of H+ per gram of FFA. The obtained results are shown in Fig. 7 and confirm the hypothesis 
set out above. In fact, a complete conversion, corresponding to a FFA concentration lower 
than 0,5%, is reached after 4 hours regardless of the initial FFA amount. 
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Fig. 5. a) FFA conversion (%) vs reaction time in presence of A70 for different reaction 
temperatures, initial acidity=5%, slurry reactor, 10 % per weight (wt) of catalyst vs. fat, 
weight ratio alcohol/oil= 16:100; b) FFA conversion (%) vs. time in presence of A70, slurry 
reactor, weight ratio alcohol/oil= 16:100, T = 338K with different amounts of the catalysts. 
The dotted line represents the value of FFA conversion necessary to obtain a feedstock with 
a FFA content 0.5% per weight, i.e. suitable for industrial applications. 
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Fig. 6. a) FFA conversion (%) vs reaction time for different amounts of catalysts A46 and 
D5081, rapeseed oil with initial acidity=5%, slurry reactor, weight ratio alcohol/oil= 16:100, 
T=338K; b) FFA conversion (%) vs. time at different temperatures, slurry reactor, 10 % per 
weight (wt) of catalyst vs. fat, weight ratio alcohol/oil= 16:100, T = 338K. The dotted line 
represents the value of FFA conversion necessary to obtain a feedstock with a FFA content 
0.5% per weight, i.e. suitable for industrial applications. 

4.2.4 Study of catalysts’ lifetime 
A crucial parameter for the industrial application is the catalyst lifetime; this parameter has 
been evaluated by the authors in a recent work (Pirola et al., 2010) by performing ninety 
consecutive batch de-acidification runs, each lasting 6 hours, were conducted using crude 
palm oil or soybean oil as a feedstock and Amberlyst® 46 as a catalyst. The final FFA 
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Fig. 7. FFA content (%) vs. reaction time: kinetic curves of the FFA esterification in 
sunflower oil with different initial acidities using a fixed catalyst/FFA ratio, slurry reactor, 
weight ratio alcohol/oil= 16:100, T = 338K. 

conversions, measured at the end of each of the 6–hour reactions, are reported in Fig. 8 as a 
function of the run number. At the end of the recycles, a decrease of activity of about 25% 
was observed, to be probably ascribed to some fragmentation of catalyst’s particles. For 
further details, (Pirola et. al., 2010). 
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Fig. 8. FFA conversion % after 6 h during 90 successive runs with the same Amberlyst 46® 
sample. Slurry reactor, T= 338 K, weight ratio alcohol/oil= 16:100, weight ratio 
catalyst/oil=1:10. 

The recycle of the use of catalyst was also performed for D5081 in the FFA esterification of 
rapeseed oil. The obtained results are outlined in the following graphs (Figs. 9a and b). 
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weight ratio alcohol/oil= 16:100; b) FFA conversion (%) vs. time in presence of A70, slurry 
reactor, weight ratio alcohol/oil= 16:100, T = 338K with different amounts of the catalysts. 
The dotted line represents the value of FFA conversion necessary to obtain a feedstock with 
a FFA content 0.5% per weight, i.e. suitable for industrial applications. 
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Fig. 6. a) FFA conversion (%) vs reaction time for different amounts of catalysts A46 and 
D5081, rapeseed oil with initial acidity=5%, slurry reactor, weight ratio alcohol/oil= 16:100, 
T=338K; b) FFA conversion (%) vs. time at different temperatures, slurry reactor, 10 % per 
weight (wt) of catalyst vs. fat, weight ratio alcohol/oil= 16:100, T = 338K. The dotted line 
represents the value of FFA conversion necessary to obtain a feedstock with a FFA content 
0.5% per weight, i.e. suitable for industrial applications. 
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Fig. 8. FFA conversion % after 6 h during 90 successive runs with the same Amberlyst 46® 
sample. Slurry reactor, T= 338 K, weight ratio alcohol/oil= 16:100, weight ratio 
catalyst/oil=1:10. 

The recycle of the use of catalyst was also performed for D5081 in the FFA esterification of 
rapeseed oil. The obtained results are outlined in the following graphs (Figs. 9a and b). 
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Fig. 9. FFA conversion % vs. reaction time of a) recycles 2 to 7 and b) 8 to 15, rapeseed oil, 
initial acidity=5% (oleic acid), slurry reactor, T = 338 K, weight ratio alcohol/oil= 16:100, 
weight ratio catalyst/oil=1:10. 

In the initial stage (use 2÷7) the resin does not results in well defined kinetic curves. The 
reason of slight diminution of FFA conversion with time is probably ascribable to catalyst’s 
settling in the system as it has to adapt to the ambient of reaction before giving a stable 
performance. From the 8th recycle of catalyst’s use on, the curves of FFA conversion overlap: 
the conversion reached after pre-established times is the same for different runs with the use 
of the same batch of catalyst.  

4.2.5 Reactors 
The experimental results discussed in the previous paragraph suggested that a packed-bed 
reactor, where the catalyst particles are immobilized inside it, could eliminate the 
mechanical stress of the catalyst particles typical of a slurry reactor. On the other hand, a 
packed-bed reactor makes the contact between the organic phase (oil/FFA mixture) and 
methanol less effective. For this reason, in the employed experimental setup a mixing 
chamber was located just before the catalytic reactor.  
The reaction in both continuous and semicontinuous modes was conducted using the 
experimental setup shown in Fig. 10.  
The methanol/oil mixture is taken from the vessel (a), where it is continuously mechanically 
stirred (b), and then it is admitted into the mixing chamber (d) by a pump (c). This chamber 
(0.2 L) is located just before the catalytic reactor in order to obtain the maximum contact 
between oil and methanol (not fully soluble) inside the catalytic bed (e). The catalytic reactor 
(0.5 L) contains a packed bed of Amberlyst 46® (7 g). The pump flow is maintained at 10 mL 
min-1, so obtaining a contact time in the catalytic bed equal to 1 min. 
In the semi-continuous experiments the reaction stream, leaving the catalytic reactor (e) was 
returned to the vessel (a); in continuous experiments the reaction stream from the catalytic 
reactor (e) was continuously discharged from the system. 
In Fig. 11, the results obtained for both crude palm oil and soybean oil are reported using 
the experimental setup shown in Fig. 11 as a semicontinuous reactor.  

 
Soybean Oil De-Acidification as a First Step Towards Biodiesel Production 

 

337 

 

(a) 

(b) (b) 
(c) 

(d) 

(e) 

 
Fig. 10. Continuous or semi-continuous experimental set-up: (a) feeding vessel, (b) mechanic 
stirrer, (c) pump, (d) mixing chamber, (e) catalytic packed bed reactor. 

 

 
Fig. 11. Semi-continuous experiments with 7 g of catalyst; FFA conversion % vs. time using 
crude palm oil (o) or soybean oil (). Pump flow = 10 mL min-1; T = 338 K, molar ratio 
FFA/alcohol = 1: 6, weight ratio catalyst/ oil = 1: 10. 

The FFA conversion increases with time using both oils, but it is higher using the crude 
palm oil (FFA conversion after 700 min: about 90% and 70% for palm and soybean oil, 
respectively). This result can be explained considering the difference between the two 
different raw materials, which concerns both the composition of the substrate (different 
unsaturation levels between the two oils) and the composition of the FFA (only oleic acid for 
soybean oil and a mixture of C12-C18 acids for crude palm oil). These differences obviously 
affect both the lifetime of the oil/methanol emulsion and the diffusional aspects along the 
catalytic bed. 
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Fig. 11. Semi-continuous experiments with 7 g of catalyst; FFA conversion % vs. time using 
crude palm oil (o) or soybean oil (). Pump flow = 10 mL min-1; T = 338 K, molar ratio 
FFA/alcohol = 1: 6, weight ratio catalyst/ oil = 1: 10. 

The FFA conversion increases with time using both oils, but it is higher using the crude 
palm oil (FFA conversion after 700 min: about 90% and 70% for palm and soybean oil, 
respectively). This result can be explained considering the difference between the two 
different raw materials, which concerns both the composition of the substrate (different 
unsaturation levels between the two oils) and the composition of the FFA (only oleic acid for 
soybean oil and a mixture of C12-C18 acids for crude palm oil). These differences obviously 
affect both the lifetime of the oil/methanol emulsion and the diffusional aspects along the 
catalytic bed. 
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To improve the stability of the methanol/oil emulsion, the authors substituted the classical 
mixing chamber with an emulsificator based on five co-axial rotating ring gears which are 
able to break the biphasic mixture into very tiny drops. Using this device and starting from 
two entirely separated liquid phases (oil and methanol) it was possible to obtain a much 
more stable emulsion. In Fig. 12 a comparison between FFA conversion obtained with the 
classical mixing chamber and the emulsificator is reported: the better results reached using 
the emulsificator are evident. 
 

 
Fig. 12. Semi-continuous experiment: FFA conversion % vs. time using crude palm oil as 
feedstock and having before the catalytic bed: classical mechanic stirring reactor () or 
emulsificator at 500 rpm (▲). Pump flow = 10 mL min-1; T = 338 K, molar ratio FFA: alcohol 
= 1: 6, weight ratio catalyst: oil = 1: 10. 

The methanol/oil emulsion lifetime without the emulsificator device, measured in the same 
way at the exit of the mixing chamber, is of about 15 seconds. Referring to our system, the 
contact time between the catalyst and the reactant is 1 min for 7 g of catalyst (pump flow = 
10 mL min-1): for this reason without the emulsificator device a significant part of the 
catalytic bed (about 75%) does not work. 

4.3 Oil transformation: the transesterification reaction and biodiesel characterization  
The transesterification reaction has been performed by the authors on the raw materials de-
acidified with the esterification process described in the previous paragraph.  
Sodium methoxide (MeONa) was employed as catalyst. MeONa is known to be the most 
active catalyst for triglycerides transesterification reaction, but it requires the total absence 
of water (Schuchardt, 1996). For this reason, the unreacted methanol and the reaction water 
were evaporated from the de-acidified oils before processing them with the 
transesterification reaction. 
The employed experimental setup was the same as displayed in Fig. 2. 
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Being the transesterification an equilibrium reaction, it was performed in two steps, 
removing the formed glycerine after the first step. The adopted conditions were the 
following: 
 1st step: weight ratio methanol/oil=20:100, weight  ratio MeONa/oil=1:100, 233 K,  

1,5 h 
 2nd step: weight ratio methanol/oil=5:100, weight  ratio MeONa/oil=0.5:100, 233 K,  

1 h 
The total ester content is a measure of the completeness of the transesterification reaction. 
Many are the factors that affect ester yield in the transesterification reaction: molar ratios of 
glycerides to alcohol, type of catalyst(s) used, reaction conditions, water content, FFA 
concentration, etc. (Environment Australia, 2003). 
The European preEN14214 biodiesel standard sets a minimum limit for ester content of 
>96.5% mass, whereas the US ASTM D 6751 biodiesel standard does not set a specification 
for ester content. 
Mono- and di-glycerides as well as tri-glycerides can remain in the final product in small 
quantities. Most are generally reacted or concentrated in the glycerine phase and separated 
from the ester. 
The analyses of methyl esters and unreacted mono-, di- and triglycerides are accomplished 
through gas chromatography. 
The detailed requirements for biodiesel according to both EN 14214 and US ASTM D 6751 
are listed in paragraph 1. 

5. Simulation 
In order to develop a process simulation of the FFA esterification, able to predict the 
reaction progress, a thermodynamic and kinetic analysis was performed. 

5.1 Thermodynamic aspects 
The considered reaction system turns out to be a highly non-ideal system, being formed by a 
mixture of oil, methylester, methanol, FFA and water. The interactions among these 
molecules are absolutely not ideal, in fact they are only partially soluble and a two phase 
system is formed if the quantity of methanol is greater than 6-8 wt%. 
Indeed, the activity coefficients are used not only for the phase and chemical equilibria 
calculations, but also for the kinetic expressions. Modified UNIFAC model was used 
adopting the parameters available in literature and published by Gmehling et al. (2002). 

5.2 Reaction kinetics 
The considered reaction is the following (Fig.13). 
 

FFA +  methanol methylester +  waterFFA +  methanol methylester +  water  
Fig. 13. FFA esterification reaction and hydrolysis (indirect reaction) considered in the 
process simulation.  

The oil is considered as non-reacting solvent, being present in large quantity. 
A pseudohomogeneous model was used for describing the kinetic behaviour of the reaction 
(Pöpken  et al., 2000). The adopted model is displayed in the following equation: 
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To improve the stability of the methanol/oil emulsion, the authors substituted the classical 
mixing chamber with an emulsificator based on five co-axial rotating ring gears which are 
able to break the biphasic mixture into very tiny drops. Using this device and starting from 
two entirely separated liquid phases (oil and methanol) it was possible to obtain a much 
more stable emulsion. In Fig. 12 a comparison between FFA conversion obtained with the 
classical mixing chamber and the emulsificator is reported: the better results reached using 
the emulsificator are evident. 
 

 
Fig. 12. Semi-continuous experiment: FFA conversion % vs. time using crude palm oil as 
feedstock and having before the catalytic bed: classical mechanic stirring reactor () or 
emulsificator at 500 rpm (▲). Pump flow = 10 mL min-1; T = 338 K, molar ratio FFA: alcohol 
= 1: 6, weight ratio catalyst: oil = 1: 10. 

The methanol/oil emulsion lifetime without the emulsificator device, measured in the same 
way at the exit of the mixing chamber, is of about 15 seconds. Referring to our system, the 
contact time between the catalyst and the reactant is 1 min for 7 g of catalyst (pump flow = 
10 mL min-1): for this reason without the emulsificator device a significant part of the 
catalytic bed (about 75%) does not work. 

4.3 Oil transformation: the transesterification reaction and biodiesel characterization  
The transesterification reaction has been performed by the authors on the raw materials de-
acidified with the esterification process described in the previous paragraph.  
Sodium methoxide (MeONa) was employed as catalyst. MeONa is known to be the most 
active catalyst for triglycerides transesterification reaction, but it requires the total absence 
of water (Schuchardt, 1996). For this reason, the unreacted methanol and the reaction water 
were evaporated from the de-acidified oils before processing them with the 
transesterification reaction. 
The employed experimental setup was the same as displayed in Fig. 2. 
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Being the transesterification an equilibrium reaction, it was performed in two steps, 
removing the formed glycerine after the first step. The adopted conditions were the 
following: 
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1 h 
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>96.5% mass, whereas the US ASTM D 6751 biodiesel standard does not set a specification 
for ester content. 
Mono- and di-glycerides as well as tri-glycerides can remain in the final product in small 
quantities. Most are generally reacted or concentrated in the glycerine phase and separated 
from the ester. 
The analyses of methyl esters and unreacted mono-, di- and triglycerides are accomplished 
through gas chromatography. 
The detailed requirements for biodiesel according to both EN 14214 and US ASTM D 6751 
are listed in paragraph 1. 

5. Simulation 
In order to develop a process simulation of the FFA esterification, able to predict the 
reaction progress, a thermodynamic and kinetic analysis was performed. 

5.1 Thermodynamic aspects 
The considered reaction system turns out to be a highly non-ideal system, being formed by a 
mixture of oil, methylester, methanol, FFA and water. The interactions among these 
molecules are absolutely not ideal, in fact they are only partially soluble and a two phase 
system is formed if the quantity of methanol is greater than 6-8 wt%. 
Indeed, the activity coefficients are used not only for the phase and chemical equilibria 
calculations, but also for the kinetic expressions. Modified UNIFAC model was used 
adopting the parameters available in literature and published by Gmehling et al. (2002). 

5.2 Reaction kinetics 
The considered reaction is the following (Fig.13). 
 

FFA +  methanol methylester +  waterFFA +  methanol methylester +  water  
Fig. 13. FFA esterification reaction and hydrolysis (indirect reaction) considered in the 
process simulation.  

The oil is considered as non-reacting solvent, being present in large quantity. 
A pseudohomogeneous model was used for describing the kinetic behaviour of the reaction 
(Pöpken  et al., 2000). The adopted model is displayed in the following equation: 
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1 FFA methanol 1 methylester water

cat i

1 1 dnr k a a k a a
m dt   


 

where: 
r= reaction rate 
mcat= dry mass of catalyst, gr 
 υi= stoichiometric coefficients of component i 
n1= moles of component i 
t = reaction time 
k1= kinetic constant of direct reaction 
k-1= kinetic constant of indirect reaction 
ai= activity of component i  
The temperature dependence of the rate constant is expressed by the Arrhenius law: 

,0 exp a i
i i

E
k k

RT
 

  
 

 

where ki0 and Ea,i are the pre-exponential factor and the activation energy of the reaction i, 
respectively (i=1 for the direct reaction, i=-1 for the indirect reaction), T is the absolute 
temperature and R the Universal Gas Constant. 
The adopted parameters set is the same reported by Steinigeweg (Steinigeweg & Gmehling, 
2003). The absolute values of pre-exponential factors were corrected as reported in Table 5, 
so to take into account the presence of both a second liquid phase and a different type of 
catalyst. 
 

Reaction (i) EA (kJ mol-1) 

Esterification (1) 68.71 

Hydrolisis (-1) 64.66 

Table 5. Kinetic Parameters for the adopted pseudohomogeneous Kinetic Model. 

The ratio of pre-exponential factors is: K eqT = k10/k-10 = 60.7841. 
All the simulations were carried using Batch Reactor of PRO II by Simsci – Esscor. 
In the next picture (Fig. 14) the comparison between the experimental and calculated FFA 
conversion is shown for the esterification reaction of an acid rapeseed oil. 
The initial composition (% by weight) entered in the simulation program is: oil (83.2%), FFA 
(3.47 %), methanol (13.3%). 
The model turned out to be able to reproduce qualitatively the behaviour of different 
systems, characterized by different starting acidities values, at different temperatures and 
with an high impurities content. 
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Fig. 14. Experimental and calculated (pseudohomogeneous model) FFA conversion % vs. 
reaction time, rapeseed oil, initial acidity= 3.47% (oleic acid), slurry reactor, T= 338 K, 
weight ratio alcohol/oil=16:100, weight ratio catalyst/oil=1:10. 

6. Conclusions  
The use of not refined or waste oils as a feedstock represents a very convenient way in order 
to lower biodiesel production costs. The main problem associated with the use of this type 
of low-cost feedstock lies in its high content of FFA, leading to the formation of soaps during 
the final transesterification step. These materials require therefore to be standardized by the 
reduction of their acidity and different de-acidification methods have been described in this 
chapter. Among them, a new technology based on an esterification reaction heterogeneously 
catalyzed and performed at mild operative conditions, i.e. low temperature (between 303 
and 338 K) and atmospheric pressure has been proposed and described. Several kinds of 
ion-exchange resins, commercially available, have been used as heterogeneous catalysts, 
different one form the other for what concerns acidity strength, surface area, porosity, 
swelling, characteristics and disposal of acid groups.  
The experimental tests were performed using different reactors (CSTR or PFR), starting oils 
(in comparison with the results obtained for soybean oil), catalyst/oil ratio and working 
temperature. All these experimental parameters have been optimized in order to obtain, at 
the end of the reaction, a concentration of FFA suitable for the transesterification reaction for 
the biodiesel production (FFA < 0.5 wt%). A crucial parameter for the industrial application 
is the catalyst lifetime and this parameter has been evaluated by performing ninety 
consecutive batch de-acidification runs, each lasting 6 hours, with the same catalyst sample 
(Amberlyst 46®) in a slurry reactor. At the end of the recycles, a decrease of activity of about 
25% was observed, to be ascribed to some fragmentation of catalyst’s particles, that collide 
against one another and against the reactor walls. To overcome this problem a packed bed 
configuration have been adopted and optimized. At last, a process simulation of the FFA 
esterification, able to predict the reaction progress, through a thermodynamic and kinetic 
analysis, was successfully performed. A pseudohomogeneous model was used for 
describing the kinetic behaviour of the reaction, using a modified UNIFAC model for the 
calculation of the activity coefficients (used not only for the phase and chemical equilibria 
calculations, but also for the kinetic expressions).  
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2003). The absolute values of pre-exponential factors were corrected as reported in Table 5, 
so to take into account the presence of both a second liquid phase and a different type of 
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Table 5. Kinetic Parameters for the adopted pseudohomogeneous Kinetic Model. 

The ratio of pre-exponential factors is: K eqT = k10/k-10 = 60.7841. 
All the simulations were carried using Batch Reactor of PRO II by Simsci – Esscor. 
In the next picture (Fig. 14) the comparison between the experimental and calculated FFA 
conversion is shown for the esterification reaction of an acid rapeseed oil. 
The initial composition (% by weight) entered in the simulation program is: oil (83.2%), FFA 
(3.47 %), methanol (13.3%). 
The model turned out to be able to reproduce qualitatively the behaviour of different 
systems, characterized by different starting acidities values, at different temperatures and 
with an high impurities content. 
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Fig. 14. Experimental and calculated (pseudohomogeneous model) FFA conversion % vs. 
reaction time, rapeseed oil, initial acidity= 3.47% (oleic acid), slurry reactor, T= 338 K, 
weight ratio alcohol/oil=16:100, weight ratio catalyst/oil=1:10. 

6. Conclusions  
The use of not refined or waste oils as a feedstock represents a very convenient way in order 
to lower biodiesel production costs. The main problem associated with the use of this type 
of low-cost feedstock lies in its high content of FFA, leading to the formation of soaps during 
the final transesterification step. These materials require therefore to be standardized by the 
reduction of their acidity and different de-acidification methods have been described in this 
chapter. Among them, a new technology based on an esterification reaction heterogeneously 
catalyzed and performed at mild operative conditions, i.e. low temperature (between 303 
and 338 K) and atmospheric pressure has been proposed and described. Several kinds of 
ion-exchange resins, commercially available, have been used as heterogeneous catalysts, 
different one form the other for what concerns acidity strength, surface area, porosity, 
swelling, characteristics and disposal of acid groups.  
The experimental tests were performed using different reactors (CSTR or PFR), starting oils 
(in comparison with the results obtained for soybean oil), catalyst/oil ratio and working 
temperature. All these experimental parameters have been optimized in order to obtain, at 
the end of the reaction, a concentration of FFA suitable for the transesterification reaction for 
the biodiesel production (FFA < 0.5 wt%). A crucial parameter for the industrial application 
is the catalyst lifetime and this parameter has been evaluated by performing ninety 
consecutive batch de-acidification runs, each lasting 6 hours, with the same catalyst sample 
(Amberlyst 46®) in a slurry reactor. At the end of the recycles, a decrease of activity of about 
25% was observed, to be ascribed to some fragmentation of catalyst’s particles, that collide 
against one another and against the reactor walls. To overcome this problem a packed bed 
configuration have been adopted and optimized. At last, a process simulation of the FFA 
esterification, able to predict the reaction progress, through a thermodynamic and kinetic 
analysis, was successfully performed. A pseudohomogeneous model was used for 
describing the kinetic behaviour of the reaction, using a modified UNIFAC model for the 
calculation of the activity coefficients (used not only for the phase and chemical equilibria 
calculations, but also for the kinetic expressions).  
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1. Introduction 
1.1 Rationale for processing soybean oil into a fuel 
Abundant and easily refined, petroleum has provided high energy density liquid fuels for a 
century. However, recent price fluctuations, shortages, and concerns over the long term 
supply and greenhouse gas emissions have encouraged the development of alternatives to 
petroleum for liquid transportation fuels (Van Gerpen, Shanks et al. 2004). Plant-based fuels 
include short chain alcohols, now blended with gasoline, and biodiesels, commonly derived 
from seed oils. Of plant-derived diesel feedstocks, soybeans yield the most of oil by weight, 
up to 20% (Mushrush, Willauer et al. 2009), and so have become the primary source of 
biomass-derived diesel in the United States and Brazil (Lin, Cunshan et al. 2011). Worldwide 
ester biodiesel production reached over 11,000,000 tons per year in 2008 (Emerging Markets 
2008). However, soybean oil cannot be burned directly in modern compression ignition 
vehicle engines as a direct replacement for diesel fuel because of its physical properties that 
can lead to clogging of the engine fuel line and problems in the fuel injectors, such as: high 
viscosity, high flash point, high pour point, high cloud point (where the fuel begins to gel), 
and high density (Peterson, Cook et al. 2001).  
Industrial production of biodiesel from oil of low fatty-acid content often follows 
homogeneous base-catalyzed transesterification, a sequential reaction of the parent 
triglyceride with an alcohol, usually methanol, into methyl ester and glycerol products. The 
conversion of the triglyceride to esterified fatty acids improves the characteristics of the fuel, 
allowing its introduction into a standard compression engine without giving rise to serious 
issues with flow or combustion. Commercially available biodiesel, a product of the 
transesterification of fats and oils, can also be blended with standard diesel fuel up to a 
maximum of 20 vol.%.  In the laboratory, the fuel characteristics of unreacted soybean oil 
have also been improved by dilution with petroleum based fuels, or by aerating and 
formation of microemulsions. However, it is the chemical conversion of the oil to fuel that 
has been the area of most interest. The topic has been reviewed extensively (Van Gerpen, 
Shanks et al. 2004), so this aspect will be the focus in this chapter. Important aspects of the 
chemistry of conversion of oil into diesel fuel remain the same no matter the composition of 
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the triglyceride. Hence, although the focus in this book is on soybean oil, studies on other 
plant based oils and simulated oils have occasional mention in this chapter. Valuable data 
can be taken on systems that are simpler than soybean based oils, with fewer or shorter 
chain components. Sometimes the triglycerides will behave differently under reaction 
conditions, and when relevant, these have been noted in the text.    

1.2 Transesterification and homogeneous base catalysis 
Processing of soybean oil into a diesel compatible fuel through transesterification has 
received much recent attention as the most likely route to large-scale adoption of bio-based 
diesel. To improve flow characteristics, the triglyceride that constitutes the soybean oil has 
to be broken apart into smaller molecules. Fragmentation of the triglyceride takes place 
through a transesterification mechanism, a three step process that yields a molecule of 
esterified fatty acid at each step, shown below in Reaction (1) (Freedman, Pryde et al. 1984). 
Initially, the soybean oil reacts with a molecule of methanol, in the form of a reactive 
methylate in the case of base catalysis, to cleave a long-chain fatty acid fragment from the 
glycerine backbone that becomes a methyl ester, depicted as R1 in the reaction below. The 
residual chains (R2,R3) attached to the backbone comprise a diglyceride after the first step, a 
monoglyceride after the second step, before the final decomposition to glycerine, or 1,2,3-
propanetriol, and an ester at the last step. Commercially, a base such as sodium hydroxide 
or methylate is used to catalyze the transesterification process, promoting the reaction 
between the alcohol and the oil.  

 

1 2 3 1 2 3
3 5 2 2 2 3 3 2 3 5 2 2

2 3 2 3
3 5 2 2 3 3 2 3 5 2 2

3 3
3 5 2 2 3 3 2 3 8 3

C H (CO R )(CO R )(CO R ) CH OH CH O R C H (OH)(CO R )(CO R )

C H (OH)(CO R )(CO R ) CH OH CH O R C H (OH) (CO R )

C H (OH) (CO R ) CH OH CH O R C H O

  

  

  

 (1) 

Triglyceride + 3 Methanol Ø 3 Methyl Esters + Glycerine 
In commercial parlance, the glycerine that is produced by transesterification is termed free 
glycerine, and the unreacted tri-, di-, and monoglycerides are called bound glycerine, 
usually expressed as wt.%. The base catalyst is usually introduced as anhydrous sodium 
methylate, to minimize the amount of water in the system as this leads to saponification, 
Reaction (2). The amount of base catalyst typically used is only slightly over 1 vol.% of the 
methanol, again to reduce formation of soapy emulsions. While the stoichiometry of the 
process demands a mole ratio of methanol to oil of 3, commercially the ratio is doubled to 
push the reaction to completion. In the US, biodiesel must have a bound glycerine content of 
less than 0.24 wt.% and a free glycerine content of less than 0.3 wt.% to be sold 
commercially. Standards for biodiesel purity are based either on the removal of 
contaminants before the oil feedstock is esterified or on the separation of unwanted by-
products (ASTM 2007; ASTM 2008). 

 2H O
3 2 2 3CH O R NaOH NaO R CH OH    (2) 

Methanol and base catalyst (in the form of NaOH or sodium methylate) are the reagents of 
choice in industrial production because of their being less expensive than other reagents. 
Potassium hydroxide has the advantage of a lower rate of saponification. Other alcohols can 
be used, primarily ethanol. Longer chain alcohols have better miscibility with the oil and 
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hence higher yields, however, the product esters also become more difficult to separate from 
glycerine. 

1.3 Esterification and homogeneous acid catalysis 
The conversion of fatty acids to esters can also be catalyzed by acids in the esterification 
reaction scheme shown in Equation (3). The mineral acids commonly used as catalysts 
include sulfuric or hydrochloric acid. This chemical route is less popular when working 
with good quality soybean oil as a feedstock, because of the low free fatty acid content of the 
oil. For degraded or lower quality feedstocks, however, the advantages of avoiding large 
amounts of bound and free glycerine production as happens during transesterification can 
be desirable. Before triglycerides can be subjected to esterification, they must be saponified 
using base, such as NaOH, to strip apart the acylglyceride chains. Treatment with acid 
follows to protonate and form fatty acids. In the expression (3) below, the acid allows a 
complex to form between the triglyceride and the alcohol, which then falls apart to give a 
methyl ester and the diglyceride. Similarly to transesterification, the reaction progresses 
sequentially through a number of steps, not all shown in (3). 

 
H

3 5 2 2 2 3 3 5 2 2 3

3 5 2 2 3 3 5 2 2 3 2

C H (CO R) (CO R) CH OH C H (CO R) (COROH(CH OH))
C H (CO R) (COROH(CH OH)) C H (CO R) OH CH O R




 

  (3) 

1.4 Conventional processing of soybean oil into methyl esters 
Vegetable oils, including soybean oil, have complex compositions, which include a variety 
of fatty acid chain lengths. Soybean oil consists primarily of palmitic, oleic, linoleic, and 
linolenic acid chains, with a typical mixture given in Table 1 (Holčapek, Jandera et al. 2003). 
The actual composition depends on the source of the oil and can vary from one variety to 
another (Mello, Pousa et al. 2011). In addition to the variation in the fatty acid chains linked 
to the glyceryl backbone, processing of soybean oil will induce some degradation in a 
fraction of the triglyceride molecules to yield free fatty acid fragments. These compounds 
will not undergo base-catalyzed transesterification and must be esterified under acidic 
catalytic conditions.  
Separation of the free fatty acids from the intact triglyceride molecules prior to conversion to 
esters is one of the challenges of processing soybean oil to biodiesel. Food grade soy oil can 
have very low free fatty acid content, less than 4%, in comparison with other oils, such as 
olive oil with up to 20%. However, lower quality feedstocks being considered for fuel 
production have higher free fatty acid content, with the highest concentration being present 
in waste oil that has usually been subjected to repeated heating cycles before being salvaged 
for biodiesel production. To process waste soybean oil, a combination of transesterification 
and esterification can be used, shown schematically in Figure 1. The waste oil passes 
through a centrifugal separator to remove water and suspended solids. The oil then moves 
to a tank of acid catalyst, H2SO4, and methanol. Upon esterification, three phases will form 
and separate: a rag layer containing acid, water, and methanol, a layer of unreacted oil, and 
the esterified products on the bottom of the tank. The lower two layers go through to the 
transesterification reactor, a reaction environment that does not degrade the already-formed 
methyl esters. 
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Triglyceride 
Chains 

Normalized Mole 
Fraction 

Ln 
(Linolenic) 

C18:3 

L 
(Linoleic) 

C18:2 

O 
(Oleic) 
C18:1 

P 
(Palmitic) 

C16:0 
LLLn 0.18 1 2 0 0 
LLL 0.34 0 3 0 0 
OLL 0.27 0 2 1 0 
LLP 0.21 0 2 0 1 

Mole fraction  0.083 0.751 0.083 0.083 
Molecular 
weight, g 278 278 280 282 256 

Table 1. Triglyceride Composition of Soybean Oil. 

Recent expansion of biodiesel manufacture has resulted in increased interest among 
commercial enterprises to minimize the cost of feedstock materials and waste production 
and to maximize the efficiency of production. Hence, the technical issues limiting the 
feasibility of biodiesel production have received a lot of attention in the last decade. The 
next section discusses new approaches to converting soy oil to biodiesel highlighting the 
advantages that new technologies give over standard homogeneous base or acid-catalysis. 
Some ideas for improvement focus on gains in chemical kinetics or mass transfer, and others 
seek to reduce the amount of reagent methanol or simplify separations in pretreatment or 
posttreatment (preparation for sale). The next sections also present some of the drivers for 
advances in conversion technologies, along with recently published discoveries in making 
fuel from soybeans. 
 

 
Fig. 1. A simplified flowsheet for the conversion of waste oil into methyl esters. 
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2. Advances in conversion technologies 
Although homogeneous catalysts are used to promote the kinetics of the conversion of 
soybean oil to biodiesel, speeding up the process has inherent limitations. The reagent oil 
and alcohol, usually methanol, have limited miscibility, and so the reaction occurs primarily 
at the interface between the two liquid phases. Mass transport to the interface can be 
increased by rapidly mixing or forcing methanol into solution using higher pressures. 
Commercial processes are carried out at about 80C, a temperature above the normal boiling 
point of methanol, to ensure conversion to the required ASTM specification. Even under 
pressurized conditions, the conversion takes at least half an hour in a batch reactor. At lower 
temperatures conversion typically take several hours. Several studies have investigated the 
use of supercritical methanol in the transesterification of soybean oil.  Process intensification 
methods have been applied such as the use of rapid mixing and separation of products in a 
centrifugal contactor. 
In addition to the issues with mass transfer, the kinetics of the three step transesterification 
can limit the overall conversion of the triglycerides to the esters. As the concentrations of 
intermediates increase, the rate of the back reactions can become significant with respect to 
the rates of the forward reactions. The online removal of glycerine to drive the process to 
completion has been attempted with some success; however, conversion to ASTM 
specification still takes minutes to complete. Addition of catalyst gives rise to saponification 
of the esters, resulting in phase separation and foaming, causing difficulties in processing. 
The reaction kinetics of transesterification has been modeled successfully with a three step 
forward and backward mechanism (Freedman, Butterfield et al. 1986; Noureddini & Zhu 
1997). Although rate constants do vary with the type of oil and the processing conditions, 
the success with the model suggests that the constraints on reaction rate can be predicted 
and mitigated in a developing a optimized process flowsheet for soybean oil conversion to 
biodiesel. 
Also problematic are multiple separation steps required during the conversion of soy oil to 
biodiesel. These include: pretreatment and removal of contaminants, separation of free-fatty 
acids from triglycerides, removal of free glycerine, washing to remove base catalyst, 
polishing of product in a resin bed, capture and recycle of unreacted methanol. In 
conventional processing, these steps can take several hours. However, the goal of some of 
the newer technologies being investigated in the laboratory is to minimize separation 
requirements.  
A variety of new conversion technologies are being investigated to facilitate the conversion 
of soybean oil into biodiesel. Many of these ideas have been captured in recent reviews (i.e., 
(Lin, Cunshan et al. 2011), and a summary is given in the next section. Table 2 gives a 
synopsis of some of the new technologies, listing advantages and disadvantages for 
development on a commercial scale. 

2.1 Advances in catalysis 
2.1.1 High temperature cracking and heterogeneous catalysis 
Thermal cracking of triglycerides, as opposed to transesterification discussed earlier, has 
been carried out for over 100 years, with a recent focus on converting fats and oils to liquid 
fuels (Maher & Bressler 2007). The cracking process takes place at high temperatures, 300-
500C, and atmospheric pressure producing alkanes, alkenes, aromatics and carboxylic 
acids, that can be separated by distillation (Lima, Soares et al. 2004). The resulting mixture 
has a lower viscosity than the parent oil. Yields tend to be low in comparison with 
transesterification, although up to 77% conversion of soybean oil has been observed with the 
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2. Advances in conversion technologies 
Although homogeneous catalysts are used to promote the kinetics of the conversion of 
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and alcohol, usually methanol, have limited miscibility, and so the reaction occurs primarily 
at the interface between the two liquid phases. Mass transport to the interface can be 
increased by rapidly mixing or forcing methanol into solution using higher pressures. 
Commercial processes are carried out at about 80C, a temperature above the normal boiling 
point of methanol, to ensure conversion to the required ASTM specification. Even under 
pressurized conditions, the conversion takes at least half an hour in a batch reactor. At lower 
temperatures conversion typically take several hours. Several studies have investigated the 
use of supercritical methanol in the transesterification of soybean oil.  Process intensification 
methods have been applied such as the use of rapid mixing and separation of products in a 
centrifugal contactor. 
In addition to the issues with mass transfer, the kinetics of the three step transesterification 
can limit the overall conversion of the triglycerides to the esters. As the concentrations of 
intermediates increase, the rate of the back reactions can become significant with respect to 
the rates of the forward reactions. The online removal of glycerine to drive the process to 
completion has been attempted with some success; however, conversion to ASTM 
specification still takes minutes to complete. Addition of catalyst gives rise to saponification 
of the esters, resulting in phase separation and foaming, causing difficulties in processing. 
The reaction kinetics of transesterification has been modeled successfully with a three step 
forward and backward mechanism (Freedman, Butterfield et al. 1986; Noureddini & Zhu 
1997). Although rate constants do vary with the type of oil and the processing conditions, 
the success with the model suggests that the constraints on reaction rate can be predicted 
and mitigated in a developing a optimized process flowsheet for soybean oil conversion to 
biodiesel. 
Also problematic are multiple separation steps required during the conversion of soy oil to 
biodiesel. These include: pretreatment and removal of contaminants, separation of free-fatty 
acids from triglycerides, removal of free glycerine, washing to remove base catalyst, 
polishing of product in a resin bed, capture and recycle of unreacted methanol. In 
conventional processing, these steps can take several hours. However, the goal of some of 
the newer technologies being investigated in the laboratory is to minimize separation 
requirements.  
A variety of new conversion technologies are being investigated to facilitate the conversion 
of soybean oil into biodiesel. Many of these ideas have been captured in recent reviews (i.e., 
(Lin, Cunshan et al. 2011), and a summary is given in the next section. Table 2 gives a 
synopsis of some of the new technologies, listing advantages and disadvantages for 
development on a commercial scale. 

2.1 Advances in catalysis 
2.1.1 High temperature cracking and heterogeneous catalysis 
Thermal cracking of triglycerides, as opposed to transesterification discussed earlier, has 
been carried out for over 100 years, with a recent focus on converting fats and oils to liquid 
fuels (Maher & Bressler 2007). The cracking process takes place at high temperatures, 300-
500C, and atmospheric pressure producing alkanes, alkenes, aromatics and carboxylic 
acids, that can be separated by distillation (Lima, Soares et al. 2004). The resulting mixture 
has a lower viscosity than the parent oil. Yields tend to be low in comparison with 
transesterification, although up to 77% conversion of soybean oil has been observed with the 
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use of a high quality, edible oil as the starting material. Although pyrolysis has been tested 
successfully on used cooking oil, fatty acid salts, and soaps, the low yields and the wide 
variety of chemicals produced in pyrolysis have made this process uneconomical. 
Difficulties with the pyrolytic method include the formation of char and cokes, as well as 
oxygenated compounds that need to be removed if the products are to be used as diesel 
substitutes. However, if the complex chemistry can be understood, and the decomposition 
pathways leading to aromatics and olefins as well as to more desirable alkanes identified, 
better control of reactor conditions to give desired products should be possible.  
 

Processing Technology Conditions & 
Reagents Advantages Disadvantages 

Homogeneous catalysis 
80C.

Mole ratio2 ~6 
(more needed for 

acid catalysis).

Used on commercial 
scale. 

Base catalysis has 
high yields

Batch process. 
Many separations 

needed. 
Corrosion. 

Heterogeneous catalysis 160C. 
Mole ratio ~12. 

Flash separation of 
H2O & excess 

alcohol. 
Catalyst recyclable. 

H2O tolerant.

Small batch process. 
Lower yields <1 h. 
80-90% yield at 3 h. 

Supercritical alcohol 
250C. 

200 bar. 
Mole ratio 30-80. 

Complete 
conversion. 

Processing time < 
1 h.

High mole ratio. 
Small scale only. 

High temperature. 
High pressure. 

Enzymatic catalysis 
50C. 

2 h reaction time. 
Mole ratio is 3. 

Low temperature.
Low mole ratio. 

Catalyst 
regeneration. 

Tolerant to H2O & 
free fatty acids.

Long reaction time. 
Rate depends on 
enzyme loading. 
Scaling difficult. 

Low yields. 
Expensive catalyst. 

Hydrodeoxygenation 
300-350C.

45-70 bar H2. 
Mix with 

petroleum oil.

Diesel fraction 
linear alkanes 

produced. 
100% conversion.

Long reaction time 
(hundreds of hours). 
High temperature. 
Mid pressure H2. 

Ultrasonic 
45C. 

1 h reaction time. 
Mole ratio is 6. 

Low temperature. 
Continuous process. 

Scalable. 

Longer reaction 
time/multiple 
passes (bound 

glycerine after one 
pass is 80-90 wt%). 

Centrifugal 
reactor/separator 

80C. 
2.6 bar. 

Mole ratio is 4.8. 

90% conversion 
after 2 min. 

Staged approach to 
get ASTM spec.

Pressurized system. 

Metal foam 
100C.
5 bar. 

Mole ratio is 10. 
1 wt.% catalyst.

95% after 3.3 min.
Low power (<1% 

conventional). 
0.9 L/h throughput.

Pressurized system. 

Table 2. Summary of soybean oil conversion technologies to biodiesel. 

                                                                 
2 Methanol-to-oil or alcohol-to-oil mole ratio unless otherwise specified. 
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Better selectivity may be achieved through the use of catalysts in the pyrolysis process 
(Maher & Bressler 2007). For instance, molecular sieve materials, being porous with high 
surface area, exhibit high catalytic reactivity. The tetrahedral structures of zeolites, or 
crystalline aluminosilicate AlO4-SiO4 materials, show localized areas of high reactivity 
associated with the cations in the structure. Heterogeneous catalysis for pyrolysis of oils 
carried out at temperatures of 300-500C over zeolites produces paraffins, olefins, carboxylic 
acids and aldehydes (Lima, Soares et al. 2004). Other studies using a protonated zeolite H-
ZSM5 (85kPa He) have shown relatively more olefins and aromatics being produced from a 
variety of lipid starting materials and very little formation of oxygenated species. The 
reaction only generates a small amount of alkanes, and what is produced comes in the form 
of gases such as propane, and so is not appropriate for diesel fuel.  
Metal catalysts have also been used for deoxygenation, Pt and Pd on activated carbon, at 
300C under nitrogen. Detailed analysis of the chemistry show that fragmentation of the 
triglyceride occurs more quickly than decarboxylation of the fatty acid chains. The fatty acid 
chains eventually form alkanes, with lighter hydrocarbons coming from β-fission at the 
double bonds. Lighter alkanes, CO2, and CO come from the glycerol backbone. These 
studies demonstrate alkane production in the gasoline and diesel fraction range, with yields 
as high as 54% at 92% conversion for soybean oil (Morgan, Grubb et al. 2010). 
A drawback to using catalyzed heterogeneous pyrolysis has been coking of the catalyst, 
requiring frequent cycles of oxidative regeneration (Milne, Evans et al. 1990). Fractionating 
batch reactors may allow the selective removal of alkanes, increasing their relative 
abundance, but yields are still relatively low (62 wt%) with high coke production (38 wt%) 
(Dandik & Aksoy 1999). Using mesoporous MCM-41 (1.93 nm pore size) as a catalyst 
showed lower gas production than H-ZSM5, with the best results being observed for palm 
oil, with  97.72% being converted overall and a yield of linear hydrocarbons C13-C17 in the 
diesel range of 42.52 wt.% (Twaiq, Zabidi et al. 2003). Palm oil differs from soybean oil with 
a higher fraction of shorter chain triglycerides, 50% C12 and 16% C14 and so these results 
may not relate directly to the conversion of soybean oil. In the same study, the authors show 
that experimentation with an oil of higher average molecular weight, in this case palm olein 
oil, showed a lower conversion and higher coke formation. 

2.1.2 Low-temperature heterogeneous catalysis  
Heterogeneous catalysis at low temperatures promises advantages over conventional 
processing in phase separation and avoidance of the use of strong caustic or acidic reagents. 
Some catalytic systems have proven to be more robust to fatty acids and to water than 
heterogeneous base catalysis (Zeng, Deng et al. 2009). The catalysts commonly used include 
transition metals and inorganic oxide systems that promote esterification and 
transesterification, besides the molecular sieves that are used in pyrolysis (discussed in 
Section 2.1.1).  
A recent review gives details on supported solid metal oxides that have been used both for 
the transesterification and the esterification of oils to biodiesel (Zabeti, Daud et al. 2009). The 
transition metal oxides (alumina, tin, and zinc) form Lewis acids with the metal atoms 
acting as electron accepters. Alkaline earth oxides (magnesium, calcium, and strontium) 
form Brønsted bases through the oxygen atoms in the structure. Because of the colocation of 
acidic and basic sites, the activity of the catalyst is often described in both of these terms 
(Yan, DiMaggio et al. 2010). In a series of steps, Figure 2, the metal atom coordinates with 
both the oxygen of the carbonyl group in the acylglyceride or fatty acid and the alcohol, 
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use of a high quality, edible oil as the starting material. Although pyrolysis has been tested 
successfully on used cooking oil, fatty acid salts, and soaps, the low yields and the wide 
variety of chemicals produced in pyrolysis have made this process uneconomical. 
Difficulties with the pyrolytic method include the formation of char and cokes, as well as 
oxygenated compounds that need to be removed if the products are to be used as diesel 
substitutes. However, if the complex chemistry can be understood, and the decomposition 
pathways leading to aromatics and olefins as well as to more desirable alkanes identified, 
better control of reactor conditions to give desired products should be possible.  
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Better selectivity may be achieved through the use of catalysts in the pyrolysis process 
(Maher & Bressler 2007). For instance, molecular sieve materials, being porous with high 
surface area, exhibit high catalytic reactivity. The tetrahedral structures of zeolites, or 
crystalline aluminosilicate AlO4-SiO4 materials, show localized areas of high reactivity 
associated with the cations in the structure. Heterogeneous catalysis for pyrolysis of oils 
carried out at temperatures of 300-500C over zeolites produces paraffins, olefins, carboxylic 
acids and aldehydes (Lima, Soares et al. 2004). Other studies using a protonated zeolite H-
ZSM5 (85kPa He) have shown relatively more olefins and aromatics being produced from a 
variety of lipid starting materials and very little formation of oxygenated species. The 
reaction only generates a small amount of alkanes, and what is produced comes in the form 
of gases such as propane, and so is not appropriate for diesel fuel.  
Metal catalysts have also been used for deoxygenation, Pt and Pd on activated carbon, at 
300C under nitrogen. Detailed analysis of the chemistry show that fragmentation of the 
triglyceride occurs more quickly than decarboxylation of the fatty acid chains. The fatty acid 
chains eventually form alkanes, with lighter hydrocarbons coming from β-fission at the 
double bonds. Lighter alkanes, CO2, and CO come from the glycerol backbone. These 
studies demonstrate alkane production in the gasoline and diesel fraction range, with yields 
as high as 54% at 92% conversion for soybean oil (Morgan, Grubb et al. 2010). 
A drawback to using catalyzed heterogeneous pyrolysis has been coking of the catalyst, 
requiring frequent cycles of oxidative regeneration (Milne, Evans et al. 1990). Fractionating 
batch reactors may allow the selective removal of alkanes, increasing their relative 
abundance, but yields are still relatively low (62 wt%) with high coke production (38 wt%) 
(Dandik & Aksoy 1999). Using mesoporous MCM-41 (1.93 nm pore size) as a catalyst 
showed lower gas production than H-ZSM5, with the best results being observed for palm 
oil, with  97.72% being converted overall and a yield of linear hydrocarbons C13-C17 in the 
diesel range of 42.52 wt.% (Twaiq, Zabidi et al. 2003). Palm oil differs from soybean oil with 
a higher fraction of shorter chain triglycerides, 50% C12 and 16% C14 and so these results 
may not relate directly to the conversion of soybean oil. In the same study, the authors show 
that experimentation with an oil of higher average molecular weight, in this case palm olein 
oil, showed a lower conversion and higher coke formation. 

2.1.2 Low-temperature heterogeneous catalysis  
Heterogeneous catalysis at low temperatures promises advantages over conventional 
processing in phase separation and avoidance of the use of strong caustic or acidic reagents. 
Some catalytic systems have proven to be more robust to fatty acids and to water than 
heterogeneous base catalysis (Zeng, Deng et al. 2009). The catalysts commonly used include 
transition metals and inorganic oxide systems that promote esterification and 
transesterification, besides the molecular sieves that are used in pyrolysis (discussed in 
Section 2.1.1).  
A recent review gives details on supported solid metal oxides that have been used both for 
the transesterification and the esterification of oils to biodiesel (Zabeti, Daud et al. 2009). The 
transition metal oxides (alumina, tin, and zinc) form Lewis acids with the metal atoms 
acting as electron accepters. Alkaline earth oxides (magnesium, calcium, and strontium) 
form Brønsted bases through the oxygen atoms in the structure. Because of the colocation of 
acidic and basic sites, the activity of the catalyst is often described in both of these terms 
(Yan, DiMaggio et al. 2010). In a series of steps, Figure 2, the metal atom coordinates with 
both the oxygen of the carbonyl group in the acylglyceride or fatty acid and the alcohol, 
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liberating a water molecule. The basic site can stabilize transfer of a proton from a fatty acid 
to water. The product ester forms within the supported complex or transition state, which 
decomposes regenerating the active metal oxide. Oxides such as alumina or silica can 
exhibit catalytic activity at acidic sites, dehydrating and decarboxylating fatty acids and 
triglycerides (Boz, Degirmenbasi et al. 2009). Acid-base catalysts can also be used in high 
temperature pyrolysis as well as for transesterification reactions. 
Yields tend to be lower with heterogeneous catalysis in comparison with homogeneous 
catalysis (Section 1) because of reduced interfacial contact, not only between the oil and 
alcohol phases but also with the catalytic surfaces. To mitigate this limitation, methanol-to-
oil ratios are usually high, 12 or greater; several wt% catalyst is often used; and reactions 
continue for a number of hours to drive the conversion to completion. Hence, studies are 
carried out in batch microreactors or autoclaves where extreme conditions can be controlled. 
Co-solvents have been used to improve the miscibility of the reagents (Yang & Xie 2007). 
Another way of improving reaction rate to get higher yields is to use high surface area 
catalysts and catalyst supports. For instance, nanoscale MgO has been used to achieve a 99% 
yield of methyl ester at 523C and 24 MPa (Wang & Yang 2007). In autoclave studies of 
esterification at 160C, a mass ratio of methanol: fatty acid: catalyst of 4: 10: 0.1 generated 
yields of up to 74% after only 1 h of residence time. The lowest yield, 32%, occurred in 
systems without the hetereogeneous catalyst, with methanol: fatty acid: catalyst 4: 10: 0.0, 
showing that the catalyst had a significant effect on reaction rate (Mello, Pousa et al. 2011). 
The same group showed that higher yields could be achieved after 3 h of reaction time. They 
also demonstrated that the catalyst could be regenerated at least ten times using 
centrifugation and cleaning in solvent without an observable loss in performance. 
Heterogeneous catalysis continues to generate much interest in the research community. 
Surface area and morphology appear to have a greater influence over catalyst activity than 
the chemistry of the catalysts. Although some of the conversions show promise, the extreme 
temperatures or pressures currently required for effective heterogeneous catalysis, as well as 
the relatively low yields in comparison with homogeneous catalysis, preclude them from 
being used on a large or commercial scale. However, many of the catalysts being considered 
appear quite robust, and although subject to coking and other deactivation processes, can be 
regenerated many times. 

2.1.3 Enzymatic catalysis  
Lipases, naturally occurring enzymes, have been used to catalyze the transesterification of 
triglycerides. The mechanism is thought to be a two step process, where the lipase reacts 
with one substrate to form a product and an intermediate enzyme, followed by reaction 
with another substrate to give a final product and the regenerated enzyme (Varma, 
Deshpande et al. 2010). The advantages of enzymatic processing are high yields of methyl 
esters, milder reaction conditions, high tolerance of water contamination, and easy 
separation of free glycerine. The lipase process can be done in a number of different 
solvents, including supercritical CO2. In the case of enzymatic catalysis, the loading of the 
enzyme has a profound effect on the initial rate of the reaction, and loadings of 5-10% w/w 
were found to be optimal. Enzymatic catalysis can be used for both esterification and 
transesterification, and a variety of oils and alcohols as feedstocks; however, processing 
conditions can be different depending on the starting material and desired product. 
Processing can take hours to reach equilibrium, typically achieved at when the reaction 
reaches about 50-70% conversion. Yields have been limited by inhibition of the catalyst by 
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the alcohol, although the enzyme can be regenerated by driving off the alcohol to regain its 
activity. 
 

 
Fig. 2. Heterogeneous catalytic formation of a methyl ester from a fatty acid precursor. 

2.2 Supercritical alcohols 
A way of driving the transesterification reaction to completion without requiring catalyst is 
to perform the reaction under supercritical conditions. Many types of oils have been 
esterified in this way, including soy oil (Zhou, Wang et al. 2010). Both methanol and ethanol 
have been used as reagents (Rathore and Madras 2007). Pressures and temperatures are high 
for these processes, so that the conditions in the reactor exceed the critical point of the 
alcohols involved in the reaction. Pressures greater than 200 bar and temperatures exceeding 
300C are typical, although conversions of soybean oil have been successful at temperatures 
as low as 250C. Because of the extreme conditions, these processes have only been 
demonstrated in the laboratory at bench scale. With a large excess of alcohol, the 
transesterification process can be described as a pseudo-first order reaction, and rate 
constants have been measured for a number of different alcohols reacting with a variety of 
oils (Varma, Deshpande et al. 2010). Rates of conversion in ethanol are greater than in 
methanol because of the greater miscibility of ethanol and the oil reagent. The rates also 
depend on the fatty acid content of the oil, being inversely proportional to the saturated 
fatty acid content. 
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liberating a water molecule. The basic site can stabilize transfer of a proton from a fatty acid 
to water. The product ester forms within the supported complex or transition state, which 
decomposes regenerating the active metal oxide. Oxides such as alumina or silica can 
exhibit catalytic activity at acidic sites, dehydrating and decarboxylating fatty acids and 
triglycerides (Boz, Degirmenbasi et al. 2009). Acid-base catalysts can also be used in high 
temperature pyrolysis as well as for transesterification reactions. 
Yields tend to be lower with heterogeneous catalysis in comparison with homogeneous 
catalysis (Section 1) because of reduced interfacial contact, not only between the oil and 
alcohol phases but also with the catalytic surfaces. To mitigate this limitation, methanol-to-
oil ratios are usually high, 12 or greater; several wt% catalyst is often used; and reactions 
continue for a number of hours to drive the conversion to completion. Hence, studies are 
carried out in batch microreactors or autoclaves where extreme conditions can be controlled. 
Co-solvents have been used to improve the miscibility of the reagents (Yang & Xie 2007). 
Another way of improving reaction rate to get higher yields is to use high surface area 
catalysts and catalyst supports. For instance, nanoscale MgO has been used to achieve a 99% 
yield of methyl ester at 523C and 24 MPa (Wang & Yang 2007). In autoclave studies of 
esterification at 160C, a mass ratio of methanol: fatty acid: catalyst of 4: 10: 0.1 generated 
yields of up to 74% after only 1 h of residence time. The lowest yield, 32%, occurred in 
systems without the hetereogeneous catalyst, with methanol: fatty acid: catalyst 4: 10: 0.0, 
showing that the catalyst had a significant effect on reaction rate (Mello, Pousa et al. 2011). 
The same group showed that higher yields could be achieved after 3 h of reaction time. They 
also demonstrated that the catalyst could be regenerated at least ten times using 
centrifugation and cleaning in solvent without an observable loss in performance. 
Heterogeneous catalysis continues to generate much interest in the research community. 
Surface area and morphology appear to have a greater influence over catalyst activity than 
the chemistry of the catalysts. Although some of the conversions show promise, the extreme 
temperatures or pressures currently required for effective heterogeneous catalysis, as well as 
the relatively low yields in comparison with homogeneous catalysis, preclude them from 
being used on a large or commercial scale. However, many of the catalysts being considered 
appear quite robust, and although subject to coking and other deactivation processes, can be 
regenerated many times. 

2.1.3 Enzymatic catalysis  
Lipases, naturally occurring enzymes, have been used to catalyze the transesterification of 
triglycerides. The mechanism is thought to be a two step process, where the lipase reacts 
with one substrate to form a product and an intermediate enzyme, followed by reaction 
with another substrate to give a final product and the regenerated enzyme (Varma, 
Deshpande et al. 2010). The advantages of enzymatic processing are high yields of methyl 
esters, milder reaction conditions, high tolerance of water contamination, and easy 
separation of free glycerine. The lipase process can be done in a number of different 
solvents, including supercritical CO2. In the case of enzymatic catalysis, the loading of the 
enzyme has a profound effect on the initial rate of the reaction, and loadings of 5-10% w/w 
were found to be optimal. Enzymatic catalysis can be used for both esterification and 
transesterification, and a variety of oils and alcohols as feedstocks; however, processing 
conditions can be different depending on the starting material and desired product. 
Processing can take hours to reach equilibrium, typically achieved at when the reaction 
reaches about 50-70% conversion. Yields have been limited by inhibition of the catalyst by 
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the alcohol, although the enzyme can be regenerated by driving off the alcohol to regain its 
activity. 
 

 
Fig. 2. Heterogeneous catalytic formation of a methyl ester from a fatty acid precursor. 

2.2 Supercritical alcohols 
A way of driving the transesterification reaction to completion without requiring catalyst is 
to perform the reaction under supercritical conditions. Many types of oils have been 
esterified in this way, including soy oil (Zhou, Wang et al. 2010). Both methanol and ethanol 
have been used as reagents (Rathore and Madras 2007). Pressures and temperatures are high 
for these processes, so that the conditions in the reactor exceed the critical point of the 
alcohols involved in the reaction. Pressures greater than 200 bar and temperatures exceeding 
300C are typical, although conversions of soybean oil have been successful at temperatures 
as low as 250C. Because of the extreme conditions, these processes have only been 
demonstrated in the laboratory at bench scale. With a large excess of alcohol, the 
transesterification process can be described as a pseudo-first order reaction, and rate 
constants have been measured for a number of different alcohols reacting with a variety of 
oils (Varma, Deshpande et al. 2010). Rates of conversion in ethanol are greater than in 
methanol because of the greater miscibility of ethanol and the oil reagent. The rates also 
depend on the fatty acid content of the oil, being inversely proportional to the saturated 
fatty acid content. 
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2.3 Continuous and intensified processing 
Conventional batch processing of soybean oil to biodiesel can take several hours, especially 
when post-conversion separation and polishing steps are included, see Figure 1. Each batch 
has to be tested against ASTM specifications before sale and a batch that has been 
compromised must be recycled back into the feed loop, adding cost. Properties of the fuel 
product can change because variations in the feedstock or changes in process condition. If 
implemented, a continuous process has the advantage of allowing online control of reagent 
flows, temperature and pressure conditions, to achieve good conversion, reducing the need 
for recycling of impaired product. 
To achieve high conversion in a continuous process, however, issues such as the non-
miscibility of reagents and mass transfer limitations in the transesterification process have to 
be overcome. Process intensification, an engineering concept that gained attention through 
investigations in the 1970s at the University of Newcastle (Stankiewicz & Moulijin 2002), is a 
way of enhancing mass transfer, thus reducing the capital cost of a chemical plant through a 
smaller plant size and reagent inventory and reducing operating costs through decreased 
energy consumption and feedstock required per unit mass of the product. Centrifugal phase 
contact and separation is an example of an intensified technique that enhances mass transfer 
at high throughput and minimizes the inventory of solvents (Tsouris & Porcelli 2003). 
Another example is to use bubble formation to increase the interfacial area of immiscible 
fluids, which can be induced by introducing energy to the system through acoustic coupling 
(Cintas, Mantegna et al. 2010). 
Process intensification methodology has been adapted to enhance the pretreatment of 
biodiesel feedstocks, the conversion reactions, or the posttreatment separation of reaction 
products. A cavitation reactor was used in the process intensification of the homogeneous 
acid (H2SO4) catalyzed esterification of simulant fatty acids (Kelkar, Gogate et al. 2008).  
High throughput ultrasonic irradiation at 21.5 kHz coupled with a stirred tank was used to 
make a fine emulsion of oil and methanol, thereby increasing the interfacial area. The 
reactor achieved a yield of >80% methyl esters from soybean oil (Cintas, Mantegna et al. 
2010). In this apparatus, temperatures were kept low, ~45C, to prevent boiling of methanol 
in the microwave reactor. A sonochemical reactor has also been used to enhance the base-
catalyzed transesterification of lightly used cooking oil as well as food grade vegetable oil 
(Hingu, Gogate et al. 2010). 
Centrifugal mixing has been applied to biodiesel production (Peterson, Cook et al. 2001), 
because of its ease of operation, rapid attainment of steady state, high mass transfer, phase 
separation efficiencies, and compact size (Leonard, Bernstein et al. 1980). The high shear 
force and turbulent mixing achieved in a contactor minimize the effect of diffusion on the 
reaction rate of transesterification, pushing it to be limited only by the reaction kinetics. The 
contactor has been used as a low-throughput homogenizer, employing very low flow rates 
to increase residence times to tens of minutes (Kraai, van Zwol et al. 2008; Kraai, Schuur et 
al. 2009).  
At ORNL, we have combined the reaction of oil and methoxide with the online separation of 
biodiesel and glycerol into one processing step, using a modified centrifugal contactor. Two 
distinct phases enter the reactor (reagents: methanol and base catalyst; and vegetable oil), 
and two distinct phases leave the reactor/separator (products: glycerol and methyl ester), 
thus demonstrating process intensification in high-throughput biofuel production. The 
ORNL reactor separator was modified from a commercial unit, Figure 3a, to increase the 
residence time from a few seconds to a few minutes by achieving hold-up in the mixing 
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zone, Figure 3b. (Birdwell, Jennings et al. 2009). In the ORNL tests, base-catalyzed 
transesterification of soybean oil was carried out at continuous flow conditions at 60C and 
in static pressurized tests at 80C (McFarlane, Tsouris et al. 2010). 
 

      
     (a)        (b) 

Fig. 3. Reactor-separator housing: a) commercial unit schematic, b) modified contactor 
housing. 

Besides bubble formation and stirring, another way of achieving high turbulence and good 
mass transfer for the production of biodiesel is through the use of reactors involving 
tortuous flow pathways. These concepts were first tested on microreactors, involving zigzag 
channels (Wen, Yu et al. 2009). Although high conversions were achieved, 99.5% at 28s 
residence time, scaling the reactor up from microliter·s-1 flow rates has not been possible. 
More recently, turbulence has been achieved by passing the reagents through porous metal 
foam, which can be made to have a high pore density (50 pores per inch) and a relatively 
low pressure drop (0.6 MPa). At 100C and with a methanol-to-oil mole ratio of 6, a 
conversion of 90.5% was observed (Yu, Wen et al. 2010). With the foam, the arithmetic mean 
drop size of the disperse phase was about 3 mm. By balancing the effect of smaller, high 
surface area bubbles at high flow rates, with the lower residence time, conversions were 
pushed to 95 mol% with a flow rate of 0.9 L·h-1. While high for a microreactor, this flow rate 
is much lower than for competing continuous technologies. 
In all continuous processes, the conversion of soybean oil to esters is limited by residence 
time in the reactor. Producers and investigators have focused on the kinetics of 
transesterification to determine if conversions to methyl ester are limited by mass transfer 
effects or by slow kinetics (Darnoko & Cheryan 2000; Karmee, Mahesh et al. 2004). In the 
transesterification reaction, mass transfer limitations early in the process become superseded 
by kinetic limitations when trying to achieve high yields of methyl esters. In the case of the 
Oak Ridge experiments, although 90% conversion was achieved in 2 min, a 22 min residence 
time at 80C was needed to achieve ASTM specification grade fuel, ~98% conversion, 
Figure 4. Hence, in both the centrifugal processing and the ultrasonic reaction, multiple 
stages were found to shorten reaction time and reduce energy consumption. The online 
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zone, Figure 3b. (Birdwell, Jennings et al. 2009). In the ORNL tests, base-catalyzed 
transesterification of soybean oil was carried out at continuous flow conditions at 60C and 
in static pressurized tests at 80C (McFarlane, Tsouris et al. 2010). 
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Fig. 3. Reactor-separator housing: a) commercial unit schematic, b) modified contactor 
housing. 

Besides bubble formation and stirring, another way of achieving high turbulence and good 
mass transfer for the production of biodiesel is through the use of reactors involving 
tortuous flow pathways. These concepts were first tested on microreactors, involving zigzag 
channels (Wen, Yu et al. 2009). Although high conversions were achieved, 99.5% at 28s 
residence time, scaling the reactor up from microliter·s-1 flow rates has not been possible. 
More recently, turbulence has been achieved by passing the reagents through porous metal 
foam, which can be made to have a high pore density (50 pores per inch) and a relatively 
low pressure drop (0.6 MPa). At 100C and with a methanol-to-oil mole ratio of 6, a 
conversion of 90.5% was observed (Yu, Wen et al. 2010). With the foam, the arithmetic mean 
drop size of the disperse phase was about 3 mm. By balancing the effect of smaller, high 
surface area bubbles at high flow rates, with the lower residence time, conversions were 
pushed to 95 mol% with a flow rate of 0.9 L·h-1. While high for a microreactor, this flow rate 
is much lower than for competing continuous technologies. 
In all continuous processes, the conversion of soybean oil to esters is limited by residence 
time in the reactor. Producers and investigators have focused on the kinetics of 
transesterification to determine if conversions to methyl ester are limited by mass transfer 
effects or by slow kinetics (Darnoko & Cheryan 2000; Karmee, Mahesh et al. 2004). In the 
transesterification reaction, mass transfer limitations early in the process become superseded 
by kinetic limitations when trying to achieve high yields of methyl esters. In the case of the 
Oak Ridge experiments, although 90% conversion was achieved in 2 min, a 22 min residence 
time at 80C was needed to achieve ASTM specification grade fuel, ~98% conversion, 
Figure 4. Hence, in both the centrifugal processing and the ultrasonic reaction, multiple 
stages were found to shorten reaction time and reduce energy consumption. The online 
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Fig. 4. Yield of batch transesterification reaction in continuous contactor in terms of the 
weight percent of triglyceride reacted (▲) and remaining total bound glycerine (Δ) as a 
function of reaction time (80°C, above ambient pressure to 2.6 bar, 3600 rpm rotor speed). 
The arrows indicate the conversion goal of <0.24 wt% bound glycerine, or 97.8% conversion 
of acylglyceride. 

separation of free glycerine removes a sink for the base catalyst (Cintas, Mantegna et al. 
2010), as well as reduces back reactions to form bound glycerine species (McFarlane, Tsouris 
et al. 2010). The accelerated reaction achieved with online separation also prevents thermal 
degradation of the methyl esters, arising from beta scission adjacent to the carbonyl group 
and cleavage of the unsaturated bonds in the fatty acid chains (Nawar & Dubravcic 1968; 
Osmont, Catoire et al. 2010). 

3. Generation of fungible fuels from plant oils and new technologies for de-
oxygenation 
Even after esterification, the product biodiesel can be substituted directly for standard diesel 
fuel only to a limited percentage and is normally restricted from portions of the United 
States common carrier distribution system3. Although biodiesel has a similar cetane number 
to hexadecane, the higher oxygen content causes changes in the combustion profile and can 
enhance corrosion of engine seals (Haseeb, Fazal et al. 2011). The higher oxygen content also 
means that the heating value of methyl esters is slightly lower than standard diesel, 
although the reduction is not nearly as large as is when comparing ethanol to gasoline. The 
                                                                 
3 ASTM specifications allow 5 vol.% fatty acid methyl esters (FAME) in commercial diesel fuel. 
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lower volatility and higher oxygen content of biodiesel change the injection profile in a 
compression engine, and hence the ignition timing and production of pollutants, for 
instance decreasing soot and increasing the NOx in the exhaust (Ra, Rietz et al. 2008; 
Toulson, Allen et al. 2011). This active area of study has an impact on high efficiency clean 
combustion engines, the vanguard of advanced diesel engine design. In most standard 
vehicles, biodiesel concentrations are limited to a blend of 20% to mitigate the effects of its 
physical properties being different from those of standard diesel fuel (Mushrush, Willauer et 
al. 2009), such as poor cold flow. In addition, biodiesel has a limited shelf life and can form 
precipitates and go rancid in storage, causing problems in distribution. 
One method of producing deoxygenated products from soybean oil is to use a high 
temperature (350-450C) hydrogenation process rather than transesterification to make 
fuels. This hydroprocessing, carried out over supported catalysts, is different than the 
pyrolytic schemes described in some detail in Section 2.1.1 because hydrogen is introduced 
directly into the reactor. Heavier paraffinic fragments are produced rather than the small 
gaseous alkanes made in pyrolysis. The process, as applied to triglycerides, has been 
reviewed by Donnis and colleagues (Donnis, Egeberg et al. 2009). Hydrotreating 
experiments on triglycerides have used the same conventional catalysts used in 
hydroprocessing oil, such as sulfided NiMo or CoMo on alumina under relatively low 
pressures of H2S/H2 mixtures (Huber, O'Connor et al. 2007). The process includes several 
chemical steps to give alkanes as a final product, including: hydrogenation of C=C bonds; 
decarboxylation (removal of CO2); decarbonylation (removal of CO); and dehydration 
(hydrodeoxygenation (HDO) to convert COOH to H2O). The glycerin backbone may react to 
form methane or propane (Donnis, Egeberg et al. 2009). By carefully controlling temperature 
and reaction time the yield of the paraffinic diesel-fraction, or straight chain C15-C18, can be 
maximized. Although some studies show that catalyzed hydroprocessing over nickel 
generates too many aromatics and cyclic compounds, tailoring of HDO products by 
additional isomerization steps has been suggested to produce branched alkanes (Jakkula, 
Niemi et al. 2004). This would give a biorefinery the ability to produce the desired fuel 
properties for vehicular use without the need for blending, giving a product similar to 
Fischer-Tropsch diesel fuel from natural gas.  
Huber and colleagues have also shown that the bio-derived oils can be hydrotreated along 
with petroleum oils, suggesting that a processing can take place within an existing refinery 
to lower the capital cost. Issues with hydroprocessing vegetable oils rather than petroleum 
include: the high oxygen content of biomass can increase heat load in the reactor and cause 
leaching of sulfur from the catalyst; water and CO2 generated during the hydrotreatment 
can reduce catalyst lifetime and must be removed from the product; and also the large 
triglyceride molecules can clog catalysts with pore sizes of less than 2 nm (Tiwari, Rana et al. 
2011). Mesoporous molecular sieves, such as MCM-41, or alumina can have the advantage 
of a high surface area and activity, but also have much larger pore diameters than zeolites 
(Kubicka, Simacek et al. 2009), and so may be useful in a combined bio-petro refinery. 
Another route to achieving a hydrocarbon rich fuel from soybean oil is through 
deoxygenation of the esters after the transesterification process has taken place. In this case 
the biodiesel produced from soybean oil is further reacted to form a hydrocarbon fuel. The 
processing involves deoxygenation to remove the ester moiety from the hydrocarbon chain. 
With this step, the product becomes completely miscible with standard diesel fuel and can 
be introduced at any step in the supply chain, either at the refinery or at the filling station. 
Note that if blending is done at the terminal or filling station, the product has to meet 
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Fig. 4. Yield of batch transesterification reaction in continuous contactor in terms of the 
weight percent of triglyceride reacted (▲) and remaining total bound glycerine (Δ) as a 
function of reaction time (80°C, above ambient pressure to 2.6 bar, 3600 rpm rotor speed). 
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degradation of the methyl esters, arising from beta scission adjacent to the carbonyl group 
and cleavage of the unsaturated bonds in the fatty acid chains (Nawar & Dubravcic 1968; 
Osmont, Catoire et al. 2010). 

3. Generation of fungible fuels from plant oils and new technologies for de-
oxygenation 
Even after esterification, the product biodiesel can be substituted directly for standard diesel 
fuel only to a limited percentage and is normally restricted from portions of the United 
States common carrier distribution system3. Although biodiesel has a similar cetane number 
to hexadecane, the higher oxygen content causes changes in the combustion profile and can 
enhance corrosion of engine seals (Haseeb, Fazal et al. 2011). The higher oxygen content also 
means that the heating value of methyl esters is slightly lower than standard diesel, 
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lower volatility and higher oxygen content of biodiesel change the injection profile in a 
compression engine, and hence the ignition timing and production of pollutants, for 
instance decreasing soot and increasing the NOx in the exhaust (Ra, Rietz et al. 2008; 
Toulson, Allen et al. 2011). This active area of study has an impact on high efficiency clean 
combustion engines, the vanguard of advanced diesel engine design. In most standard 
vehicles, biodiesel concentrations are limited to a blend of 20% to mitigate the effects of its 
physical properties being different from those of standard diesel fuel (Mushrush, Willauer et 
al. 2009), such as poor cold flow. In addition, biodiesel has a limited shelf life and can form 
precipitates and go rancid in storage, causing problems in distribution. 
One method of producing deoxygenated products from soybean oil is to use a high 
temperature (350-450C) hydrogenation process rather than transesterification to make 
fuels. This hydroprocessing, carried out over supported catalysts, is different than the 
pyrolytic schemes described in some detail in Section 2.1.1 because hydrogen is introduced 
directly into the reactor. Heavier paraffinic fragments are produced rather than the small 
gaseous alkanes made in pyrolysis. The process, as applied to triglycerides, has been 
reviewed by Donnis and colleagues (Donnis, Egeberg et al. 2009). Hydrotreating 
experiments on triglycerides have used the same conventional catalysts used in 
hydroprocessing oil, such as sulfided NiMo or CoMo on alumina under relatively low 
pressures of H2S/H2 mixtures (Huber, O'Connor et al. 2007). The process includes several 
chemical steps to give alkanes as a final product, including: hydrogenation of C=C bonds; 
decarboxylation (removal of CO2); decarbonylation (removal of CO); and dehydration 
(hydrodeoxygenation (HDO) to convert COOH to H2O). The glycerin backbone may react to 
form methane or propane (Donnis, Egeberg et al. 2009). By carefully controlling temperature 
and reaction time the yield of the paraffinic diesel-fraction, or straight chain C15-C18, can be 
maximized. Although some studies show that catalyzed hydroprocessing over nickel 
generates too many aromatics and cyclic compounds, tailoring of HDO products by 
additional isomerization steps has been suggested to produce branched alkanes (Jakkula, 
Niemi et al. 2004). This would give a biorefinery the ability to produce the desired fuel 
properties for vehicular use without the need for blending, giving a product similar to 
Fischer-Tropsch diesel fuel from natural gas.  
Huber and colleagues have also shown that the bio-derived oils can be hydrotreated along 
with petroleum oils, suggesting that a processing can take place within an existing refinery 
to lower the capital cost. Issues with hydroprocessing vegetable oils rather than petroleum 
include: the high oxygen content of biomass can increase heat load in the reactor and cause 
leaching of sulfur from the catalyst; water and CO2 generated during the hydrotreatment 
can reduce catalyst lifetime and must be removed from the product; and also the large 
triglyceride molecules can clog catalysts with pore sizes of less than 2 nm (Tiwari, Rana et al. 
2011). Mesoporous molecular sieves, such as MCM-41, or alumina can have the advantage 
of a high surface area and activity, but also have much larger pore diameters than zeolites 
(Kubicka, Simacek et al. 2009), and so may be useful in a combined bio-petro refinery. 
Another route to achieving a hydrocarbon rich fuel from soybean oil is through 
deoxygenation of the esters after the transesterification process has taken place. In this case 
the biodiesel produced from soybean oil is further reacted to form a hydrocarbon fuel. The 
processing involves deoxygenation to remove the ester moiety from the hydrocarbon chain. 
With this step, the product becomes completely miscible with standard diesel fuel and can 
be introduced at any step in the supply chain, either at the refinery or at the filling station. 
Note that if blending is done at the terminal or filling station, the product has to meet 
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completely ASTM specifications. Some of these processes involve hydrogen and some do 
not.  
The hydrogenation of methyl octanoate, as a simulant for methyl esters from biodiesel, has 
been carried out over an N-ZSM5 zeolite catalyst under atmospheric pressure H2 (Danuthai, 
Jongpatiwut et al. 2009). The experiments were run over a few hours at temperatures up to 
500C, and showed 99.7% conversion of the ester to C1-C7 alkanes – a third comprising 
ethane, and small aromatics (C6-C9). Residual oxygenated species comprised only 2.8%. The 
group also found that the aromatic fraction increased with the time in the reactor, and that 
H2O promoted the catalytic activity of the zeolite by enhancing production of an acid 
byproduct, obviously undesirable as a fuel component. Tests with methyl octanoate, a 
smaller molecule than methyl esters derived from soybean oil, showed conversion to 
alkanes and aromatics through formation of a high molecular weight ketone intermediate. 
The patent literature suggests that similar results have been achieved with longer fatty acid 
chain methyl esters from soybean and other oils (Craig 1991). Reaction 4 shows the overall 
conversion process of a methylester to a linear alkane by hydrodeoxygenation: step A) 
removing the oxygen as CO2 or methanol followed by formation of the enol, and step B) 
involving hydrogenation and dehydration of the enol to the linear alkane (Donnis, Egeberg 
et al. 2009). 
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As discussed in Section 2.1.1, non-hydrogenated direct catalytic cracking of triglycerides can 
lead to products with greater oxygen content than desirable for fuels. Better control of the 
cracking process can be engineered when starting with an esterified feedstock. A recent 
example is the use of supported platinum and bimetallic platinum-tin catalysts in the 
deoxygenation of methyl octanoate, methyl dodecanate, and soybean oil by reactive 
distillation at 320 to 350C. By manipulating the residence time and the catalyst properties, 
selectivity for paraffins of 80% was achieved. Overall yields were low, suggesting this 
process requires more investigation before commercialization (Do, Chiappero et al. 2009; 
Chiappero, Do et al. 2011). 

4. Feasibility of using plant oils for fuels in comparison with petroleum, 
ethanol, and lignocellulosic feedstocks 
The use of soybean oil in production of biodiesel has been primarily limited by economic 
factors, in particular the cost of the feedstock. Less expensive fuel can be made from 
degraded starting material such as waste oil. Energy crop alternatives to seed oils have also 
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been proposed (Vinokurov, Barkov et al. 2010). However, the processing of feedstock with 
higher free fatty acid content adds complexity to the manufacturing process, particularly 
because of the variability in composition and treatment prior to conversion. The solution to 
tightening of petroleum supply will likely involve liquid fuel generation from a variety of 
sources. As should have been apparent from the previous discussion, the processing of 
biomass-derived oils into burnable esters depends on the chemical composition of the 
feedstock: the relative concentration of free fatty acids, the saturated versus unsaturated 
fatty acid chains, impurities and water content.  
An additional cost is associated with the alcohol used to convert the seed oil to biodiesel, 
typically used in amounts well above stoichiometric to push the reaction to completion. An 
analysis was recently done at ORNL where the cost of a three stage biodiesel manufacturing 
process was assessed based on the reactor-separator reactor discussed in Section 2.3 (Ashby 
& McFarlane 2010). In order to optimize the process, environmental conditions such as 
temperature, pressure, and the starting proportion of methanol−to−oil were all varied 
individually. Each of these aspects of the production affected the residence time and the 
fraction of soybean oil converted during the reaction, hence the economics of the process. 
The analysis gave the projected capital cost for a new plant and its projected profit in the 
first five years. These analyses revealed that reactions run at higher temperatures needed 
less time to convert a larger fraction of triglyceride. Reactions with a greater proportion of 
methanol−to−oil had a higher yield at a residence time of 600s than those with a lower ratio. 
Figure 5 shows the effects of adding additional methanol at various stages of a five stage 
process.  
An economic analysis shows that production of biodiesel should be more profitable in a 
three contactor series than a single reactor given similar process conditions, i.e., temperature 
and ratio of methanol−to−oil, in spite of the costs associated with the reactor and pumps for 
each additional stage. In the long term, the feedstock soybean oil comprised the highest 
fraction of the operating expenses, ranging from 70-80% of the total. The cost of the alcohol 
was also found to be significant, but could be minimized through recycling, thereby also 
reducing the carbon footprint of the process. In this analysis, the production of biodiesel 
from soybean oil could only become profitable if the product could be sold at about 1.5 
times the cost of the soybean oil feedstock (assuming a 300,000 gal/year operation 
amortized over 5 years). Based on simulation of the chemical kinetics of soybean oil 
transesterification, the highest yield of methyl esters in the shortest time arose from using 
three reactor-separators in series, each with a 200s residence time, recycling of all excess 
methanol, a 4.5−to−1 initial proportion of methanol−to−oil, and an operating temperature of 
100C. Similar analyses have been done for other reactor configurations, feedstocks, 
alcohols, and catalysts, to assess the viability of these process designs for commercial 
production of biodiesel (Peterson, Cook et al. 2001).   
In the case of soybean utilization, the feedstock costs appear to dominate the potential use of 
biomass conversion to supplant petroleum-derived diesel in any of the reactor 
configurations being considered (Lin, Cunshan et al. 2011). However, the economics of 
biodiesel production can be improved if value added products can be developed from the 
byproduct glycerine. Janaun and Ellis give many of these in their review: catalytic 
conversion to oxidized products such as propylene glycol; biological conversion to lipids 
and citric acid; fuel oxygenates; gasification to H2 and syngas; remediation of acid mine 
drainage; and in agriculture as animal feed (Janaun & Ellis 2010). 
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completely ASTM specifications. Some of these processes involve hydrogen and some do 
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As discussed in Section 2.1.1, non-hydrogenated direct catalytic cracking of triglycerides can 
lead to products with greater oxygen content than desirable for fuels. Better control of the 
cracking process can be engineered when starting with an esterified feedstock. A recent 
example is the use of supported platinum and bimetallic platinum-tin catalysts in the 
deoxygenation of methyl octanoate, methyl dodecanate, and soybean oil by reactive 
distillation at 320 to 350C. By manipulating the residence time and the catalyst properties, 
selectivity for paraffins of 80% was achieved. Overall yields were low, suggesting this 
process requires more investigation before commercialization (Do, Chiappero et al. 2009; 
Chiappero, Do et al. 2011). 

4. Feasibility of using plant oils for fuels in comparison with petroleum, 
ethanol, and lignocellulosic feedstocks 
The use of soybean oil in production of biodiesel has been primarily limited by economic 
factors, in particular the cost of the feedstock. Less expensive fuel can be made from 
degraded starting material such as waste oil. Energy crop alternatives to seed oils have also 
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fraction of the operating expenses, ranging from 70-80% of the total. The cost of the alcohol 
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100C. Similar analyses have been done for other reactor configurations, feedstocks, 
alcohols, and catalysts, to assess the viability of these process designs for commercial 
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In the case of soybean utilization, the feedstock costs appear to dominate the potential use of 
biomass conversion to supplant petroleum-derived diesel in any of the reactor 
configurations being considered (Lin, Cunshan et al. 2011). However, the economics of 
biodiesel production can be improved if value added products can be developed from the 
byproduct glycerine. Janaun and Ellis give many of these in their review: catalytic 
conversion to oxidized products such as propylene glycol; biological conversion to lipids 
and citric acid; fuel oxygenates; gasification to H2 and syngas; remediation of acid mine 
drainage; and in agriculture as animal feed (Janaun & Ellis 2010). 
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Fig. 5. Bound glycerine content as a function of time for various options of methanol 
addition, at 80C: Single stage involves no additional input of methanol over 600s reaction 
time; Two stages involves adding 10% original methanol charge at 2nd stage; Three stages 
involves adding an extra 5% original methanol charge at 3rd stage; Four stages has no 
additional methanol as the effect is minimal by this point. 

Another aspect worth consideration is that unless specifically designed to do so, 
compression engines are not constructed to handle the higher oxygen content of biofuels 
such as biodiesel or ethanol. Hence, many alternative fuels under consideration are blended 
to give the properties needed for engine performance and fuel stability, 10% ethanol in 
gasoline being a common example. However, fuel from different sources may not be 
compatible. Biodiesel, with its high oxygen content, mixes well with standard diesel, but not 
with purely paraffinic Fischer-Tropsch fuel. The aromatics in standard diesel solubilize the 
olefinic chains and electron-rich esters, where as tertiary carbons in the Fischer-Tropsch 
paraffins appear to form stable hydroperoxides with degradation products in the biodiesel 
(Mushrush, Willauer et al. 2009). If the biodiesel contains unreacted free-fatty acids, phase 
separation and precipitates are likely to form. One possibility is to hydrogenate the biodiesel 
to create a fully hydrocarbon fuel, as discussed earlier in Section 3. Another is to exploit the 
properties of other biomass-derived fuels to produce a blend with properties that meet the 
requirements for compression ignition engines. For instance, lignin has the potential to 
become a biofuel feedstock can be broken down into appropriately sized aromatic 
fragments, which can be used as additives to diesel fuel or to biodiesel methyl esters 
(Gluckstein, Hu et al. 2010). The properties of the blend will have the high cetane number 
and the high lubricity of the biodiesel methyl esters, but with the reduced viscosity and low 
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cloud point of the aromatics. Hence, while a pure biofuel may have some undesirable 
characteristics, mixtures of alternative fuels may be compatible with standard diesel 
engines. An assessment of mixtures of diesel compatible formulations has been performed 
by the Fuels for Advanced Combustion Engines (FACE) Project and target properties are 
presented in Table 3. The average properties of marketed diesel fuel are shown in brackets 
(Gallant, Franz et al. 2009). 
 

Property Range for FACE 
project Standard Diesel Fuel Soybean Methyl 

Esters
Cetane number 30–55 43–51 51
Aromatics (%) 20–45 32 0
T90 Distillation (C) 270–340 320 Not applicable 
Specific gravity (g·cm-3) 0.803–0.869 0.82–0.86 0.884
Heat of combustion 
(kJ/kg) 7790-7980 7850 Reduced by 9-13% 

Kinematic viscosity 
(mm2·s-1) 1.319–3.218  1.90-4.1 4.08 

Cloud Point (C) -19.5–-55.5 -18–-30 -0.5
Flash Point (C) 53–74 55 131
Pour point (C) -25 -4

Constraints < 15 ppm sulfur, <4% olefins
Smooth distillation curve

Table 3. Fuel Formulation Property Targets for Compression Ignition Engines. 

Biofuel production in the US and Brazil is dominated by ethanol, where as biodiesel has 
greater importance in Europe (Rusco & Walls 2009). In some respects the issues with ethanol 
and biodiesel are similar, competition for agricultural resources with food, oxygen content 
and lower heating value, and distributed production (Kalnes, Marker et al. 2007). Varying 
fuel standards can further complicate distribution, leading to lower pipeline capacity and 
increased storage requirements. For instance, ethanol, even blended with gasoline, currently 
is not transported through pipelines because of its high affinity for water resulting in 
corrosiveness and phase separation. However, ethanol is a simple molecule that has the 
same composition no matter the source, and its impact on petroleum refining can be 
assessed on a large scale. This is not the case for plant-based biodiesels, from which a variety 
of fuels can be produced depending on the plant variety and processing conditions. 
Depending on the regulatory environment and governing standards, this may further break 
up the markets for biodiesel production and distribution. For example, southern regions will 
better be able to tolerate higher cloud points than northern, both for pipeline, truck and rail 
transport, as well as for combustion in passenger vehicles. The cost of the adoption of 
biofuels needs to be assessed along with benefits, such as reduction in greenhouse gas 
emissions, energy security, or support of US agriculture (Rusco & Walls 2008). 

5. Conclusions 
Although the price of diesel fuel has increased, economical production of biodiesel is a 
challenge because of (1) the increasing price of soybean oil feedstocks and reagent methanol, 
(2) a distributed supply of feedstocks that reduces the potential for economies of scale, (3) 
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cloud point of the aromatics. Hence, while a pure biofuel may have some undesirable 
characteristics, mixtures of alternative fuels may be compatible with standard diesel 
engines. An assessment of mixtures of diesel compatible formulations has been performed 
by the Fuels for Advanced Combustion Engines (FACE) Project and target properties are 
presented in Table 3. The average properties of marketed diesel fuel are shown in brackets 
(Gallant, Franz et al. 2009). 
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and biodiesel are similar, competition for agricultural resources with food, oxygen content 
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increased storage requirements. For instance, ethanol, even blended with gasoline, currently 
is not transported through pipelines because of its high affinity for water resulting in 
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same composition no matter the source, and its impact on petroleum refining can be 
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transport, as well as for combustion in passenger vehicles. The cost of the adoption of 
biofuels needs to be assessed along with benefits, such as reduction in greenhouse gas 
emissions, energy security, or support of US agriculture (Rusco & Walls 2008). 

5. Conclusions 
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challenge because of (1) the increasing price of soybean oil feedstocks and reagent methanol, 
(2) a distributed supply of feedstocks that reduces the potential for economies of scale, (3) 
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processing conditions that include pressures and temperatures above ambient, and (4) 
multiple processing steps needed to reduce contaminant levels to ASTM specification D6751 
limits (Vasudevan & Briggs 2008). Much of the cost of biodiesel production is related to the 
conversion of the oil to the methyl ester and so there has been an emphasis to research 
improved methods of converting soybean oil to biodiesel. However, most of these studies 
have taken place at the bench scale, and have not demonstrated a marked improvement in 
yield or reduced oil-to-methanol ratio in comparison with standard base-catalyzed 
transesterification. 
One aspect that has a short term chance of implementation is the improvement of the 
conversion process by the use of a continuous rather than batch process, with energy 
savings generated by combined reaction and separation, online analysis, and reagent 
methanol added by titration as needed to produce ASTM specification grade fuel. By 
adapting process intensification methods, recycled sources of soybean oil may also be used 
for diesel production, taking advantage of a lower priced feedstock material. 
Even if the economics of production are feasible, biodiesel distribution is complicated by 
thermal stability and degradation over time, and the physical properties of methyl esters 
make them undesirable for standard compression ignition engines in concentrations greater 
than 20% in a blend with diesel fuel. Generation of truly fungible fuel from biomass is now 
being investigated through a variety of routes. However, it is too early to judge which will 
become the most viable. 
The promise of soybean-generated biodiesel is that of a truly fungible, thermodynamically 
and economically viable technology providing a biomass replacement for a petroleum 
product. The use of biodiesel has the potential to reduce the amount of CO2 released to the 
atmosphere by the transportation sector; to provide an additional source of liquid fuel that 
can be produced in small distributed operations; and to allow the processing of waste oil-to-
energy that can result in enhanced lifecycle efficiencies as well as reduced environmental 
footprint. 
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being investigated through a variety of routes. However, it is too early to judge which will 
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1. Introduction 
Biodiesel is a renewable fuel defined as a monoalkyl ester derived from vegetable oils, 
animal fats or microbial oils (algae, bacteria and fungi). The conversion of the fats or oils 
from these raw materials into biodiesel is possible through enzymatic or chemical reactions, 
which the most widely employed and studied is the transesterification reaction, involving 
alcohol and a catalyst. Such process converts triacylglycerols into esters of fatty acids 
molecules, which present physical-chemical properties and cetane number similar to diesel 
(Krawczyk, 1996; Ma & Hanna, 1999; Li et al., 2008; ASTM D6751, 2008; Moser, 2009; Knothe 
et al., 2005; Knothe & Steidley, 2005). 
Vegetable oils were first tried for combustion in engines since the early creation of Diesel 
engines, in the end of 19th century. At that age, the higher cost and lower availability of these 
oils compared to the just developed petroleum derivates, associated to the higher 
homogeneity and efficiency gain up to 35% utilizing diesel, led to the complete 
abandonment of vegetable oils for combustion in engines. However, in the last century, the 
supply stability of petroleum by some countries has changed, causing drastic petroleum 
price raise. Thus, worldwide discussions concerning petroleum dependence were retaken, 
and since the second half of 90’s utilization of fuels derived from renewable sources, 
including biodiesel, has increased in Brazil, Europe, USA and Asia (Costa et al., 2003). In 
Brazil, social factors, such as new job opportunities, also stimulated biodiesel production.  
The direct use of vegetable oils as fuel in compression ignition engines could be considered, 
but they are problematic due to their high viscosity (about 11-17 times greater than diesel 
fuel) and low volatility. These oil types do not burn completely and form carbon deposits in 
the fuel injectors of diesel engines. The viscosity of vegetable oils can be better improved 
with transesterification reaction, a process which seems to insure very good outcomes in 
terms of lowering viscosity and enhancing other physicochemical properties. 
Transesterification is a chemical reaction which proceeds under heat and involves 
triacylglycerols and an alcohol of lower molecular weights (typically methanol, ethanol, 
isopropanol or butanol) using homogeneous or heterogeneous substances as catalyst, which 
typically is an acid or a base, to yield biodiesel and glycerol (Ferella et al., 2010), as presented 
in Figure 1. 
Almost all biodiesel is produced from virgin vegetable oils using the base-catalyzed 
technique as it is the most economical process for treating virgin vegetable oils, requiring 
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1. Introduction 
Biodiesel is a renewable fuel defined as a monoalkyl ester derived from vegetable oils, 
animal fats or microbial oils (algae, bacteria and fungi). The conversion of the fats or oils 
from these raw materials into biodiesel is possible through enzymatic or chemical reactions, 
which the most widely employed and studied is the transesterification reaction, involving 
alcohol and a catalyst. Such process converts triacylglycerols into esters of fatty acids 
molecules, which present physical-chemical properties and cetane number similar to diesel 
(Krawczyk, 1996; Ma & Hanna, 1999; Li et al., 2008; ASTM D6751, 2008; Moser, 2009; Knothe 
et al., 2005; Knothe & Steidley, 2005). 
Vegetable oils were first tried for combustion in engines since the early creation of Diesel 
engines, in the end of 19th century. At that age, the higher cost and lower availability of these 
oils compared to the just developed petroleum derivates, associated to the higher 
homogeneity and efficiency gain up to 35% utilizing diesel, led to the complete 
abandonment of vegetable oils for combustion in engines. However, in the last century, the 
supply stability of petroleum by some countries has changed, causing drastic petroleum 
price raise. Thus, worldwide discussions concerning petroleum dependence were retaken, 
and since the second half of 90’s utilization of fuels derived from renewable sources, 
including biodiesel, has increased in Brazil, Europe, USA and Asia (Costa et al., 2003). In 
Brazil, social factors, such as new job opportunities, also stimulated biodiesel production.  
The direct use of vegetable oils as fuel in compression ignition engines could be considered, 
but they are problematic due to their high viscosity (about 11-17 times greater than diesel 
fuel) and low volatility. These oil types do not burn completely and form carbon deposits in 
the fuel injectors of diesel engines. The viscosity of vegetable oils can be better improved 
with transesterification reaction, a process which seems to insure very good outcomes in 
terms of lowering viscosity and enhancing other physicochemical properties. 
Transesterification is a chemical reaction which proceeds under heat and involves 
triacylglycerols and an alcohol of lower molecular weights (typically methanol, ethanol, 
isopropanol or butanol) using homogeneous or heterogeneous substances as catalyst, which 
typically is an acid or a base, to yield biodiesel and glycerol (Ferella et al., 2010), as presented 
in Figure 1. 
Almost all biodiesel is produced from virgin vegetable oils using the base-catalyzed 
technique as it is the most economical process for treating virgin vegetable oils, requiring 
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only low temperatures and pressures and producing over 98% conversion yield (provided 
the starting oil is low in moisture and free fatty acids). However, biodiesel produced from 
other sources or by other methods may require acid catalysis which is much slower (Ataya 
et al., 2007). 
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Fig. 1. A general representation of transesterification reaction between a triacylglycerols (1) 
and an alcohol (2) to give alkyl esters of fatty acids (3) and glycerol (4). 

The purification of biodiesel is a crucial step for production of a high-quality product, and 
choosing of the appropriate techniques is important for this biofuel to become economically 
viable. Biodiesel and glycerol are typically mutually soluble, but a notable difference in 
density between biodiesel (880 kg/m3) and glycerol (1050 kg/m3, or more) phases is a 
property that allows the employment of simple separation techniques such as gravitational 
settling or centrifugation. Washing can be also applied to remove free glycerol, soap, excess 
alcohol, and residual catalyst. But in this case, drying of alkyl ester is needed to achieve the 
stringent limits of biodiesel specification on the amount of water (Atadashi et al., 2011). 
Biodiesel presents physical-chemical properties and cetane number similar to diesel, but this 
biofuel has several advantages over the fossil fuel (petrodiesel). Biodiesel is biodegradable, 
its sources are renewable, it respects the carbon cycle, and it presents lower toxicity, 
essentially no sulfurous and no aromatic compounds. The substitution of conventional 
diesel by biodiesel would reduce sulfur emissions by 20%, carbonic anhydride by 9.8%, non-
burned hydrocarbonates by 14.2%, particulate material by 26.8%, and nitrogen oxide by 
4.6%, thus reducing most regulated exhaust emissions. Biodiesel presents superior lubricity, 
higher flash point and positive energy balance (Albuquerque, 2006). 
Biodiesel has been utilized blended to petrodiesel for internal combustion engines. Most 
countries utilize a system known as “factor B” to indicate the volumetric concentration of 
biodiesel in the blends. So, B100 indicates that a sample is pure biodiesel, while B20 or B5, 
for example, indicates that the blend has 20% (v/v) or 5% (v/v), respectively, of biodiesel. 
Some authors report that mixtures containing up to 20% biodiesel can generally be 
employed in diesel engines without modifications, but most of the authors and the vehicle 
produces do not recommend employing mixtures containing more than 5% biodiesel 
(Biodieselbr.com, 2011; Fueleconomy.gov, 2011; Biodiesel.org, 2009). Nowadays, biodiesel 
sold in Brazil and Europe is a B5 fuel (Biodieselbr.com, 2011; Biopowerlondon.co.uk, 2011). 
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However, a primary disadvantage of biodiesel is inferior oxidative and storage stability 
versus petrodiesel, lower volumetric energy content, reduced low temperature operability, 
susceptibility to hydrolysis and microbial degradation, as well as higher nitrogen oxide 
emissions (Albuquerque, 2006; Moser, 2009; Knothe et al., 2005; Knothe & Steidley, 2005). 
Also, the esters which biodiesel is composed can attach to water attributing to this biofuel 
the hygroscopic property. Some water content also comes from the extraction and 
transesterification processes. The presence of water in biodiesel reduces the calorific value 
and enhances engine corrosion. Moreover, water promotes the growth of microorganisms 
and increases the probability that oxidation products are formed during long-term storage. 
These oxidation products can cause disturbances in the injection system and in the engine 
itself (Schlink & Faas, 2009). 
The most significant vegetable oils produced worldwide during 2009 were palm (45.13 
MMT), soybean (37.69 MMT), rapeseed/canola (21.93 MMT), and sunflower (11.45 MMT) 
oils (United States Department of Agriculture, 2010). Generally, the most abundant oils or 
fats in a region are most commonly used as feedstocks for biodiesel production. Thus, for 
production of biodiesel, rapeseed/canola and sunflower oils are principally used in Europe, 
palm oil predominates in tropical countries, and soybean oil and animal fats are most 
commonly used in the USA and Brazil (Moser, 2009; Knothe et al., 2005). 
As globalization increases, there is a need for harmonization of technical parameters 
regarding several products and services (especially commodities) provided around the 
world. In order to achieve greater transparency, reliability and suitability among these 
products and services, International Standards have been developed and must be followed 
by those countries and companies that take part in this worldwide trade. For biodiesel it is 
not different. Biodiesel must be certified as compliant with accepted fuel standards before 
combustion in diesel engines. In Europe, specifications for this biofuel are described by the 
European Committee for Standardization (CEN) through standard EN 14214:2008 (EN 
14214:2008, 2009); in the United States the specifications must be according to ASTM D6751-
08a (ASTM D6751, 2008); and in Brazil, fuels and biofuels are regulated by National Agency 
of Petroleum, Gas and Biofuels (ANP), through Resolution ANP no. 7 from March 19, 2008 
(ANP Resolution n°7, 2008). 
However, international standards are not conclusive, and many times they also are not 
suitable or accurate for many parameters of many products and services. Several parameters 
have to be exhaustively studied for the convergence of some rules. In the case of biodiesel, 
standards that have been applied for this biofuel were originally developed for diesel 
analysis and adapted for biodiesel. Just a few standards have been developed specifically for 
biodiesel up this time. Standards have to be constantly attending to the modernization of 
products, markets and methodologies. In some cases, technical methods employed to 
analyze some kind of product is simply adapted to analyze another similar one. An example 
for Biodiesel concerns the water determination method. The water content in biodiesel is 
ruled by EN 14214:2008 (EN 14214:2008, 2009), ASTM D6751-08a (ASTM D6751, 2008) and in 
Brazil by Resolution ANP no. 7 (ANP Resolution N°7, 2008). All of them settle the maximum 
water content as 0.05% (w/w). These standards require Karl Fischer titration for water 
determination, as described in ISO 12937:2000 (ISO 12937:2000, 2000). Otherwise, this ISO 
standard was created considering petrodiesel analyses and specifications, but now it has 
been adapted for water content determination in biodiesel. These adaptations of methods 
cause errors or at least low accuracy in analyses. Furthermore, many standards, like this one, 
do not describe a method setting exactly the parameters to be employed by the apparatus. 
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Determining such low water content in non-aqueous substances with high accuracy is not 
an easy task and just a few works have been published regarding moisture in biodiesel. 
Assessments for high accuracy determination of water in biodiesel have been performed by 
the Laboratory of Organic Analyses from INMETRO (Brazilian Institute of Metrology), 
which optimized some parameters for commercial soybean biodiesel utilizing Coulometric 
Karl Fischer Titration coupled to Auto-sampler Oven (Vicentim et al., 2010). Experiments 
ongoing by this group are still verifying the necessity of further optimizations for biodiesel 
samples produced form another sources (data unpublished yet). 
Complete discussions regarding the need for International Standards, their applications, the 
mechanisms for biodiesel obtainment, its chemical and physicochemical properties, and 
considerations about the importance of metrology and its influence on biodiesel quality will 
be presented in the next sessions of this chapter. 

2. Biodiesel synthesis 
All over the world there are many research groups searching for fuels from renewable 
sources due to the imminent serious depletion of fossil resources and also due to an 
increasing societal ecological environmental awareness. Many types of alternative energy 
sources have been studied, as solar, wind, water, nuclear (through the cleavage of 
radioisotopes) and plant biomass. However, nowadays, the only ready-to-use technologies 
for automotive renewable energy supply, and that has presented excellent results, are the 
production and utilization of the so-called biofuels, like the bioethanol from sugar cane, corn 
starch, sugar beet and the biodiesel, especially that one produced from oily crops.  
Biodiesel can be defined as mono alkyl esters of fatty acids derived from animal fat and 
vegetable oils (researches are ongoing for utilization of microbial oils), and obtained mainly 
through the transesterification reaction. In a general way, this reaction involves 
triacylglycerols (which are esters) reacting with a small chain aliphatic alcohol, generally 
methanol, ethanol, isopropanol or butanol, producing a new ester and an alcohol, as shown 
in Figure 1 (Pinto et al, 2005). 
Biodiesel can be derived from the following processes: pyrolysis, cracking, alcoholysis, 
esterification and transesterification of fats and oils which is the most commonly used 
process. 
Processes like pyrolysis and cracking produce many side products, the reactions are not 
very selective and the processes require many steps, like removing ash and solid products 
for example. Pyrolysis, strictly defined, is the conversion of one substance into another by 
means of heat or by heat with the aid of a catalyst. It involves heating in the absence of air or 
oxygen and cleavage of chemical bonds to yield small molecules. Pyrolytic chemistry is 
difficult to characterize because of the variety of reaction paths and the variety of reaction 
products. The pyrolyzed material can be vegetable oils, animal fats, natural fatty acids and 
methyl esters of fatty acids. The first pyrolysis of vegetable oil was conducted in an attempt 
to synthesize petroleum from vegetable oil. Since World War I, many investigators have 
studied the pyrolysis of vegetable oils to obtain products suitable for fuel. Catalysts have 
been used in many studies, largely metallic salts, to obtain paraffines and olefins similar to 
those present in petroleum sources. Soybean oil was thermally decomposed and distilled in 
air and nitrogen sparged with a standard ASTM distillation apparatus. The total identified 
hydrocarbons obtained from the distillation of soybean and high oleic safflower oils were 
73-77 and 80-88% respectively. The main components were alkanes and alkenes, which 
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accounted for approximately 60% of the total weight. Carboxylic acids accounted for 
another 9.6-16.1% (Fangrui & Milford, 1999).  
Esterification is a process that consists in two main steps. In the first one the oil is saponified 
with sodium hydroxide followed by acidification, washing and drying, obtaining a mix of 
fatty acids. In the final steps the fatty acids are esterified with a small chain alcohol, like 
methanol, ethanol or isopropyl alcohol.  

2.1 Transesterification using catalysts 
In a general way transesterification reaction occur catalyzed by an acid (Gerpen, 2005), alkali 
(Rinaldi et al, 2007), enzyme (Mendes et al, 2011 & Watanabe et al, 2002) or employing 
heterogeneous catalysis (Mell et al, 2011). The main heterogeneous catalysts are zeolites 
(Suppes et al, 2004), clays (Jaimasith et al, 2007), ion-exchange resins (Honda et al, 2007) and 
oxides.  
The most used way of catalysis is employing an alkali. The reaction mechanism under 
alkaline condition occurs in two steps: In the first step sodium hydroxide reacts with 
methanol, in an acid-base reaction producing a strong base, sodium methoxide and water. 
In the second step sodium methoxide reacts as a nucleophile and attacks the three carbonyl 
carbons from the triacylglycerol. A very unstable tetrahedral intermediate is obtained. As a 
result, the cracking of the triacylglycerol occurs, obtaining three methyl esters (biodiesel) 
and glycerol. 
The most employed transesterifying agent is methanol. Other alcohols may also be used in 
the preparation of biodiesel, such as ethanol, propanol, isopropanol, and butanol. Ethanol is 
of particular interest primarily because it is less expensive than methanol in some regions of 
the world, and biodiesel prepared from bioethanol is completely bio-based. Butanol may 
also be obtained from biological materials, thus yielding completely bio-based biodiesel as 
well. Methanol, propanol, and isopropanol are normally produced from petrochemical 
materials such as methane obtained from natural gas in the case of methanol. Some 
conditions utilized in these reactions are described below: 
Methanolysis: The classic reaction conditions for the methanolysis of vegetable oils or 
animal fats are 6:1 molar ratio of methanol to oil, 0.5 wt.% alkali catalyst (with respect to 
TAG), 600 rpm, 60°C reaction temperature, and 1 h reaction time to produce FAME and 
glycerol. 
Ethanolysis: The classic conditions for ethanolysis of vegetable oils or animal fats are 6:1 
molar ratio of ethanol to oil, 0.5 wt.% catalyst (with respect to TAG), 600 rpm, 75°C reaction 
temperature, and 1 h reaction time to produce fatty acid ethyl esters (FAEE) and glycerol. 
Butanolysis: The classic conditions for butanolysis of vegetable oils or animal fats are 6:1 
molar ratio of butanol to oil, 0.5 wt.% catalyst (with respect to TAG), 600 rpm, 114°C 
reaction temperature, and 1 h reaction time to produce fatty acid butyl esters and glycerol. 
Butanol is completely miscible with vegetable oils and animal fats because it is significantly 
less polar than methanol and ethanol. Consequently, transesterification reactions employing 
butanol are monophasic throughout. The monophasic nature of butanolysis reactions also 
complicates purification of the resultant butyl esters (Moser, 2009). 

2.1.1 Homogeneous catalysts 
Conventional processes include the use of homogeneous alkaline catalysts—NaOH, KOH, 
NaOMe and KOMe—under mild temperatures (60–80 ◦C) and atmospheric pressure. 
There are two main factors that affect the cost of traditional biodiesel production: the cost 
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Butanolysis: The classic conditions for butanolysis of vegetable oils or animal fats are 6:1 
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of raw materials and the cost of processing (multiple steps), though the commercialization 
of resultant glycerol can share the production costs with biodiesel, improving the overall 
process profitability. In order to reduce the costs associated with feedstock, waste cooking 
oils, animal fats or non-edible oils could be used. However, the use of homogeneous 
alkaline catalysts in the transesterification of such fats and oils involves several troubles 
due to the presence of large amounts of free fatty acids (FFAs). Of course, alkaline 
catalysts can be used to process these raw materials, but a large consumption of catalyst 
as well as methanol is compulsory to achieve biodiesel of standard specifications. Thus, 
FFA concentration in the oil inlet stream is usually controlled below 0.5% (w/w), 
avoiding the formation of high soap concentrations as a consequence of the reaction of 
FFAs with the basic catalyst. The soap causes processing problems downstream in the 
product separation because of emulsion formation. Usually, this problem is overcome 
through a previous esterification step where FFAs are firstly esterified to FAMEs using a 
homogeneous acid catalyst, and then, once the acid homogeneous catalyst has been 
removed, transesterification of triacylglycerols is performed as usual by means of an 
alkaline catalyst. Likewise, homogeneous acid catalysts (H2SO4, HCl, BF3, H3PO4) have 
been proposed to promote simultaneous esterification of FFAs and transesterification of 
triacylglycerols in a single catalytic step, thus avoiding the pre-conditioning step when 
using low cost feedstock with high FFA content. However, these catalysts are less active 
for transesterification than alkaline catalysts and therefore higher pressure and 
temperature, methanol to oil molar ratio and catalyst concentration are required to yield 
adequate transesterification reaction rates. Hence, despite its insensitivity to free fatty 
acids in the feedstock, acid-catalyzed transesterification has been largely ignored mainly 
due to its relatively slower reaction rate. (Melero et. al, 2009). 

2.1.2 Heterogeneous catalysts 
The use of heterogeneous catalysts (Wang et al, 2007 and Leclercq et al, 2001) has as main 
advantage the reaction work-up, the post reaction treatment, the purification steps and the 
separation steps. These catalysts can be easily removed from the reaction medium and even 
can be reused. Another interesting factor is based in the fact that these catalysts avoid the 
formation of undesirable side products, like the saponification products (Botts et al, 2001; 
Thomasevic & Marincovic, 2003). The biggest difficulty at this type of reaction is the 
diffusion between the systems oil/catalyst/solvent (Gryglewics, 1999). For the soybean 
biodiesel production, the catalysts that have been commonly employed are tin, zinc and 
aluminum, as Al2O3, ZnO and (Al2O3)8(SnO2), for example (Mello et al, 2011). Other 
processes have used an heterogeneous catalyst of a spinel mixed oxide of two (non noble) 
metals, which eliminate several neutralization and washing steps needed for process using 
heterogeneous catalysts (Helwani et. al, 2009). 

2.1.3 Alkaline catalysts 
Alkaline catalysis (Zhou et al, 2003) is a procedure that generally uses sodium and 
potassium alkoxides, and some times sodium and potassium hydroxides or carbonates. 
Among these three groups, alkoxides have the advantage of performing reactions at mild 
temperatures, they provide high yields of esters derived from fatty acids and they are not 
corrosives like the acid catalysts. On the other hand, these catalysts are hygroscopic, more 
expensive and usually result in side products, such as the saponification ones.  
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2.1.4 Acid catalysts 
Sulfuric and hydrochloric acid compounds are the main catalysts. This catalysis (Mohamad 
and Ali, 2002) has the advantage of avoiding the formation of side products and obtaining 
high yield formation of alkyl esters. However, reactions in acid media are highly corrosive 
and the work up is more difficult, seen it needs a special treatment to neutralize the reaction 
medium  

2.1.5 Enzymes catalysts 
A fourth class of catalysts employed for biodiesel production is enzyme (Fukuda et al, 2001). 
The enzymes allow the use of mild temperature reactions, between 20 and 60 oC, excess of 
alcohol is dispensed, the reactions can be performed with or without a solvent and the 
catalyst can be reused several times (Shimada et al, 2002). Other great advantages are the 
easy work-up, dispensing neutralization and deodorization of the reaction medium (Bielecki 
et al, 2009). The disadvantages are related to the fact that enzymes are very specifics, 
expensive and very sensible to alcohols, causing their deactivation (Manduzzi et al, 2008). 
The literature (Modi et al, 2007) shows that this problem can be solved by the use of small 
amounts of water (Kaieda et al, 2001 and Ban at al, 1999). Another research group showed 
that the use of organic solvents (Narasisham et al, 2008) can activate the enzymes, in special 
the use of dioxane and petroleum ether (Dennis et al, 2008), for example. Watanabe and his 
research group has developed a methodology to produce biodiesel from soybean 
degummed oil by the use of the lipase (an enzyme specific for hydrolysis of lipids, like 
triacyglycerides) from Candida antarctica in a free solvent system (Watanabe et al, 2002). 
Another procedure was performed by Liu et al. (2005) studying the acyl group migration 
with immobilized lipozyme TL catalyzing the production of biodiesel from soybean oil 
(Noureddini et al, 2005).  

2.2 New process for biodiesel obtainment 
2.2.1 Microwave and Ultrasound 
Many researches seek for the improvement of catalysts in biodiesel production. Reactions 
employing ultrasound (Santos et al, 2009) and microwave (Leadbeater & Stencel, 2006) 
techniques represent a great advance. Ultrasound (Chand et al, 2010) and microwaves 
(Barnard et al, 2007) as auxiliary techniques facilitate the interaction between methoxide 
ions and reagents, increasing the process efficiency, obtaining higher yields in a shorter 
reaction time. Reaction employing these techniques can be performed at mild temperatures 
due to a higher kinetic energy in the reaction medium, facilitating also the miscibility among 
the reactants (Fukuda, 2001).  

2.2.2 Transesterification using supercritical fluids 
This is a non catalytic method to produce biodiesel, which has the several advantages. One 
of them concerns the shorter reaction time than the traditional catalyzed transesterification. 
This is possible because the initial reaction lag time is overcome due to the reaction is 
proceeded in a single homogeneous phase since the supercritical methanol is fully miscible 
with the vegetable oils. Moreover, the reaction rate is very high and the subsequent 
purification is much simpler than that of the conventional process. The supercritical route is 
also characterized by high yield because of simultaneous transesterification of 
triacylglycerols and esterification of fatty acids. This process is environmentally friendly 
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seen that waste water containing alkali or acid catalysts is not produced. The disadvantages 
of this process regard the high costs, the necessity of a high pressure system (200-400 bar), 
high temperatures (350-400°C) and high methanol/oil rates (Balat, M.H., 2008; Melero et. al, 
2009). 

2.2.3 Hydrotreating 
Hydrotreating is a process that produces biodiesel through a hydrotreatment of 
triacylglycerols. The hydrocarbons are produced by two reaction pathways: 
hydrodeoxygenation (HDO) and hydrodecarboxylation (HDC). n-Alkanes originating from 
HDO have the same carbon number as the original fatty acid chain, i.e., even carbon 
number, typically 16 or 18. Water and propane are the main reaction by-products of this 
route (Snare et al, 2007). 

2.3 Biodiesel purification process 
Separation and purification of biodiesel is a critical task.  Normally, the crude biodiesel 
produced by homogeneous catalysis can be separated from glycerol by simple gravitational 
settling or centrifugation, due to their notable difference in phase density (biodiesel 880 
kg/m3 and glycerol 1050 kg/m3 or more). Washing ester phase with water or an acid 
mineral or base solution to remove base/acid catalyst residues, for example, can be also 
applied to remove free glycerol, soap, excess alcohol, and residual catalyst. Finally the 
biodiesel is dried after neutralization. For methanol recycle vacuum distillation can be used 
prior to glycerin purification. When the biodiesel is obtained by a heterogeneous catalysis, 
this one is removed by a filtration process. 
However, these conventional technologies and other ones like decantation, washing with 
ether and the use of absorbents have proven to be inefficient, time and energy consumptive, 
and less cost effective. On the other hand, the involvement of membrane reactor and 
separative membrane shows great promise for the separation and purification of biodiesel. 
Membrane technology needs to be explored and exploited to overcome the difficulties 
usually encountered in the separation and purification of biodiesel (Zhang et al, 2003; 
Atadashi et al., 2011).  

3. Biodiesel properties and their influence on engine performance 
3.1 The fatty acid composition of feedstocks and the influence on the properties of 
biodiesel fuel 
The most common feedstocks for biodiesel production are commodities such as vegetable 
oils derived from soybean, palm and sunflower seed. These materials possess fatty acid 
profiles consisting primarily of five fatty acids with carbon chains containing 16 to 18 carbon 
atoms (C16 to C18) namely palmitic acid (hexadecanoic-C16: 0), stearic acid (octadecanoic, 
C18: 0), oleic acid (9 (Z)-octadecenoic - C18: 1), linoleic (9 (Z), 12 (Z)-octadecadienoic acid - 
C18: 2), linolenic (9 (Z), 12 (Z), 15 (Z) , octadecatrienoic acid- C18: 3). The proportions of 
different fatty acids in feedstocks influence the properties of biodiesel. Some of the most 
relevant properties to be considered for a biodiesel candidate to be used as a substitute for 
diesel fuel (or blended with the same) are cetane number, viscosity, cold flow properties and 
oxidative stability. Lubricity is another important parameter for a fuel but it is independent 
on the fatty acid composition. 
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Two major problems to be overcome in biodiesel are the poor properties at low 
temperatures and low oxidative stability. In most cases these two problems occur with the 
same sample. They result from physical and chemical properties of fatty esters, the major 
components of biodiesel and minor constituents that arise during the transesterification 
reaction or are from raw materials. 
The profile of methyl esters found in greater proportion in soybean is about 11% C16: 0, 4% 
C18: 0, 21-24% C18: 1, 49-53% C18:2, 7-8% C18: 3 which provides cetane number in the range 
of 48-52, kinematic viscosity at 40 °C equal to 4.10 to 4.15 mm2s-1 and cloud point 
approximately equal to 0 oC (Knothe et al., 2005, Mittelbach and Remschmidt, 2004). 
Rapessed (canola) methyl esters have a fatty acid profile approximately 4% C16:0, 2% C18:0, 
58-62% C18:1, 21-24% C18:2, 10-11% C18:3 and present cetane number in the range of 51-55, 
kinematic viscosity at 40 °C around 4,5 mm2s-1 and cloud point of approximately -3 °C 
(Knothe et al., 2005, Mittelbach and Remschmidt, 2004). Thus the difference in fatty acid 
profile, more specifically concerning C18:1 and C18:2 contents, which had their values 
almost reversed in the case presented, causes a noticeable change in fuel properties. 
Many researches have focused on resolving or at least reducing problems related to low 
oxidative stability and cold flow properties of biodiesel. Some trials in this way involves the 
addition of additives and changes in the composition of fatty esters, that can be reached 
varying either the reactive alcohol or the oil fatty acid profile. Changing the fatty acid profile 
can be achieved by physical methods, genetic modification of feedstock or use of alternative 
feedstocks with different fatty acid profiles. 
Important features regarding the use of neat biodiesel or its blends with diesel fuel include 
reduced emissions, with the exception of nitrogen oxides, compared to petrodiesel 
(petroleum-derived diesel fuel), biodegradability, absence of sulfur, inherent lubricity, 
positive energy balance, higher flash point, compatibility with existing infrastructure for 
distribution of fuel, to be renewable and a domestic source. The American ASTM D6751-08a, 
the European EN 14214:2008 and the Brazilian ANP no 7 standards deal with the technical 
specifications for biodiesel to be used in internal combustion cycle diesel engine taking into 
account the advantage of utilizing the existing infrastructure for distribution of diesel 
ensuring fuel quality for the final consumer. Table 1 shows the specifications recommended 
by American, European and Brazilian standards aiming biodiesel utilization as fuel. 

3.2 The influence of cetane number on combustion and atmospheric emissions 
The cetane number (CN) is a dimensionless parameter related to the ignition delay time 
after fuel injection into the combustion chamber of a diesel engine. A higher cetane number 
results in a shorter ignition delay time and vice versa. A cetane scale was established, being 
hexadecane commonly used as reference compound, with CN = 100, and 2,2,4,4,6,8,8-
heptamethylnonane, a highly branched compound with poor ignition quality in a diesel 
engine, with CN =15.  
The cetane scale explains why the triacylglycerols, such as those found in vegetable oils, 
animal fats and their derivatives, are suitable alternatives to diesel fuel. The reason is the 
long chain, linear and unbranched fatty acids, chemically similar to those in n-alkanes of 
conventional diesel fuels with good quality.  
The cetane number of fatty esters increases with the increase of saturation and carbon chain. 
Thus, the CN of methyl palmitate and methyl stearate (C16: 0 and C18: 0) is greater than 80 
(Knothe et al., 2003), the CN of methyl oleate (C18: 1) is in the range of 55-58, the methyl 
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linolenate is (C18: 2) around 40 and the methyl linolenato is (C18: 3) around 25. Esters 
derived from branched alcohols such as isopropanol have CN values comparable to methyl 
esters or other ester with alkylic chain (Knothe et al., 2003, Zhang & Gerpen, 1996) linear, 
although the cost of production once isopropyl alcohol is more expensive than methanol 
and ethanol costs.  
In general biodiesel does not require additives to improve cetane number, because its 
cetane number generally reaches the minimum values established in the international 
technical specifications. An exception may be the methyl esters of soybean that did not 
reach the minimum of 51 set by EN 14214:2008 (EN 14214:2008, 2009) but usually reach 
the minimum set of 47 recommended in ASTM D6751 (ASTM D6751-08a, 2008), as shown 
in Table 1.  
Cetane number may influence both the quality of combustion and vehicle emissions. Several 
international agencies like the EPA (Environmental Protection Agency - USA) and the 
CONAMA (National Environment Council - Brazil) set limits and goals for reducing 
pollutants automotive emissions. In diesel cycle engines, the main pollutants are 
hydrocarbons, carbon monoxide, nitrogen oxides (NOx) and particulate matter. Reducing 
these emissions requires improving the combustion process, the treatment of exhaust gases 
from existing engines and technical fuels specifications. A low cetane number leads to 
difficulties in cold starting, increases emissions and noise level of combustion. If the cetane 
number is high may occur an increase in particulate emissions but NOx emissions decrease. 
Samples of biodiesel with low level of triacylglicerols, especially those with polyunsaturated 
fatty acids of C18:3, should show low levels of NOx emissions. Linear correlation was 
obtained between the level of unsaturation of biodiesel indicated by iodine number, the 
density of biodiesel and NOx emissions (McCormick et al., 2001). Thus little amounts of 
unsaturated fatty acids may reduce the density and the NOx emissions. An important 
property of biodiesel is its ability to reduce total particulate emissions of the engine and also 
carbon monoxide and hydrocarbons contents of exhaust gases. However biodiesel causes an 
increase in NOx emissions. Increasing CN to a certain level (around 60) implies in the 
reduction of NOx emissions (Landommatos et al., 1996).  
An experiment was conducted with the OM 611 diesel engine light load of Damler Benz 
with ultra low sulfur content diesel (ULSD), conventional diesel and B20 blend of pure 
methylic soybean biodiesel and ULSD. The results obtained with the B20 blend showed no 
differences in NOx content compared to the two reference diesel fuels. Reductions of 
particulate matter by 32% and 14%, respectively, compared to conventional diesel fuel and 
USLD were observed with B20 blend (Sirman, et al., 2000).  
The causes for the increase of NOx associated with biodiesel for fuel injection systems are 
related to a small displacement in the range of fuel injection which is caused by differences 
in mechanical properties of biodiesel compared to conventional diesel (Tat & van Gerpen, 
2003; Monyem et al., 2001). Due to the higher modulus of compressibility (or sound speed) 
of biodiesel, there is a faster transfer of the pressure wave of the injection pump to the 
injector needle resulting in anticipation of lifting the needle and the production of a small 
advance in the injection interval. It was observed that samples of B100 derived from 
soybeans produces an increase of one degree in the injection interval, which was 
accompanied by a four degree at the start of combustion (Sybist & Boehman, 2003). 
Strategies that can be used to reduce NOx emissions to a level equivalent to that of 
conventional diesel involve increase of cetane number by use of additives.  
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Specification 

Standards 
ASTM D6751-08a EN 14214:2008 ANP n o 7 

Test 
method Limit Test 

method Limit Test 
method Limit 

Cetane number 
ASTM 
D613; 
D6890 

47 
minimum

EN ISO 
5165 

51  
minimum 

ASTM D613; 
D6890  

EN ISO 5165 
Report 

Kinematic 
viscosity 

ASTM 
D445 

1.9-6.0 
mm2s-1 

EN ISO 
3104 

3.5-5.0 
mm2s-1 

ASTM D445; 
EN ISO 3104; 

ABNT 
NBR10441 

3.0-6.0 
mm2s-1 

Oxidative stability EN 14112 3h 
minimum EN 14112 6h  

minimum EN 14112 6h   
minimum 

Cloud Point ASTM 
D2500 Report - - - - 

Cold filter 
plugging point - - EN 116 

Depending
on time of 
year and 
location 

ASTM 6371; 
EN 116; 
ABNT 

NBR14747 

19 oC 

Cold 
soak/Filterability 

Annex to 
D6751 Report - - EN 12662 24 mg/Kg 

(max.) 

ASTM - American Society for Testing and Materials; ISO - International Standards Organization; ANP - 
National Agency of Oil, Gas and Biofuels ; NBR - Brazilian Standard; ABNT - Brazilian Association of 
Technical Standards 

Table 1. Specifications of biodiesel standards that affect the properties of alkyl esters as fuel 
in diesel cycle engines (a). 

It was observed that B20 blends of soy diesel respond well to conventional peroxide di-t-
butyl, a cetane improver, when tested on DDC Series 60 engines of 1991 (McCormick , et al., 
2001). The biodiesel NOx was reduced by 6.2% without the contribution of 9.1% in reducing 
emissions of particulate matter to be compromised and B20 blend produced no noticeable 
increase in NOx of this engine. The peroxide, di-t-butyl nitrate and 2-ethylhexyl were tested 
in a similar engine (Sharp, 1994) and the reduced levels of NOx in exhaust emissions were 
confirmed. Notice the economy of this procedure if necessary high levels of additives.  

3.3 The importance of viscosity in the use of biodiesel as fuel 
Viscosity is one of the properties that most affect the use of biodiesel as a fuel since the 
atomization process, the initial stage of combustion in a diesel engine, is significantly 
affected by the viscosity of the fuel. The viscosity of the transesterified oils, ie, biodiesel is 
less than their vegetable oil sources, which explains the failure to use pure vegetable oils as 
alternative fuels to diesel. The high viscosity of untransesterified oils leads to operational 
problems in diesel engine for example increased engine deposits. Viscosity in the form of 
Kinematic viscosity is specified in quality standards of biodiesel, which exhibit a range with 
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linolenate is (C18: 2) around 40 and the methyl linolenato is (C18: 3) around 25. Esters 
derived from branched alcohols such as isopropanol have CN values comparable to methyl 
esters or other ester with alkylic chain (Knothe et al., 2003, Zhang & Gerpen, 1996) linear, 
although the cost of production once isopropyl alcohol is more expensive than methanol 
and ethanol costs.  
In general biodiesel does not require additives to improve cetane number, because its 
cetane number generally reaches the minimum values established in the international 
technical specifications. An exception may be the methyl esters of soybean that did not 
reach the minimum of 51 set by EN 14214:2008 (EN 14214:2008, 2009) but usually reach 
the minimum set of 47 recommended in ASTM D6751 (ASTM D6751-08a, 2008), as shown 
in Table 1.  
Cetane number may influence both the quality of combustion and vehicle emissions. Several 
international agencies like the EPA (Environmental Protection Agency - USA) and the 
CONAMA (National Environment Council - Brazil) set limits and goals for reducing 
pollutants automotive emissions. In diesel cycle engines, the main pollutants are 
hydrocarbons, carbon monoxide, nitrogen oxides (NOx) and particulate matter. Reducing 
these emissions requires improving the combustion process, the treatment of exhaust gases 
from existing engines and technical fuels specifications. A low cetane number leads to 
difficulties in cold starting, increases emissions and noise level of combustion. If the cetane 
number is high may occur an increase in particulate emissions but NOx emissions decrease. 
Samples of biodiesel with low level of triacylglicerols, especially those with polyunsaturated 
fatty acids of C18:3, should show low levels of NOx emissions. Linear correlation was 
obtained between the level of unsaturation of biodiesel indicated by iodine number, the 
density of biodiesel and NOx emissions (McCormick et al., 2001). Thus little amounts of 
unsaturated fatty acids may reduce the density and the NOx emissions. An important 
property of biodiesel is its ability to reduce total particulate emissions of the engine and also 
carbon monoxide and hydrocarbons contents of exhaust gases. However biodiesel causes an 
increase in NOx emissions. Increasing CN to a certain level (around 60) implies in the 
reduction of NOx emissions (Landommatos et al., 1996).  
An experiment was conducted with the OM 611 diesel engine light load of Damler Benz 
with ultra low sulfur content diesel (ULSD), conventional diesel and B20 blend of pure 
methylic soybean biodiesel and ULSD. The results obtained with the B20 blend showed no 
differences in NOx content compared to the two reference diesel fuels. Reductions of 
particulate matter by 32% and 14%, respectively, compared to conventional diesel fuel and 
USLD were observed with B20 blend (Sirman, et al., 2000).  
The causes for the increase of NOx associated with biodiesel for fuel injection systems are 
related to a small displacement in the range of fuel injection which is caused by differences 
in mechanical properties of biodiesel compared to conventional diesel (Tat & van Gerpen, 
2003; Monyem et al., 2001). Due to the higher modulus of compressibility (or sound speed) 
of biodiesel, there is a faster transfer of the pressure wave of the injection pump to the 
injector needle resulting in anticipation of lifting the needle and the production of a small 
advance in the injection interval. It was observed that samples of B100 derived from 
soybeans produces an increase of one degree in the injection interval, which was 
accompanied by a four degree at the start of combustion (Sybist & Boehman, 2003). 
Strategies that can be used to reduce NOx emissions to a level equivalent to that of 
conventional diesel involve increase of cetane number by use of additives.  
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Table 1. Specifications of biodiesel standards that affect the properties of alkyl esters as fuel 
in diesel cycle engines (a). 

It was observed that B20 blends of soy diesel respond well to conventional peroxide di-t-
butyl, a cetane improver, when tested on DDC Series 60 engines of 1991 (McCormick , et al., 
2001). The biodiesel NOx was reduced by 6.2% without the contribution of 9.1% in reducing 
emissions of particulate matter to be compromised and B20 blend produced no noticeable 
increase in NOx of this engine. The peroxide, di-t-butyl nitrate and 2-ethylhexyl were tested 
in a similar engine (Sharp, 1994) and the reduced levels of NOx in exhaust emissions were 
confirmed. Notice the economy of this procedure if necessary high levels of additives.  

3.3 The importance of viscosity in the use of biodiesel as fuel 
Viscosity is one of the properties that most affect the use of biodiesel as a fuel since the 
atomization process, the initial stage of combustion in a diesel engine, is significantly 
affected by the viscosity of the fuel. The viscosity of the transesterified oils, ie, biodiesel is 
less than their vegetable oil sources, which explains the failure to use pure vegetable oils as 
alternative fuels to diesel. The high viscosity of untransesterified oils leads to operational 
problems in diesel engine for example increased engine deposits. Viscosity in the form of 
Kinematic viscosity is specified in quality standards of biodiesel, which exhibit a range with 
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minimum and maximum values for this parameter. Although there are standardized 
methods for determining the kinematic viscosity as shown in Table 1, several studies have 
been conducted to predict the viscosity of biodiesel from its composition of fatty ester. 
Assuming a soy biodiesel made from soybean oil containing 0.1% C14: 0, 10.3% C16: 0, 4.7% 
C18: 0, 22.5% C18: 1, 54 1% of C18: 2 and 8.3% of C18: 3, Allen et al., 1999 using the equation 
of Grunberg & Nissan, 1949, modified, predicted the value of 3.79 mm2s-1 for the viscosity of 
methylic soybean biodiesel. The viscosity of fatty esters increases with the chain length and 
with increasing degree of saturation (Kern and Van Nostrand, 1949).  
This rule also applies to alcohol used in the reaction, since the viscosity of ethyl esters is 
slightly higher than that of methyl esters. The configuration of double bonds also influences 
the viscosity. If there are only double bonds in cis configuration is observed remarkable 
reduction in viscosity, as well as esters with double bonds in the trans configuration have 
viscosities similar to the corresponding saturated esters (Kern & Van Nostrand, 1949). 

3.4 Cold flow properties of biodiesel and its blends with diesel 
3.4.1 Biodiesel and cold flow properties 
The mixtures such as biodiesel do not possess defined melting points, but melting ranges. 
This fact reflects in the specifications used in biodiesel standards.  
The cloud point (CP) is the temperature at which the first solids appear, but the fuel can still 
flow, although these solids can lead to fuel filter plugging (Dunn and Bagby, 1995).  
The pour point, usually a few degrees below the cloud point, is the temperature at which the 
fuel can no longer be freely poured.  
Several other methods exist for determining the low-temperature properties of biodiesel. 
These are the cold filter plugging point (CFPP) and low-temperature flow test (LTFT) (Dunn 
and Bagby, 1995). The CP and CFPP are included in biodiesel standards without severity 
since in ASTM D6751 for the value of CP only a report is required and the CFPP value in EN 
14214 can vary with time of year and geographic location. The low-temperature properties 
of biodiesel are also influenced by the properties of individual components. The melting 
point of fatty esters generally increase with chain length (although chains with odd numbers 
of carbon have slightly lower melting points that the preceding even-number chain) and 
increasing saturation (Knothe, 2009).  
Intending to provide the industry with an independently generated set of cold flow 
information on a variety of fuels in the market of the United States in 2009 with the new 
Ultra Low Sulfur Diesel Fuel (ULSD), cloud point, cold filter plugging point (CFPP) and low 
temperature flow test (LTFT) methods were used to assess the cold-flow properties for 
seven different biodiesel fuels blended with four different ULSD fuels representing the span 
of the market in 2009 (Heck, Thaeler, Howell and Hayes, 2009). The neat fuels were tested in 
addition to biodiesel blends with ratios of 2% biodiesel (B2), 5% biodiesel (B5), 11% biodiesel 
(B11), 20% biodiesel (B20) and 50% biodiesel (B50) for cloud point, CFPP, and LTFT. The 
pour point of the neat biodiesel and B50 blends were also analyzed. Three petrodiesel fuels 
with cloud points of -47,5 oC, -16 oC and -11 oC were used to produce petrodiesel having 
target cloud points of -40 oC, -34,4 oC, -26,1 oC, and -12,2 oC. Seven biodiesel (B100) samples 
were selected. Three of them with low cloud point, vegetable oil base, in this case soybean 
oil from various manufacturing processes (distilled biodiesel, non distilled biodiesel from 
hexane extracted oil, non distilled biodiesel from extruder-expeller oil) were collected from 
commercial biodiesel producers. Four additional biodiesels of mid to mid-high to high cloud 
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points from commercial biodiesel producers representing mixed saturation levels, blends of 
soybean, animal, and recycled oil based biodiesel. The cloud point values of the various 
B100 samples were -2,5 oC, -2,0 oC, -1,5 oC, 1,0 oC, 7,0 oC , 8,0 oC , and +12,0 oC. In some cases 
the impact on cold flow properties of blending biodiesel with petrodiesel appeared to be 
mostly linear, while in others the impact was curvilinear. In all cases except a few with low 
blends of biodiesel where the CFPP of the blend was slightly below that of the petrodiesel, 
the blended fuel values fell between the pure petrodiesel and pure biodiesel values for all 
three cold flow measurements. 
 Biodiesel blends primarily B20 of soybean biodiesel (SME) and diesel n o2 have also been 
used in a variety of climates including some of the coldest weather on record without cold 
flow problems. A study to determine the CFPP of blends containing up 20% (SME) and 
Number 2 (no 2) diesel was conducted. The University of Missouri prepared the samples 
that were analyzed in the Cleveland Technical Center in Kansas City, United States. The 
characteristics of the no 2 Diesel and the SME are shown in Table 2. The results suggest that 
the blends with the highest content of biodiesel begin to gel first. Higher concentrations of 
biodiesel, eg, above 20% may not be suitable for use in cold climates without mixing large 
quantities of kerosene in combination with cold flow proven enhancers specific to the 
conventional diesel (National Biodiesel Board- 2007/2008).  
 

Blends's components Cloud Point (oC) Pour Point (oC) CFPP (oC) 
n o 2 Diesel -15,6 oC -34,4 oC -17,2 oC 

Soy Methyl Esters (SME) 0 oC -3,9 oC -5,6 oC 

Table 2. Characteristics of the components of the blends. 

Literature data show that ethyl esters and specially isopropyl esters improve low-
temperature properties of biodiesel compared to methyl esters. Isopropyl and isobutyl esters 
of common soybean oil exhibited crystallization temperatures 7-11 and 12-14 oC lower than 
the corresponding methyl esters (Lee at all., 1995). The data suggest that the fuel blend that 
begins to gel first contains the highest concentration of biodiesel. Higher concentrations of 
biodiesel, eg, above 20% may not be suitable for use in cold climates without mixing large 
quantities of kerosene in combination with proven enhancers of cold-flow properties 
specific to the conventional diesel. 

3.4.2 Diesel fuel background information relevant to biodiesel 
The cold weather operability of diesel fuel is defined as the lowest temperature which a 
vehicle will operate without loss of power due to waxing of the fuel delivery system. Diesel 
fuels composition and cold flow properties vary greatly across the United States. Cold flow 
characteristics of diesel fuels are influenced by the source of the crude oil they are made 
from, how they are refined and if they are blended to improve performance during cold 
weather. The cold temperature properties of diesel fuel vary across the country depending 
on the time of year the fuel is produced and the climate. Generally, diesel fuels used in cold 
climates have better cold flow characteristics than diesel fuels used in warmer regions. Both 
of these statements have a direct impact on the operability of biodiesel blends in cold 
weather.  
The refining process separates the crude oil into mixtures of its constituents, based primarily 
on their volatility. Diesel fuels are on the heavy end of a barrel of crude oil. This gives diesel 
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minimum and maximum values for this parameter. Although there are standardized 
methods for determining the kinematic viscosity as shown in Table 1, several studies have 
been conducted to predict the viscosity of biodiesel from its composition of fatty ester. 
Assuming a soy biodiesel made from soybean oil containing 0.1% C14: 0, 10.3% C16: 0, 4.7% 
C18: 0, 22.5% C18: 1, 54 1% of C18: 2 and 8.3% of C18: 3, Allen et al., 1999 using the equation 
of Grunberg & Nissan, 1949, modified, predicted the value of 3.79 mm2s-1 for the viscosity of 
methylic soybean biodiesel. The viscosity of fatty esters increases with the chain length and 
with increasing degree of saturation (Kern and Van Nostrand, 1949).  
This rule also applies to alcohol used in the reaction, since the viscosity of ethyl esters is 
slightly higher than that of methyl esters. The configuration of double bonds also influences 
the viscosity. If there are only double bonds in cis configuration is observed remarkable 
reduction in viscosity, as well as esters with double bonds in the trans configuration have 
viscosities similar to the corresponding saturated esters (Kern & Van Nostrand, 1949). 

3.4 Cold flow properties of biodiesel and its blends with diesel 
3.4.1 Biodiesel and cold flow properties 
The mixtures such as biodiesel do not possess defined melting points, but melting ranges. 
This fact reflects in the specifications used in biodiesel standards.  
The cloud point (CP) is the temperature at which the first solids appear, but the fuel can still 
flow, although these solids can lead to fuel filter plugging (Dunn and Bagby, 1995).  
The pour point, usually a few degrees below the cloud point, is the temperature at which the 
fuel can no longer be freely poured.  
Several other methods exist for determining the low-temperature properties of biodiesel. 
These are the cold filter plugging point (CFPP) and low-temperature flow test (LTFT) (Dunn 
and Bagby, 1995). The CP and CFPP are included in biodiesel standards without severity 
since in ASTM D6751 for the value of CP only a report is required and the CFPP value in EN 
14214 can vary with time of year and geographic location. The low-temperature properties 
of biodiesel are also influenced by the properties of individual components. The melting 
point of fatty esters generally increase with chain length (although chains with odd numbers 
of carbon have slightly lower melting points that the preceding even-number chain) and 
increasing saturation (Knothe, 2009).  
Intending to provide the industry with an independently generated set of cold flow 
information on a variety of fuels in the market of the United States in 2009 with the new 
Ultra Low Sulfur Diesel Fuel (ULSD), cloud point, cold filter plugging point (CFPP) and low 
temperature flow test (LTFT) methods were used to assess the cold-flow properties for 
seven different biodiesel fuels blended with four different ULSD fuels representing the span 
of the market in 2009 (Heck, Thaeler, Howell and Hayes, 2009). The neat fuels were tested in 
addition to biodiesel blends with ratios of 2% biodiesel (B2), 5% biodiesel (B5), 11% biodiesel 
(B11), 20% biodiesel (B20) and 50% biodiesel (B50) for cloud point, CFPP, and LTFT. The 
pour point of the neat biodiesel and B50 blends were also analyzed. Three petrodiesel fuels 
with cloud points of -47,5 oC, -16 oC and -11 oC were used to produce petrodiesel having 
target cloud points of -40 oC, -34,4 oC, -26,1 oC, and -12,2 oC. Seven biodiesel (B100) samples 
were selected. Three of them with low cloud point, vegetable oil base, in this case soybean 
oil from various manufacturing processes (distilled biodiesel, non distilled biodiesel from 
hexane extracted oil, non distilled biodiesel from extruder-expeller oil) were collected from 
commercial biodiesel producers. Four additional biodiesels of mid to mid-high to high cloud 
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points from commercial biodiesel producers representing mixed saturation levels, blends of 
soybean, animal, and recycled oil based biodiesel. The cloud point values of the various 
B100 samples were -2,5 oC, -2,0 oC, -1,5 oC, 1,0 oC, 7,0 oC , 8,0 oC , and +12,0 oC. In some cases 
the impact on cold flow properties of blending biodiesel with petrodiesel appeared to be 
mostly linear, while in others the impact was curvilinear. In all cases except a few with low 
blends of biodiesel where the CFPP of the blend was slightly below that of the petrodiesel, 
the blended fuel values fell between the pure petrodiesel and pure biodiesel values for all 
three cold flow measurements. 
 Biodiesel blends primarily B20 of soybean biodiesel (SME) and diesel n o2 have also been 
used in a variety of climates including some of the coldest weather on record without cold 
flow problems. A study to determine the CFPP of blends containing up 20% (SME) and 
Number 2 (no 2) diesel was conducted. The University of Missouri prepared the samples 
that were analyzed in the Cleveland Technical Center in Kansas City, United States. The 
characteristics of the no 2 Diesel and the SME are shown in Table 2. The results suggest that 
the blends with the highest content of biodiesel begin to gel first. Higher concentrations of 
biodiesel, eg, above 20% may not be suitable for use in cold climates without mixing large 
quantities of kerosene in combination with cold flow proven enhancers specific to the 
conventional diesel (National Biodiesel Board- 2007/2008).  
 

Blends's components Cloud Point (oC) Pour Point (oC) CFPP (oC) 
n o 2 Diesel -15,6 oC -34,4 oC -17,2 oC 

Soy Methyl Esters (SME) 0 oC -3,9 oC -5,6 oC 

Table 2. Characteristics of the components of the blends. 

Literature data show that ethyl esters and specially isopropyl esters improve low-
temperature properties of biodiesel compared to methyl esters. Isopropyl and isobutyl esters 
of common soybean oil exhibited crystallization temperatures 7-11 and 12-14 oC lower than 
the corresponding methyl esters (Lee at all., 1995). The data suggest that the fuel blend that 
begins to gel first contains the highest concentration of biodiesel. Higher concentrations of 
biodiesel, eg, above 20% may not be suitable for use in cold climates without mixing large 
quantities of kerosene in combination with proven enhancers of cold-flow properties 
specific to the conventional diesel. 

3.4.2 Diesel fuel background information relevant to biodiesel 
The cold weather operability of diesel fuel is defined as the lowest temperature which a 
vehicle will operate without loss of power due to waxing of the fuel delivery system. Diesel 
fuels composition and cold flow properties vary greatly across the United States. Cold flow 
characteristics of diesel fuels are influenced by the source of the crude oil they are made 
from, how they are refined and if they are blended to improve performance during cold 
weather. The cold temperature properties of diesel fuel vary across the country depending 
on the time of year the fuel is produced and the climate. Generally, diesel fuels used in cold 
climates have better cold flow characteristics than diesel fuels used in warmer regions. Both 
of these statements have a direct impact on the operability of biodiesel blends in cold 
weather.  
The refining process separates the crude oil into mixtures of its constituents, based primarily 
on their volatility. Diesel fuels are on the heavy end of a barrel of crude oil. This gives diesel 
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fuel its high BTU content and power, but also causes problems with diesel vehicle operation 
in cold weather when this conventional diesel fuel can gel. This is not an issue for gasoline 
vehicles. A tremendous amount of effort has been spent over the years to understand how to 
deal with the cold flow properties—or the low temperature operability--of existing 
petroleum based diesel fuel. The low temperature operability of diesel fuel is commonly 
characterized by the cloud point, and the cold filter plugging point (CFPP) or the low 
temperature filterability test (LTFT). In general, Number 2 diesel fuel will develop low 
temperature problems sooner than will Number 1 diesel fuel. Number 1 diesel fuel is 
sometimes referred as kerosene. The gelling of diesel fuel in cold climates is a commonly 
known phenomenon and diesel fuel suppliers, as well as customers and diesel engine 
designers, have learned over time to manage the cold flow problems associated with 
Number 2 diesel fuel in the winter time. The leading options to handle cold weather with 
diesel fuel are: -Blending with kerosene;-Utilization of an additive that enhances cold flow 
properties;-Utilization of fuel tank, fuel filter or fuel line heaters;-Storage of the vehicles in 
or near a building when not in use. In most diesel engine systems today, excess diesel fuel is 
brought to the engine and warm fuel that has come close to the engine is recycled back to 
the fuel tank. This assists in keeping the fuel from gelling in cold weather. This is, in part, 
why diesel engines are kept running overnight at truck stops in cold climates (Bickell, 2008; 
Krishna & Butcher, 2008; Joshi & Pegg, 2007). 

3.4.3 The impact of minor components of the vegetable oils in the cold flow properties 
of biodiesel 
The presence of sterol glucosides (SGs), wax, monoglycerides, saturated fatty acids and 
polymers in both B100 and blends with petrodiesel can limit the application of these fuels 
due to problems with precipitation. In the last years researches have shown that biodiesel 
precipitations can arise even if specifications of this biofuel are met. Special attention has 
been dedicated to the SGs, components commonly found in vegetables and in oils derived 
from soybean, rapeseed and palm that will be processed to produce biodiesel. Usually the 
concentration of SGs in vegetable oils is not significant since they are mostly found as sterol 
glucosides acylated (ASGs). The ASGs have average solubility in vegetable oils, but after 
transesterification they are broken down chemically by removing the side chain containing 
the fatty acid and they are converted partially to SGs. This class of compounds is not soluble 
in biodiesel and its crystallization is extremely slow and depends on temperature, other 
impurities (as crystallization nuclei) and surface effects. However, even a brand new 
biodiesel, meeting all the specifications, presents precipitation of SGs after a few days of 
storage/transport.  
The spontaneous clogging of the filters in the production unit or in the supply chain has 
been observed in Minnesota, United States with a B2 blend of soybean methyl esters and 
diesel. Several other places in the world have also observed this occurrence with B5 blend. 
The precipitates do not contain only SGs but also ASGs and other substances. In some cases 
sources containing higher concentrations of ASGs could be responsible for the deposits. The 
concentration of SGs and ASGs in vegetable oils depends on the feedstock and on the 
process used by industry to obtain them. The literature suggests that the highest 
concentrations of SGs and ASGs will be found in soybean and palm oil. Rapeseed oil usually 
has low concentrations of these compounds. In order to minimize the effect of SGs and 
ASGs on the FAME-Biodiesel (Fatty Acid Methyl Esters –biodiesel) and their blends with 

 
Soybean Biodiesel and Metrology 

 

381 

petrodiesel, special treatments of the esters in an oil refinery, or the use of adsorbents could 
be possible solutions for a post-processing of FAME (Haupt et al., 2009). 

3.5 The effect of the impurities in the quality of biodiesel 
Biodiesel is composed by alkyl esters (generally methyl esters) that can be analyzed as tool 
for controlling the transesterification yield. Low concentration of triacylglycerols is an 
indicative that transesterification is almost complete. Seen that this kind of reaction is 
reversible, excess of alcohol must be added to ensure that transesterification will prone to 
esters production. If great amount of alcohol remains in the biodiesel its flash point 
decreases and problems with storage and transport can occur. Glycerine is a by-product of 
transesterification that must be recovered in order to avoid solid in diesel engines. Standard 
methods that must be employed to determine triacylglycerols, alcohol (methanol), total ester 
and glycerine are presented in Figure 2. 
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Fig. 2. Methods to quantify some organic impurities present in biodiesel. 

Transesterification reaction proceeds in three main steps, shown in Figure 3. Firstly the 
triacylglycerols are transformed into diacylglycerols and then, these ones are converted into 
monoacylglycerols, which in turn reacts with alcohol yielding glycerine and an ester. 
Glycerine can be present in biodiesel in a free form or combined with glycerides. The total 
glycerine is the sum of these 2 glycerine forms. Maximum limits of methanol, glycerides, 
free and total glycerine contents in biodiesel, as standard methods for determination of these 
parameters are shown in Table 3. 
All the methods described in Table 3, for determination of the concentration of the organic 
compounds in biodiesel, employ gas chromatography. So, a typical soybean biodiesel 
chromatogram, acquired in accordance with EN 14105 standard, is presented in Figure 4. 
This chromatogram shows the peak of free glycerin (1) and of the internal standards 
(butanetriol (2) and tricaprine (5)) utilized to quantify free glycerine and mono, di and 
triglycerides, respectively. It is also observed the regions where the methyl esters (3), 
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fuel its high BTU content and power, but also causes problems with diesel vehicle operation 
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monoglycerides (4), diglycerides (6) and triacylglycerols (7) are eluted. This standard 
method was developed for rapeseed methyl esters determination, but they have been 
applied successfully for the same determination in soybean and sunflower derivate. In 
Brazil, Resolution ANP no7 demands the method validation when EN 14105 is employed to 
analyze biodiesel samples derived from feedstocks other than rapessed, or when biodiesel 
was produced from by ethylic route. 
 

Triacylglycerol       +    R* OH                         Diacylglycerol        +    RCOOR*

Diacylglycerol        +    R* OH                         Monoacylglycerol  +    RCOOR*

Monoacylglycerol  +    R* OH                         Glycerine                 +    RCOOR*

Cat.

Cat.

Cat.
 

Fig. 3. Steps of the transesterification reaction. 

 

Specification 

Standards 
ASTM D6751-08a EN 14214:2008 ANP  n o 7 
Test 

method 
Limit 

(g/100g) 
Test 

method 
Limit 

(g/100g) 
Test 

method 
Limit 

(g/100g) 
Methanol EN 14110 0,20 max. EN 14110 0,20 max. EN 14110 0,20 max. 

Free glycerine ASTM 
D6584 

0,02 max. 
 EN 14105 0,02 max.

 
ASTM D6584 

EN 14105 
0,02 max. 

 

Monoglycerides - - EN 14105 0,80 max. ASTM D6584 
EN 14105 0,80 max. 

Diglycerides - - EN 14105 0,20 max. ASTM D6584 
EN 14105 0,20 max. 

Triglycerides - - EN 14105 0,20 max. ASTM D6584 
EN 14105 0,20 max. 

Total glycerine ASTM 
D6584 0,24 EN 14105 0,25 max. ASTM D6584 

EN 14105 0,25 max. 

ASTM - American Society for Testing and  Materials; ISO - International Standards Organization; ANP 
- National Agency of Oil, Gas and Biofuels 

Table 3. Methods and limits of the impurities present in biodiesel. 

3.6 Oxidative stability 
The oxidation of fatty acid chain is a complex process proceeded by a variety of 
mechanisms. Oxidation of biodiesel is due to the unsaturation in fatty acid chain and 
presence of double bonds in the molecule which offers high level of reactivity with O2, 
especially, when it is placed in contact with air/water. The primary oxidation products of 
double bonds are unstable allylic hydroperoxides which are unstable and easily form a 
variety of secondary oxidation products. This includes the rearrangement of product of 
similar molecular weights to give short chain aldehydes, acids compounds and high 
molecular weight materials. 
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Fig. 4. Soybean biodiesel chromatogram obtained in accordance with EN 14105 standard 
(Source: Organic Analysis Laboratory- INMETRO - 2008). 

Peroxidation occurs by a set of reactions categorized as initiation, propagation, and 
termination, as shows Figure 5. The reaction mechanism involved in the first step is the 
removal of hydrogen from a carbon atom to produce a carbon free radical. If diatomic 
oxygen is present, the subsequent reaction to form a peroxyl radical becomes extremely fast, 
not allowing significant alternatives for the carbon-based free radical. The peroxyl free 
radical is not reactive compared to carbon free radical, but is sufficiently reactive to quickly 
abstract hydrogen from a carbon to form another carbon radical and a hydroperoxide 
(ROOH). The new carbon free radical can then react with diatomic oxygen to continue the 
propagation cycle. This chain reaction terminates when two free radicals react with each 
other to yield stable products. 
Fatty oils that contain more poly-unsaturation are more prone to oxidation. Literature 
reveals the relative rate of oxidation for the methyl esters of oleic (18:1), linoleic (18:2), and 
linolenic (18:3) acids to be 1:12:25 (Siddharth & Sharma, 2010). 
 

 
Fig. 5. Mechanism of peroxidation of fatty acids 

The biodiesel oxidative stability study is a very important parameter to measure the product 
quality, mainly about its feedstock. This parameter is a measure of time required to reach 
the point where the oxidation increases sharply. This methodology is useful to determinate 
the final biodiesel stability under several oxidative conditions. Useful appropriate oxidative 
automatic techniques are Petrooxy, differential scanning calorimetry (DSC), Pressure 
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Termination: R· + R·  R–R  
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Differential Scanning Calorimetry (PDSC) (Dufaure et al, 1999) and mainly Rancimat 
technique. At the Rancimat technique, oxidative stability is based on the electrolytic 
conductivity increase (Hadorn & Zurcher, 1974.). The biodiesel is prematurely aged by the 
thermal decomposition. The formed products by the decomposition are blown by an air 
flow (10L/ 110 ºC) into a measuring cell that contains bi-distilled, ionized water. The 
induction time is determined by the conductivity measure and this is totally automatic. 
Rancimat is the most used technique to determine finalized biodiesel stability, under 
oxidative accelerated conditions, according to standard EN14112. 
At the PetroOxy Technique, the sample is inducted to oxidation through an intense oxygen 
flow, manipulating by this way the stability conditions through a specific apparatus. The 
analysis time is recorded as the required time to the sample absorbs 10% of oxygen pressure. 
The differential scanning calorimetry (DSC) monitors the difference in energy 
provided/released between the sample (reagent system) and the reference system (inert) as 
a function of temperature when both the system are subjected to a controlled temperature 
program. Changes in temperature sample are caused by rearrangements of induced phase 
changes, dehydration reaction, dissociation or decomposition reactions, oxidation or 
reduction reaction, gelatinization and other chemical reactions. 
The Pressure Differential Scanning Calorimetry (PDSC) is a thermo analytical technique that 
measures the oxidative stability using a differential heat flow between sample and reference 
thermocouple under variations of temperatures and pressure. This technique differs from 
the Rancimat for being a fast method and presents a more variable - the pressure, allowing 
to work at low temperatures and using a small amount of sample (Candeia, 2009). 

3.6.1 Antioxidants used in biodiesel 
Most of biodiesel has a lower value of oxidative stability than recommended by current 
legislation (Ji-Yeon, 2008 & Ferrari, 2009) (Table 4), the soybean derivative has also the same 
inconvenient. This characteristic is due to the rich composition in mono and 
polyunsaturated fatty acids from the soybean oil.  
 

Source of Biodiesel Oxidative Stability (h) 
Sunflower 1,17 
Jatropha 3,23 
Soybean 3,87 

Palm 11,00 

Table 4. Oxidative stability of biodiesel samples produced from different sources. 

Compounds containing allylic and bis-allylic have greater reaction fragility with oxygen due 
to the formation of stable resonance structure, as shows Figure 6. 
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Fig. 6. Methylenic ,Allylic and bis allylic hidrogens at triacylglycerol (Asadukas et al, 2007). 
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The allylic hydrogen reactivity is 40 times greater than the methylene hydrogen and the bis-
allylic is 100 times more reactive than the methylene hydrogen (Knothe, 2007).  
The main characteristic for a substance be considered a good antioxidant is its capacity to 
react with oxygen faster than the biodiesel components, mainly the unsaturated 
compounds. Moreover, the radicals generated in this reaction have to be stable enough and 
less reactive with the initial biodiesel components or even with the generated products from 
the biodiesel reaction.  
Denisov & Khudyakov (1987) divide the antioxidants class in four groups: 
Group 1 - Inhibitors that terminate chains through reactions with peroxyl radicals, including 
phenols, aromatic amines, diamines, and aminophenols;  
Group 2 - Inhibitors that terminate chains through reactions with alkyl radicals, including 
stable radicals, quinones, quinone imines, methylenequinones, nitro compounds, and 
condensed aromatic hydrocarbons (these inhibitors are effective when dissolved oxygen 
concentration is low);  
Group 3 - Agents that decompose peroxides without generating free radicals, including 
sulfides, disulfides, phosphites, metal thiophosphates, and carbamates;  
Group 4 - Complexing agents that deactivate heavy metals are capable of catalyzing 
hydroperoxide decomposition to free radicals, thereby promoting oxidation, including 
diamines, amino acids, hydroxy acids and other bifunctional compounds. 
Compounds from the group 3 contain sulfur that turn difficult its use as biodiesel for 
environmental reasons. Compounds from the group two are effective only for oxygen low 
concentrations.  
Actually there are two substances classes are very useful for this purpose: phenols and 
aromatics amines. These compounds are cheap and very useful at oil and polymers industry 
and are the most useful at biodiesel industry. 
Figure 7 shows the oxidative stability of biodiesel containing different types of phenol 
antioxidants. Its stability can be up to 5 times higher when tert-Butylhydroquinone (TBHQ) 
is added, Karavalis, 2011.  
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Fig. 7. PA= Propylgallate (3,4,5-trihydroxybenzoate) ; PG= Pyrogallol (benzene-1,2,3-triol) ; 
BHA= mixture of the isomers 2 and 3-tert-butyl-4-hydroxyanisol; BHT= di-tert-butyl-metil-
phenol (Butylated hydroxytoluene) ; TBHQ= tert-Butylhydroquinone. 
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4. The importance of metrology for biodiesel quality 
4.1 Efforts for harmonization of biodiesel standards 
In 2006, the Government of Brazil, the European Commission (representing the European 
Union) and the Government of the United States of America, during trilateral discussions, 
affirmed their belief that the current market for biofuels is viable. The market will continue 
to grow within these regions and the international trade in biofuels would increase 
significantly by the end of this decade (Tripartite Task Force, 2007). However, a potential 
barrier to global trade in biofuels concerns the differences among the standards describing 
and ruling their composition and properties.  
To overcome these potential barriers, a conference was organized by the European 
Commission and the European Committee for Standardization (CEN), with the active 
participation of the U.S. National Institute of Standards and Technology (NIST) and the 
Brazil’s National Institute of Metrology, Standardization, and Industrial Quality 
(INMETRO). This meeting, held in Brussels in February, 2007, convened a broad range of 
private-sector biofuels experts and government representatives from the EU, US and Brazil. 
The participants confirmed that differing standards for biofuels were a potential handicap to 
the free circulation of biofuels among the three regions.  
To support the global trade of biofuels, representatives of Brazil, the EU and the U.S. agreed 
to promote, whenever possible, the compatibility of biofuels-related standards in their 
respective regions. Such compatibility would not only facilitate the increasing use of 
biofuels in each of the regional markets, but also would support both exporters and 
importers of biofuels by helping to avoid adverse trade implications in a global market. 
Subsequently, the International Biofuels Forum (IBF) – a governmental initiative among 
Brazil, China, the European Commission, India, South Africa, and the United States – was 
launched in March, 2007 to promote the sustained use and production of biofuels around 
the globe. The IBF also concluded that trade will play an increasing role in providing 
adequate supplies of biofuels to the markets where the energy demand for transport fuel is 
rising at an accelerated rate.  
In June, 2007, a NIST and INMETRO-sponsored Biofuels Symposium in Washington, DC, 
convened representatives from Brazil, the EU and the U.S. to build on the work begun in 
Brussels. These representatives agreed to review existing documentary standards for 
biofuels and identify areas where greater compatibility could be achieved in the short, 
medium and long term. According to the tripartite agreement, the standards to be 
considered were those produced by Brazilian Association for Technical Standards (ABNT), 
Brazilian Petroleum, Gas and Biofuels Agency (ANP), European Committee for 
Standardization (CEN) and American Society for Testing and Materials (ASTM 
International) and in effect before the end of 2007. It was further agreed that only standards 
pertaining to the biofuels being currently traded – biodiesel and bioethanol – would be 
addressed; this was further limited to pure biofuels and not to ready-made blends. 
Comprised of representatives from the private and public sectors, the Biodiesel Tripartite 
Task Force and the Bioethanol Tripartite Task Force each started their technical work in July. 
The immediate task was to classify the various specifications into three categories: 
 Category A: specifications that are already similar; 
 Category B: specifications with significant differences between parameters and 

methods, but which might be aligned by work on documentary standards and 
measurement standards; and 
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 Category C: specifications with fundamental differences, perhaps due to emissions or 
environmental regulations within one or more regions, which are not deemed 
bridgeable in the foreseeable future. 

There were commonalities with the approach and methodology used by both of the Task 
Forces. Each of the two groups assembled and translated existing standards from ABNT, 
ASTM International and CEN, and the units for specifications were converted to a common 
basis. Each Task Force first compared the standards as they presently exist. Since it was 
noted that many parameters were different, the Task force members entered into 
discussions and negotiations and were able to make specific recommendations to address 
these differences. They further agreed that these recommendations should be forwarded to 
standards bodies for consideration and possible implementation. Here, we will only present 
all biodiesel discussions to compatibility biodiesel standards. Summary results from each 
group are listed below in Table 5. 

4.2 General considerations for biodiesel standards 
The current standards established to govern the quality of biodiesel on the market are based 
on a variety of factors which vary from region to region, including characteristics of the 
existing diesel fuel standards, the predominance of the types of diesel engines most 
common in the region, and the emissions regulations governing those engines. Europe, for 
example, has a much larger diesel passenger car fleet, while United States and Brazilian 
markets are mainly comprised of heavier duty diesel engines. It is therefore not surprising 
that there are some significant differences among the three sets of standards. 
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Other sources of regional differences in biodiesel standards arise from the following factors. 
The biodiesel standards in Brazil and the U.S. are applicable for both fatty acid methyl esters 
(FAME) and fatty acid ethyl esters (FAEE), whereas the current European biodiesel standard 
is only applicable for fatty acid methyl esters (FAME). Also, the standards for biodiesel in 
Brazil and the U.S. are used to describe a product that represents a blending component in 
conventional hydrocarbon based diesel fuel, while the European biodiesel standard 
describes a product that can be used either as a stand-alone diesel fuel or as a blending 
component in conventional hydrocarbon based diesel fuel. 
It should also be noted that some specifications for biodiesel are feedstock neutral and some 
have been formulated around the locally available feedstocks. The diversity in these 
technical specifications is primarily related to the origin of the feedstock and the 
characteristics of the local markets. Though this currently translates into some significant 
divergence in specifications and properties of the derived fuels – which could be perceived 
as an impediment to trade – in most cases it is possible to meet the various regional 
specifications by blending the various types of biodiesel to the desired quality and 
specifications. 
The Task Force members classify the various specifications according with the limits for 
each parameter. They have collaboratively assembled a definitive and widely vetted list of 
Brazilian, EU and US standard specifications that are similar. In addition, they have 
identified a list of specifications that have significant, but alignable differences. Perhaps 
even more importantly, some indirect benefits have been derived. There is widespread 
agreement amongst the participating experts that the discussions and commitment to cross-
border cooperation have been a major accomplishment that will support the increase in 
global trade of biofuels. The experts now have a better understanding of reasons why 
regional differences exist, and a new atmosphere of collegiality has been created – not only 
between countries but also between the private and public sector representatives. These 
positive outcomes foster a working environment that will support ongoing movement 
towards enhanced compatibility among the biofuels standards. 
After the discussions, it was concluded that: 
 standardization bodies of the tripartite agreement (i.e., ABNT, ANP, CEN and ASTM 

International) as a basis for ongoing discussions and cooperation that will promote 
alignment and mitigate divergence among evolving standards and specifications. 

 other members of the International Biofuels Forum as a basis for ongoing discussions 
on more closely aligning their respective specifications and prioritizing future efforts 
for maximum impact. 

 request the standardization bodies of the Tripartite Agreement to consider adapting 
existing national standards wherever appropriate. Furthermore the standardization 
bodies should attempt where possible, when developing and updating their standards 
on biodiesel from now on to consider the opportunity to align with the other standards 
in question; 

 support efforts to initiate an analysis of the categorized specifications to study trade 
implications and appropriate next steps for harmonization; 

 support the development of internationally-accepted reference methods and certified 
reference materials for improving the accuracy of measurement results that underpin 
assessment of product quality, and help facilitate trade.  
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4.3 Development of Internationally-accepted reference methods and certified 
reference materials 
Beyond the difference among the standards, an unacceptable barrier to trade, are the 
measurement disagreements between countries. To overcome such problems it is necessary 
to have an international infrastructure within which it is possible to make comparable 
measurements (Wielgoz & Kaarls, 2009). 
This is true for all areas of measurements including chemical ones. Such a system requires 
measurement standards that have long-term stability and are internationally recognized. 
The International System of Units (SI) represents such a system, and by the use of traceable 
measurements provides an international infrastructure for comparable measurements. This 
system is demonstrated in Fig. 8. 
 

 
Fig. 8. Traceability scheme. 

The International System of Units (SI) is at the top of the system (Dube, 2001). Its units are 
realized by standards. A measurement is a process, in the course of which the measurand is 
compared to a standard. For practical measurements, usually a working standard not a 
primary standard is used. To state the uncertainty of the measurement result, the 
uncertainty of the value assigned to the working standard must be known. It results from 
the uncertainty of the comparison measurement of the working standard with the reference 
standard. The uncertainty of the value assigned to the reference standard results from the 
uncertainty of the comparison measurement of the reference standard with the primary 
standard. This chain of comparison measurements is exactly what the definition of the term 
“traceability” means. If the traceability of a measurement result is guaranteed, its 
uncertainty can be stated. From this considerations it follows that metrology can provide the 
tools, necessary to get reliable measurement results. 
Metrology is the science of measurement, embracing both experimental and theoretical 
determinations at any level of uncertainty in any field of science and technology. Within a 
robust metrological system the values of measurement standards and measurement results 
are linked via comparisons or calibrations which take into account the measurement 
uncertainty of the linking processes. Measurement uncertainty is the parameter associated 
with the results of a measurement, that characterizes the dispersion of the values that could 
reasonably be attributed to the measurand. 
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The ISO Guide to the Expression of Uncertainty in Measurement (GUM) (BIPM et al., 2008) 
and the Eurachem (CITAC, 2000) guide on measurement uncertainty provide guidance on 
the evaluation of measurement uncertainty. The property of the result of a measurement or 
the value of a measurement standard whereby it can be related to stated references, usually 
national or international measurement standards, through an unbroken chain of 
comparisons all having stated uncertainties, is termed (metrological) traceability. Where 
these stated references are realizations of the SI units the term SI-traceable is used. 
Traceability is the basis of the comparability of a measurement: whether the result of a 
measurement can be compared to the previous one, a measurement result a year ago, or to 
the result of a measurement performed anywhere else in the world. Traceability is most 
often obtained by calibration, establishing the relation between the indication of a 
measuring instrument and the value of a measurement standard. 
In the field of analytical chemistry the term Certified Reference Material (CRM) is more 
often used than measurement standard. A CRM is a reference material, accompanied by a 
certificate, one or more of whose property values are certified by a procedure which 
establishes traceability to an accurate realization of the unit in which the property values are 
expressed, and for which each certified value is accompanied by an uncertainty at a stated 
level of confidence. 
Metrological traceability (Eurachem/CITAC, 2003) may also be established to a reference 
method, defining the measurand and fixing a number of influence parameters, the results of 
which are expressed in SI units, and an approach that has been documented for the field of 
laboratory medicine. In the field of metrology in chemistry the role of a National Metrology 
Institute (NMI) involves: realization, maintenance and dissemination of the units; 
development and application of primary measurement methods; establishment of 
traceability structure, guaranteeing the equivalence of measurement standards using 
programs which facilitate traceable measurements to be achieved, including the provision of 
certified reference materials, both as pure materials and calibration solutions as well as 
matrix reference materials for method validation or calibration.  
For producers of CRMs, there are three ISO Guides that assist the set-up of a facility to 
produce and certify RMs and to ensure that the quality of thus-produced CRMs meet the 
requirements of the end-users (ISO, 2006). ISO Guide 34 (ISO, 2009) outlines the 
requirements to be met by a CRM producer to demonstrate competence, whereas the Guide 
35 provides assistance on how to meet these requirements. At a fairly generic level, this 
Guide provides models for homogeneity testing, stability testing, and the characterization of 
the candidate CRM. 
ISO Guide 31(ISO, 2000) describes the format and contents of certificates for CRMs. In some 
ways, this Guide can be seen as an application of the Guide to the Expression of Uncertainty in 
Measurement (GUM) with respect to the peculiarities of the production of CRMs. Where 
possible, the Guide 35 makes reference to the GUM, as the latter describes in detail how to 
evaluate measurement uncertainty of a value obtained from measurement. This Guide 
complements the GUM in a sense that it provides additional guidance with respect to the 
inclusion of the uncertainties due to the (remaining) batch inhomogeneity and instability of 
the CRM in the uncertainty of the property values, and the determination of these 
uncertainty contributions. 
Thorough knowledge of the material and its properties, and of the measurement methods 
used during homogeneity testing, stability testing and characterization of the material, 
along with a thorough knowledge of the statistical methods (Eurachem/CITAC, 2000), are 
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needed for correct processing and interpretation of experimental data in a typical 
certification project. It is the combination of these required skills that makes the production 
and certification of RMs so complex. The greatest challenge in these projects is to combine 
these skills to allow a smooth implementation of RM certification. 
Three categories of values can be assigned for certified reference materials producers: 
Certified values fulfill the highest standards for reliability. They are traceable to stated 
references and are accompanied by a GUM (BIPM, JCGM 100:2008) compatible expanded 
uncertainty statement valid for the entire shelf life of the CRM. Indicative values are not 
certified due to either a larger uncertainty than required for the intended use or insufficient 
variety of methods used in the characterization. The information is therefore unsuitable for 
certification at the accuracy required for certified values. Additional material information 
are values created during the certification exercise, which are usually the result of one 
method only and indicate the order of magnitude rather than an accurate value. 
In summary, certified values are those values the certifying body is confident in assigning 
with the highest accuracy, while indicative values display higher uncertainties and/or lack a 
full traceability statement. This hierarchy in reliability is shown by the fact that only 
certified values are on the first page of the certificate. It follows that certified values are 
more assured than indicative values which in turn are more assured than additional 
material information. 
The measurement method used for the homogeneity study should have very good 
repeatability and selectivity. The main purpose of the homogeneity assessment is, however, 
to detect unexpected problems, for example due to contamination during packaging 
(Linsinger et al., 2000, Van der Veen et al., 2000, 2001a, 2001b). To establish the homogeneity, 
a statistically defined number of bottles is randomly selected and analyzed for all relevant 
property values. For evaluation of homogeneity results, unifactorial analysis of variance 
(“one-way ANOVA”) (Van der Veen & Pauwels, 2000) is applied. The stability of the 
reference materials have to be assessed for all parameters, by measuring the property values 
periodically during the course of the project. In this case, where samples are measured on 
different days, the selectivity and the reproducibility of the measurement method are of 
great importance. Therefore, methods for homogeneity and stability studies are not 
necessarily the same. This is not a problem so long as traceability of the results of the 
homogeneity and stability studies and characterization to a common reference are 
established. Such a reference may be a material that is suitable for assessing the various 
calibrations or results from different measurement methods. Ensuring the traceability of all 
measurements in a certification project is an important requirement. 
For the characterization of the candidate reference material, the producer shall use and 
document technically valid procedures to characterize its reference materials. It shall 
comply with the requirements of ISO Guide 35 and ISO/IEC 17025 for testing, calibration 
and related activities. There are several technically valid approaches for characterizing a 
reference material. These include carrying out measurements using: a) a single (primary) 
method in a single laboratory; b) two or more independent reference methods in one or 
several laboratories; c) one or more methods of demonstrable accuracy, performed by a 
network of competent laboratories; d) an approach providing method-specific, operationally 
defined property values, using a network of competent laboratories. 
Depending on the type of reference material, its intended use, the competence of the 
laboratories involved and the quality of methods employed, one approach may be chosen as 
appropriate. Results obtained from proficiency testing can be used only if the competence of 
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uncertainty statement valid for the entire shelf life of the CRM. Indicative values are not 
certified due to either a larger uncertainty than required for the intended use or insufficient 
variety of methods used in the characterization. The information is therefore unsuitable for 
certification at the accuracy required for certified values. Additional material information 
are values created during the certification exercise, which are usually the result of one 
method only and indicate the order of magnitude rather than an accurate value. 
In summary, certified values are those values the certifying body is confident in assigning 
with the highest accuracy, while indicative values display higher uncertainties and/or lack a 
full traceability statement. This hierarchy in reliability is shown by the fact that only 
certified values are on the first page of the certificate. It follows that certified values are 
more assured than indicative values which in turn are more assured than additional 
material information. 
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to detect unexpected problems, for example due to contamination during packaging 
(Linsinger et al., 2000, Van der Veen et al., 2000, 2001a, 2001b). To establish the homogeneity, 
a statistically defined number of bottles is randomly selected and analyzed for all relevant 
property values. For evaluation of homogeneity results, unifactorial analysis of variance 
(“one-way ANOVA”) (Van der Veen & Pauwels, 2000) is applied. The stability of the 
reference materials have to be assessed for all parameters, by measuring the property values 
periodically during the course of the project. In this case, where samples are measured on 
different days, the selectivity and the reproducibility of the measurement method are of 
great importance. Therefore, methods for homogeneity and stability studies are not 
necessarily the same. This is not a problem so long as traceability of the results of the 
homogeneity and stability studies and characterization to a common reference are 
established. Such a reference may be a material that is suitable for assessing the various 
calibrations or results from different measurement methods. Ensuring the traceability of all 
measurements in a certification project is an important requirement. 
For the characterization of the candidate reference material, the producer shall use and 
document technically valid procedures to characterize its reference materials. It shall 
comply with the requirements of ISO Guide 35 and ISO/IEC 17025 for testing, calibration 
and related activities. There are several technically valid approaches for characterizing a 
reference material. These include carrying out measurements using: a) a single (primary) 
method in a single laboratory; b) two or more independent reference methods in one or 
several laboratories; c) one or more methods of demonstrable accuracy, performed by a 
network of competent laboratories; d) an approach providing method-specific, operationally 
defined property values, using a network of competent laboratories. 
Depending on the type of reference material, its intended use, the competence of the 
laboratories involved and the quality of methods employed, one approach may be chosen as 
appropriate. Results obtained from proficiency testing can be used only if the competence of 
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the laboratories involved has been checked and it has been ensured that the measurements 
done comply with ISO/IEC 17025.  The single (primary) method approach shall be carried 
out only when the procedure and expertise enable it to ensure metrological traceability. 
More usually, a property value can be reliably assessed when its value is confirmed by 
several laboratories working independently and using more than one method, for each of 
which the accuracy has been well established. 
Primary methods play an essential role in the practical realization of the base units of the SI 
and hence in establishing traceability to the SI throughout metrology (Milton, 2001). There 
are seven SI units (meter, kilogram, second, ampere, Kelvin, mole, candela). They are the 
essential first link in such a chain of traceability because they do not require prior 
knowledge of any measurement of the same quantity.  Explained briefly, a primary method 
of measurement allows a quantity to be measured in terms of a particular SI unit without 
reference to a standard or measurement already expressed in that unit. It is thus, in 
principle, completely independent of measurements of the same quantity, but calls upon 
measurements expressed in other units of the SI. By their nature, primary methods are 
unbiased (their results are accurate) but they may not necessarily be precise. Those primary 
methods that are at the same time precise are the ones that are useful in practice. Put in a 
different way, a primary method provides the means to transform the abstract definition of 
an SI unit into practical measurements made in terms of that unit. This is sometimes referred 
to as a “realization” of that unit, but this statement can be confusing because it gives the 
impression that the result is in some way a concrete materialization of the unit. In some 
cases such a concrete materialization can be made (although it is not possible for the mol 
unit) but, more importantly, a primary method allows measurements to be made in terms of 
that unit and this is the main characteristic of a primary method. The potential primary 
methods available for the chemical area are very few, they are: Gravimetry, Titrimetry, 
Coulometry, Calorimetry (Differential Scanning Calorimetry), Isotope Dilution Mass 
Spectrometry (IDMS), Instrumental Neutral Activation Analysis (INAA).   
The biggest challenge involving the characterization of a biodiesel CRM is the lack of 
primary methods for all parameters that involves the biodiesel quality assessment. 
Therefore, some efforts are being made in that sense. Inmetro and NIST have teamed up to 
develop a CRM for several parameters for biodiesel derived from soybean and animal fat. 
The composition of the materials had to be close to specification levels, for those parameters 
where international agreement on these levels exists. Characterization is carried out for 
those parameters where SI traceability of the measurement results is possible. NIST and 
Inmetro reported the results accompanied by a complete uncertainty statement calculated 
according to the “Guide to the expression of uncertainty in measurement”(GUM) (BIPM, 
JCGM 100:2008). These CRMs are available at NIST homepage. 
Additional effort concerns BIOREMA project (Inmetro et al., 2008) which involved not only 
Inmetro and NIST, but also several European National Metrology Institutes as Laboratory of 
Government for Chemistry - LGC and National Physical Laboratory- NPL (England), Van 
Swinden Laboratory - VSL (Netherlands), Institute for Reference Material and 
Measurements - IRMM (Belgium). Initially, this group intended to develop a (Certified) 
Reference Material for biodiesel from rapeseed/canola and conducted homogeneity, 
stability and characterization studies in test samples to obtain certified values.  
However NMI’s results for several parameters were not harmonized as expected, so these 
test samples were not possible to be used as CRM. On the other hand, these results were not 
dismissed, and they can be used as reference value for intercomparisons.  Thus, the 
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BIOREMA group decided to promote a proficiency testing within Brazilian, American and 
European testing laboratories. In this proficiency testing, soybean and animal fat biodiesel 
CRM’s, developed by Inmetro and NIST, were included. The agreement of results provided 
by participating laboratories, and the consensus related to reference values, were perceived 
as satisfactory.  A clear demand was expressed for RMs of biodiesel derived not only from 
one feedstock but from the various ones. This fact happens due to the considerable 
difference in chemical and physical properties among biodiesels deriving form the diverse 
sources, which make harder the accommodation of all aspects relevant in quality control 
and the validation of analytical methods.  
This project concluded that this was a positive example of collaboration among metrology 
institutes and useful exercise for establishing a common approach to the production of 
biofuels reference materials. However, for several specifications, the assignment of an SI 
traceable value still need further research due to the complexity of the material.  

5. Conclusion 
The use of fuels derived form renewable sources, like crops, microorganisms or animal 
derivates, bring several advantages related to the environment, economy and the fewer 
dependence on the main fossil energy source, petroleum. Concerning environmental aspects 
the main fact that has been constantly emphasized, and actually is one the greatest 
advantage of using biofuels, is related to the reduction of greenhouse gases exhausts. Since 
biofuels are derived form renewable sources, the burning of biofuels in internal combustion 
engines linked to the renovation of those sources which biofuels are derived from, allows 
the establishment of CO2 recycling in environment. Moreover, biodiesel production, 
especially in Brazil, has presented a great social advantage, seen that small farmers are 
encouraged to produce and furnish the raw material, which in turn stimulate the local 
economy of small cities and create new job positions.  
From all the possible and already studied biodiesel sources, soybean presents great 
prominence. Soybean is a widespread culture, adapted to cultivation in several climates and 
countries, there is cultivation technology available and the logistics chain is well established. 
Otherwise, some aspects related to biodiesel production, economy, supplying and technical-
economic availability need more profound studies. Literature points that a change in fatty 
acids profile of some feedstocks, using biologically modified species, in order to attend both 
human consumption and its utilization as fuel, would be one the most appropriate 
alternative for biodiesel replaces efficiently petrodiesel. Other aspect to be considered 
regards the byproduct glycerine recycling, as transforming it into products with commercial 
interest. Other point to be addressed is the gradual substitution of feedstocks that today are 
commodities (like soybean) for alternative raw materials that have less commercial 
importance, as macauba (Acrocomia aculeata) and jatropha (Jatropha curcas). This substitution 
would undervaluate biodiesel production costs. Biodiesel quality control has also crucial 
importance. Concerning this subject there is a great need for the development of robust and 
specific analytical methods, since the existing ones are adapted from the petrodiesel quality 
control. Moreover, in order to ensure biodiesel quality, although some efforts have been 
done, only two certified reference materials (soybean and animal fat + soybean based ones) 
are available. Another challenge concerns the development or enhancement for getting more 
efficient biodiesel production processes, seen that the actual ones, like those employing 
homogeneous or heterogeneous catalysis, still present several drawbacks.   
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1. Introduction 
Weedy and invasive plants cost Americans billions of dollars annually in crop damage and 
lost earnings. Various Western states have reported annual weed control costs in the 
hundreds of millions of dollars. Herbicides account for more than 72 per cent of all 
pesticides used on agricultural crops. $4 billion was spent herbicides in the US in 2006 and 
2007 (Grube, et al, 2011). The USDA Economic Research Service reported that adoption of 
herbicide-tolerant soybeans had grown to 70%  from 1996 to 2001, yet significant impacts on 
farm financial net returns attributable to adoption has yet to be documented. Nebraska is 
part of regional strategic pest plan published in 2002. During 2001, 97% of the soybean acres 
in Nebraska were treated with herbicides. One means of improving economic benefit is to 
develop more efficient management inputs, which may be accomplished with better 
selection of the kind of pesticide and/or site-specific application of pesticides. Moreover, 
measuring the impact of various management inputs often depends on manual visual 
assessment and perhaps this could be automated. One method for estimating impact on 
crop yield loss includes counting weeds per length of row or determining weed populations 
by species. In order to improve the weed suppression tactics, accurate mapping and 
assessment of weed populations within agricultural fields is required. See Figure 1. Weed 
mapping and taxonomy are major activities and species type found in all regions, which 
cover much broader ecological areas other than farm fields. These are shown by active 
websites in Nebraska, Iowa, Pennsylvania, Montana, Nevada, Colorado, and California, as 
examples. Weed and invasive species mapping also has international implications, 
(Montserrat, et al, 2003). Efforts of this type support integrated pest management (IPM) 
programs of both Crops and Risk (CAR) and Risk Avoidance and Mitigation (RAMP) which 
involve profitability and environmental stewardship and risk management, by providing a 
tool for timely acquisition of weed information. Research in this area promotes an 
interdisciplinary, IPM systems approach to weed mapping. There is high labor cost 
associated with the manual scouting of fields to obtain such maps.  

2. Spatial variability of weed populations 
Weeds are present in every field and lawn every year. The severity of the weed population 
is determined by local management practices such as the previous crop in the rotation and 
the herbicide use. According to a 2002 North Central strategic plan, tillage remained a major 
tool for controlling perennials, although the dilemma is that tillage contributes to soil 
erosion. Weed spatial distributions are unique, with monocot infestations more patchy than 
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Weeds are present in every field and lawn every year. The severity of the weed population 
is determined by local management practices such as the previous crop in the rotation and 
the herbicide use. According to a 2002 North Central strategic plan, tillage remained a major 
tool for controlling perennials, although the dilemma is that tillage contributes to soil 
erosion. Weed spatial distributions are unique, with monocot infestations more patchy than 
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dicots (Mortensen et al., 1992 and Johnson et al., 1993, 1995). Monocots differ architecturally 
from dicots. Most weeds are serious competitors for moisture and soil nutrients. By first 
classifying the weed as either a monocot or dicot, a herbicide could be selected that most 
effectively controls that type of plant, resulting in better application efficiencies. Most post-
emergent herbicides are selective in controlling one plant type or the other. Wiles and 
Schweizer (1999, 2002) researched the spatial distribution of weed seed banks using soil 
samples to map locations of weed seed banks in a given field. Seed banks have been found 
distributed in a patchy manner. Using the maps as a guide, farmers could treat just the weed 
patches with minimal amounts of the appropriate chemical. Site-specific weed management 
could mean a significant reduction in herbicide use, which saves the farmer money and 
benefits the environment. However, a large number of soil and plant samples are needed to 
get an accurate map—and that can be costly. 
Stubbendick, et al (2003) provided a comprehensive compendium of weedy plants found 
across the Great Plains of the United States. Color plates were provided of canopy 
architecture and sometimes close-ups of individual leaves, flowers, and fruit. A hand 
drawing of canopy architecture was also given. In order to recognize a particular species, 
one needs to understand the concept of inflorescence and various plant taxonomy terms. 
There are many existing plant image databases around the United States. However, their 
suitability as reference images has yet to be determined for machine vision applications. An 
important application using machine vision is site-specific or spot herbicide application 
systems to reduce the total amount of chemical applied (Lindquist et al., 1998, 2001 a,b; 
Medlin, et al, 2000). Therefore, a major need for improved weed IPM and ecological 
assessment of invasive plant species is the development of a low-cost, but high resolution, 
machine vision system to determine plant incidence, even when imbedded with other 
plants, and to identify the species type. Machine vision systems should assist in the creation 
of plant field maps, leading to valid action thresholds (National Roadmap for IPM 2004). 

3. Machine vision 
Field plants, residue, and soil ecosystems are very complex, but, machine vision technology 
has the potential to systematically unravel and identify plants using optical properties, 
shape, and texture of leaves (Meyer et al., 1998). Considerable research has been reported 
using optical or remote sensing sensors to identify crop health by surface reflectance of 
green plants in agricultural fields (Gausman et al., 1973; Tucker, et al, 1979; Gausman et al., 
1981; Thomas, et al, 1988; Storlie et al., 1989, Tarbell and Reid, 1991.; Franz et al., 1991b; and 
others). Hagger, et al (1983, 1984) reported the first prototype, reflectance-based plant sensor 
for spraying weeds. Hummel and Stoller (2002) evaluated a later commercial weed sensing 
system and noted their problems. Tian, et al (1999) developed a simple weed seeker in 
Illinois. Unfortunately, subsequent optical, non-image, sensor-based weed seekers and spot 
sprayers have not gained commercial acceptance for various reasons:  first, single-element 
optical sensors can change the size of their field of view based on lens properties and 
distance to a target. Secondly, sensed reflectance properties may change according to the 
spatial contents of target components within the field of view Woebbecke, et al (1994); and 
finally, these sensors therefore may not always distinguish conclusively between crop, 
weed, or soil residue background. The voltage signal originating from an optical diode or 
transistor along with the Gaussian lens system used creating the field of view is a weighted 
average-problem, where the proportions of contributing reflectance and spatial contents are 
unknown. That problem can be solved only by spatial image analysis.  
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Image analysis is a mathematical process to extract, characterize, and interpret tonal 
information from digital or pixel elements of a photographic image. The amount of detail 
available depends on the resolution and tonal content of the image. The process is iterative, 
starting with large features followed by more detail, as needed. However, shape or textural 
feature extraction first requires identification of targets or Regions of Interest (ROI). These 
regions are then simply classified as green plants or background (soil, rocks, and residue). 
ROI’s can be also identified with supervised control of the camera or field of view 
(Woebbecke, et al, 1994, Criner, et al, 1999), using a supervised virtual software window, 
cropping of selected areas, or unsupervised crisp or fuzzy segmentation procedures. ROI’s 
are then binarized to distinguish target and background. Binarized images are then used for 
shape analysis or boundary templates for textural feature analysis. The binary image is 
combined with tonal intensity images of the targets (Gerhards and Christensen, 2003, Meyer 
et al., 1999; Kincaid and Schneider, 1983; Jain, 1989; Gonzalez and Woods, 1992; and others). 
Machine vision offers the best potential to automatically extract, identify, and count target 
plants, based on color, shape, and textural features (Tillett et al. 2001). However, directing 
the image analysis process toward the classical botanical taxonomic, plant identification 
approach has previously required considerable supervised human intervention. A major 
problem is the presentation of plant features including individual leaves and canopy 
architecture to a discrimination or classification system. Camargo Neto, et al (2004 a,b; 2005) 
presented a combination of traditional image processing techniques, fuzzy clustering, 
pattern recognition, and a fuzzy inference neural network to identify plants, based on 
leaves. A particular difficult problem was the development of an algorithm to extract 
individual leaves from complex canopies and soil/residue color images. 
If image vegetative/background classification is to be useful for plant species identification, 
a separated plant region of interest (ROI) must be found to provide important canopy 
information needed to discriminate at the very least, broadleaf versus grass species 
(Woebbecke et al., 1995a; Meyer et al., 1998). Four basic steps for a computerized plant 
species classification system were presented by Camargo Neto (2004). The first step is 
creating a binary image which accurately separates plant regions from background. The 
second step is to use the binary template to isolate individual leaves as sub images from the 
original set of plant pixels (Camargo Neto, et al, 2006a). A third step was to apply a shape 
feature analysis to each extracted leaf (Camargo Neto, et al, 2006b). The fourth and final step 
was to classify the plant species botanically using additional leaf venation, textural features 
acquired during the previous steps (Camargo Neto and Meyer, 2005).  Machine vision plant 
image analysis has been greatly enhanced through the introduction of the automatic color 
and focusing digital camera (Meyer, et al, 2004). Digital cameras when run in the automatic 
mode make decisions on “best picture”, and thus are extremely popular as consumer 
products. 

4. Vegetation indices 
The use of vegetation indices in remote sensing of crop and weed plants is not new. It 
represents the first step shown in Figure 2. Studies for crop and weed detection have been 
performed using different spectral bands and combinations for vegetative indices 
(Woebbecke et al. 1995b, El-Faki, et al., 2000ab, Marchant et al., 2004; Wang et al., 2001, 
Lamm et al., 2002; Mao et al., 2003; Yang et al., 2003). Color vegetation indices utilize only 
the red, green and blue spectral bands. The advantage of using color indices is that they 
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Fig. 1. A strategic approach to weed assessment. 

accentuate a particular color such as plant greenness, which should be intuitive by human 
comparison. Woebbecke et al. (1995a) was one of the first researchers to test vegetation 
indices that were derived using color chromatic coordinates and modified hue for 
distinguishing green plant material in images from bare soil, corn residue, and wheat straw 
residue. Woebbecke’s indices (without row and column indices of each pixel) included: 

 Color indices:  ( r - g , g - b , g - b
r - g

, and 2 g - r - b )    (1) 

where:  r, g, and b are known as the chromatic coordinates (Wyszecki and Stiles, 1982), given 
as: 

 
* * *

* * * * * * * * *
R G Br = , g = , and  b = 

R +G +B R +G +B R +G +B
    (2) 

and: * * *R , G , and B  are normalized RGB values ( 0 to 1), defined as: 

 * * *

m m m

R G BR  = , G  = , and B  = 
R G  B

  

R, G, and B  are the actual pixel values obtained from color images, based on each RGB 
channel or band. 
Rm, Gm, and Bm = 255, are the maximum tonal value for each primary color. 
Woebbecke discovered that the excess green vegetation index ( ExG  = 2 g - r - b ) provided 
an interesting near-binary, tonal image outlining a plant region of interest. Woebbecke’s 
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excess green (ExG) index has been widely cited in the literature and has been tested in 
recent studies (Giltelson et al., 2002; Lamm et al., 2002; Mao et al., 2003; and others).  ExG 
plant regions of interest could then be completely binarized using a selected contrast 
threshold value for each image. Thus, an important condition was the selection of the 
threshold value. Mao et al. (2003) subsequently tested several indices: ExG, normalized 
difference index (NDI), and the modified hue for separating plant material from different 
backgrounds (soil and withered plant residue). In his study, the ExG index was found 
superior to the other indices tested. A critical step was to select a manual threshold value to 
binarize the tonal image into a black and white image. 
Other color vegetation indices have been reported for separating plants from soil and 
residue background in color images. For example, the normalized difference vegetation 
index (NDI) by Perez et al. (2000) uses only the green and red channels and is given as: 

 NDI  = 
G - R
G + R

  (2) 

Perez’s NDI was improved by adding a one, and then multiplying by a factor of 128. Hunt, 
et. al (2005) developed a vegetation index, known as the Normalized Green-Red Difference 
Index (NGRDI) for their model airplane photography for assessing crop biomass. Zhang, et 
al (1995) and Gebhardt, et al (2003) also used various RGB transforms for their plant image 
segmentation step.  
Color indices have been suggested to be less sensitive to in lighting variations, and may 
have the potential to work well for different residues backgrounds (Campbell, 1996). 
However, a disproportionate amount of redness from various lighting sources may overcast 
a digital image, making it more difficult to identify green plants with simple RGB indices 
(Meyer et al, 2004b). For example, image redness may be related to digital camera operation 
and background illumination, but may also be related to redness from the soil and residue 
itself. An alternate vegetative index called excess red (ExR = 1.4 r - g) was proposed by 
Meyer et al.(1998a), but was not tested until later studies. 
Meyer and Camargo Neto (2008) reported on the development of an improved color 
vegetation index: Excess Green minus Excess Red (ExG-ExR). This index does not require a 
threshold and compared favorably to the commonly used Excess Green (ExG), and the 
normalized difference (NDI) indices. The latter two indices used an Otsu threshold value to 
convert the index near-binary to a full-binary image. The indices were tested with digital 
color images of single plants grown and taken in a greenhouse and field images of young 
soybean plants. Vegetative index accuracies were compared to a hand extracted plant 
regions of interest using a separation quality factor algorithm. A quality factor of one 
represented a near perfect binary match of the computer extracted plant target compared to 
the hand extracted plant region. The ExG-ExR index had the highest quality factor of 0.88 + 
0.12 for all three weeks, and soil-residue backgrounds for the greenhouse set. The ExG+Otsu 
and NDI-Otsu indices had similar quality factors of 0.53 + 0.39. and 0.54 + 0.33 for the same 
set, respectively. Field images of young soybeans against bare soil gave quality factors for 
both ExG-ExR and ExG+Otsu around 0.88 + 0.07. The quality factor of NDI+Otsu using the 
same field images was 0.25 + 0.08. ExG-ExR has a fixed, built-in plant-background zero 
threshold, so that it does not need Otsu or any user selected threshold value. The ExG-ExR 
index worked especially well for fresh wheat straw backgrounds, where it was generally 55 
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Fig. 1. A strategic approach to weed assessment. 
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excess green (ExG) index has been widely cited in the literature and has been tested in 
recent studies (Giltelson et al., 2002; Lamm et al., 2002; Mao et al., 2003; and others).  ExG 
plant regions of interest could then be completely binarized using a selected contrast 
threshold value for each image. Thus, an important condition was the selection of the 
threshold value. Mao et al. (2003) subsequently tested several indices: ExG, normalized 
difference index (NDI), and the modified hue for separating plant material from different 
backgrounds (soil and withered plant residue). In his study, the ExG index was found 
superior to the other indices tested. A critical step was to select a manual threshold value to 
binarize the tonal image into a black and white image. 
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residue background in color images. For example, the normalized difference vegetation 
index (NDI) by Perez et al. (2000) uses only the green and red channels and is given as: 

 NDI  = 
G - R
G + R
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color images of single plants grown and taken in a greenhouse and field images of young 
soybean plants. Vegetative index accuracies were compared to a hand extracted plant 
regions of interest using a separation quality factor algorithm. A quality factor of one 
represented a near perfect binary match of the computer extracted plant target compared to 
the hand extracted plant region. The ExG-ExR index had the highest quality factor of 0.88 + 
0.12 for all three weeks, and soil-residue backgrounds for the greenhouse set. The ExG+Otsu 
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per cent more accurate than the ExG+Otsu and NDI+Otsu indices. Once a binary plant 
region of interest is identified with a vegetation index, other advanced image processing 
operations may be applied, such as identification of plant species such as would be needed 
for strategic weed control. 
Near-Infrared (NIR) along with color bands have been used in vegetative indices for satellite 
remote sensing applications. However, NIR is less human intuitive, since the human eye is 
not particularly sensitive to the NIR spectrum which begins with red light. The human eye 
is only able to discern color (retinal sensors called cones). The eye also contains rods which 
are essentially receptive to small amounts of blue light that may exist after sundown. NIR is 
also not readily available with an RGB color digital camera. NIR usually requires a special 
monochromatic camera with a silicon-based sensor that can detect light up to one micron in 
wavelength with an NIR band pass filter. Hunt, at al (2011) has experimented with 
extracting near infrared out of RGB digital cameras. They developed a low-cost, color and 
color-infrared (CIR) digital camera that detects bands in the NIR, green, and blue. The issue 
still remains as to how does one verify the accuracy of infrared-image-based vegetative 
index without comparison to vegetation observed in a corresponding color visual image?   
So, the verification process of existence of plant material either returns to color images or 
some other non-optical method. 
Two additional problems tend to exist with previous research regarding vegetative indices 
(a) the disclosure of the manual or automatic threshold used during the near-binary to 
binary conversion step, and (b) generally, the lack of reporting of vegetation index accuracy. 
Gebhardt, et al (2003) suggested that it was not necessary to classify vegetation on a pixel 
basis with digital imaging. However, if there are too many plant pixels mixed up with 
background pixels, accuracy may be reduced. Hague, et al (2006) suggested a manual 
comparison of vegetative areas from high resolution photographs. To date, very few 
vegetative index studies have reported validation accuracy of detecting plant material in 
independent images from other sources. This problem becomes particularly apparent, when 
these indices are applied to the collection of photographic plant databases currently 
available. 
Plant classification might be expanded to hyper spectral imaging (Okamoto, et al. 2007). 
Wavelet along with discriminant analyses were used to identify spectral patterns of pixel 
samples for a 75–80 percent classification rate of five young plant species. Typically, hyper 
spectral cameras are expensive. 
In summary, color image classification systems utilize the red (R), green (G), and blue (B) 
tonal intensity components. Color is a special form of spectral reflectance, which can be 
derived from spectral measurements (Wyszecki and Stiles, 1982; Murch, 1984; Jain, 1989; 
Gonzalez and Woods, 1992; Perry and Geisler, 2002). Perceived (human) color is based on 
the (RGB) primary colors. Woebbecke et al. (1995) discovered that the excess green index 
(2G-R-B) could provide excellent near-binary segmentation of weed canopies over bare soil 
for canopy shape feature analysis. El-Faki et al. (2000b) studied different RGB indices, as 
potential weed detection classifiers, but none possibly as good as excess green. The best 
correct segmentation rates (CCR) found were around 62%, while some misclassification 
rates were less than 3%. Meyer et al. (1999, 2004) proposed an excess red index (1.3R-G), 
based on physiological, rod-cone proportions of red and green. This index also provides 
near-binary silhouettes of plants under natural lighting conditions. Marchant, et al, (2004) 
proposed additional procedures for dealing with machine vision and natural lighting. The 
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utilization spectral wave bands and color components have been used arithmetically and 
called vegetation indices. The index Meyer and Camargo Neto (2008) is an advanced color 
vegetation index. 
 

 
Fig. 2. Prototype Plant Species Identification and Enumeration using Leaf features. 

5. Computerized single leaf extraction 
Only a few methods of unsupervised leaf extraction from canopy images have been 
reported in the literature. Franz et al. (1991b) reported the use of curvature functions and the 
Fourier-Mellin correlation to identify completely visible and partially occluded sets of 
leaves. Leaf statistical features of mean, variance, skewness, kurtosis were computed, using 
spectral wavebands of  red, green, blue, and near infrared. These features were used to 
discriminate leaf types of unifoliolate soybean, ivy, morning glory cotyledons, velvetleaf 
cotyledons, foxtail, first leaf of ivy, morning glory, and the first leaf of velvet leaf. Franz et 
al. (1995) further developed an algorithm to extract boundaries of occluded leaves using an 
edge detection technique to link the end points of leaf edge segments. User intervention was 
required at various steps of the algorithm. The fractions of individual leaves obtained were 
reported to be 0.91, 0.87, 0.95, and 0.71 for velvetleaf, soybean, ivy leaf morning glory, and 
foxtail, respectively.   
To clarify this issue, occluded or partial fractions of leaves are probably not that useful for 
species identification. However, all canopies will exhibit whole individual leaves at the 
canopy apex, which can be seen in overhead photographs. Some leaves may standout by 

Plant species  
Identification, 

Population, 
and Mapping 

Shape 
features 

training Set 

Rotation 
corrected 
venation 

Digital 
color 

images 
by GPS 

coordinates 

Plant 
canopy/ 

background 
separation: 
ExG-ExR

Leaf 
extraction 

Statistical Analysis 
(SAS) 

Principle 
Components. 
Discriminant 

Analysis. 
Leaf/ 

Template 
Test Set 

Training 
set

Shape 
features 
Test Set

Rotation 
corrected 
venation 

textural features

Neural Network 
Classification 

Model

Best leaf? 
(Shape and Size)

Color 
images 

- 
Visually 
verified 



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

406 

per cent more accurate than the ExG+Otsu and NDI+Otsu indices. Once a binary plant 
region of interest is identified with a vegetation index, other advanced image processing 
operations may be applied, such as identification of plant species such as would be needed 
for strategic weed control. 
Near-Infrared (NIR) along with color bands have been used in vegetative indices for satellite 
remote sensing applications. However, NIR is less human intuitive, since the human eye is 
not particularly sensitive to the NIR spectrum which begins with red light. The human eye 
is only able to discern color (retinal sensors called cones). The eye also contains rods which 
are essentially receptive to small amounts of blue light that may exist after sundown. NIR is 
also not readily available with an RGB color digital camera. NIR usually requires a special 
monochromatic camera with a silicon-based sensor that can detect light up to one micron in 
wavelength with an NIR band pass filter. Hunt, at al (2011) has experimented with 
extracting near infrared out of RGB digital cameras. They developed a low-cost, color and 
color-infrared (CIR) digital camera that detects bands in the NIR, green, and blue. The issue 
still remains as to how does one verify the accuracy of infrared-image-based vegetative 
index without comparison to vegetation observed in a corresponding color visual image?   
So, the verification process of existence of plant material either returns to color images or 
some other non-optical method. 
Two additional problems tend to exist with previous research regarding vegetative indices 
(a) the disclosure of the manual or automatic threshold used during the near-binary to 
binary conversion step, and (b) generally, the lack of reporting of vegetation index accuracy. 
Gebhardt, et al (2003) suggested that it was not necessary to classify vegetation on a pixel 
basis with digital imaging. However, if there are too many plant pixels mixed up with 
background pixels, accuracy may be reduced. Hague, et al (2006) suggested a manual 
comparison of vegetative areas from high resolution photographs. To date, very few 
vegetative index studies have reported validation accuracy of detecting plant material in 
independent images from other sources. This problem becomes particularly apparent, when 
these indices are applied to the collection of photographic plant databases currently 
available. 
Plant classification might be expanded to hyper spectral imaging (Okamoto, et al. 2007). 
Wavelet along with discriminant analyses were used to identify spectral patterns of pixel 
samples for a 75–80 percent classification rate of five young plant species. Typically, hyper 
spectral cameras are expensive. 
In summary, color image classification systems utilize the red (R), green (G), and blue (B) 
tonal intensity components. Color is a special form of spectral reflectance, which can be 
derived from spectral measurements (Wyszecki and Stiles, 1982; Murch, 1984; Jain, 1989; 
Gonzalez and Woods, 1992; Perry and Geisler, 2002). Perceived (human) color is based on 
the (RGB) primary colors. Woebbecke et al. (1995) discovered that the excess green index 
(2G-R-B) could provide excellent near-binary segmentation of weed canopies over bare soil 
for canopy shape feature analysis. El-Faki et al. (2000b) studied different RGB indices, as 
potential weed detection classifiers, but none possibly as good as excess green. The best 
correct segmentation rates (CCR) found were around 62%, while some misclassification 
rates were less than 3%. Meyer et al. (1999, 2004) proposed an excess red index (1.3R-G), 
based on physiological, rod-cone proportions of red and green. This index also provides 
near-binary silhouettes of plants under natural lighting conditions. Marchant, et al, (2004) 
proposed additional procedures for dealing with machine vision and natural lighting. The 

 
Machine Vision Identification of Plants 

 

407 

utilization spectral wave bands and color components have been used arithmetically and 
called vegetation indices. The index Meyer and Camargo Neto (2008) is an advanced color 
vegetation index. 
 

 
Fig. 2. Prototype Plant Species Identification and Enumeration using Leaf features. 

5. Computerized single leaf extraction 
Only a few methods of unsupervised leaf extraction from canopy images have been 
reported in the literature. Franz et al. (1991b) reported the use of curvature functions and the 
Fourier-Mellin correlation to identify completely visible and partially occluded sets of 
leaves. Leaf statistical features of mean, variance, skewness, kurtosis were computed, using 
spectral wavebands of  red, green, blue, and near infrared. These features were used to 
discriminate leaf types of unifoliolate soybean, ivy, morning glory cotyledons, velvetleaf 
cotyledons, foxtail, first leaf of ivy, morning glory, and the first leaf of velvet leaf. Franz et 
al. (1995) further developed an algorithm to extract boundaries of occluded leaves using an 
edge detection technique to link the end points of leaf edge segments. User intervention was 
required at various steps of the algorithm. The fractions of individual leaves obtained were 
reported to be 0.91, 0.87, 0.95, and 0.71 for velvetleaf, soybean, ivy leaf morning glory, and 
foxtail, respectively.   
To clarify this issue, occluded or partial fractions of leaves are probably not that useful for 
species identification. However, all canopies will exhibit whole individual leaves at the 
canopy apex, which can be seen in overhead photographs. Some leaves may standout by 

Plant species  
Identification, 

Population, 
and Mapping 

Shape 
features 

training Set 

Rotation 
corrected 
venation 

Digital 
color 

images 
by GPS 

coordinates 

Plant 
canopy/ 

background 
separation: 
ExG-ExR

Leaf 
extraction 

Statistical Analysis 
(SAS) 

Principle 
Components. 
Discriminant 

Analysis. 
Leaf/ 

Template 
Test Set 

Training 
set

Shape 
features 
Test Set

Rotation 
corrected 
venation 

textural features

Neural Network 
Classification 

Model

Best leaf? 
(Shape and Size)

Color 
images 

- 
Visually 
verified 



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

408 

themselves (non-concealed) against the soil-residue background. Others will have 
vegetation from occluded leaves around them, which we will call concealed leaves. The 
latter would represent a difficult image processing problem, not easily solved by traditional 
algorithms such as edge detection, erosion, dilation, and such.  
Deformable templates using active contours were used by Manh, et al. (2001) to locate 
boundaries of green foxtail leaves. Manh's process attempted to combine color separation 
and shape feature analysis into a single operation. The procedure began with identification 
of a leaf tip, and followed by shape analysis across the rest of the green material. However, a 
manually selected energy level or color was needed. Segmentation accuracy for a single 
species of foxtail leaves was reported to be 84%. No other species were studied.  
Individual, whole, and fragments of leaves were isolated using the Gustafson-Kessel fuzzy 
clustering method over bare soil, corn stalks, and wheat straw color images (Hindman, 2001, 
Meyer et al., 2004b, Gustafson and Kessel, 1979). Zadeh intensification of the fuzzy cluster 
membership functions resulted in definitive green canopy areas, but not individual leaves. 
However, Camargo Neto, et al (2006) used the Gustafsen-Kessel fuzzy leaf cluster 
fragmentation method on green canopy regions of interest. He also developed a 
reassembling method of the green cluster fragments resulting in individual leaves using a 
genetic algorithm (Holland, 1975). 

6. Shape feature analysis 
If the process of image vegetative/background classification is to be useful, the separated 
plant region of interest (ROI) must provide important canopy or leaf shape feature or 
property information to at least discriminate between broadleaf and grass species 
(Woebbecke et al., 1995b; Meyer et al., 1998a; Meyer et al., 1998b).  
Supervised leaf and single plant canopy shape feature analysis has been studied the most. 
Petry and Kuhbauch (1989) found shape parameters using five canonical indices found 
distinctly different for several weed species. Guyer et al. (1986, 1993) used image shape 
feature analysis on individual leaves to distinguish between weed species and corn. Guyer 
et al. (1993) using only leaf and canopy shapes, reported a 69% correct identification rate for 
40 weeds and agricultural crop species. Guyer found that no single shape feature alone 
could distinguish corn from all other species. Franz et al. (1991 a,b) identified plants based 
on individual leaf shape at two growth stages using the Fourier-Mellin correlation.  
Woebbecke et al. (1995a, b) used basic image shape feature analysis to discriminate between 
broadleaf and grassy plant canopies. Woebbecke found that broadleaf and grass shape 
features best appeared to a vision system at early stages of growth or within a specific 
window of time, from 1-4 weeks after emergence. Downey, et al (2004) described a field 
canopy shape identification system which used a binary canopy erosion technique to 
discriminate between grasses and broadleaf plants. Yonekawa et al. (1996) presented a set of 
classical shape features for a leaf taxonomy database. Chi, et al (2002) fitted Bezier curves to 
different leaf boundary shapes. Mclellan and Endler (1998) compared several morphometric 
methods for describing complex shapes. They found that approximately 20 harmonics of the 
elliptic Fourier method accurately depicted shapes of Acer saccharinum, Acer saccharum, and 
Acer palmatum leaves. A leaf shape image retrieval systems was also reported by Wang, et al 
(2003). 
Du et al (2005, 2006, 2007) proposed the Douglas-Peucker approximation algorithm for leaf 
shapes and the shape representation was used to form the sequence of invariant attributes. 
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A modified dynamic programming (MDP) algorithm for shape matching was proposed for 
the plant leaf recognition. Oide and Ninomiya (2000) used the Elliptic Fourier (EF) method 
to classify soybean varieties, using a normalized leaf shape. The EF method using a chain-
coded, closed contour, invariant to scale, translation, and rotation was first introduced by 
Kuhl and Giardina (1982). EF has been used in recent studies to describe the shape of 
objects. Innes and Bates (1999) used an Elliptical Fourier descriptor to demonstrate an 
association between genotype and morphology of shells. Chen et al. (2000) used Elliptic 
Fourier descriptors to describing shape changes in the human mandible for male and female 
at different ages. Most methods previously investigated ignore leaf edge serration. Leaf 
serration or edgeness is an important morphologic feature used for identifying plant species. 
For example, the curvature functions developed by Franz et al. (1991b) were found generally 
inadequate where leaflet serration was quite pronounced. Camargo Neto, et al, 2006b 
applied the Elliptic Fourier shape feature analysis to extracted leaves of velvet leaf Abutilon 
theophrasti, pig weed Amaranthus retroflexus L., sunflower Helianthus annus, and soybean 
Glycine max. A velvet leaf example is shown in Figure 3. 
Hearn (2009) used a database of 2,420 leaves from 151 plant species for a plant leaf shape 
analysis. Using metrics derived during Fourier and Procrustes analyses, it was found that a 
minimum of ten leaves for each species, 100 margin points, and ten Fourier harmonics were 
required to develop any accuracy using the leaf shape of a species. His results indicated a 
success rate of 72% correct species identification for all 151 species used. This may mean that 
more than leaf shape is needed for classification. 

7. Textural feature analysis 
Color and/or leaf shape features alone may not be sufficient to consistently distinguish 
between young weed and crop plant species. Textural features may supply some additional 
botanical information, such as leaf venation, leaf pubescence, but also leaf disease and insect 
damage. The color or tonal detail for texture was first described by quantification of co-
occurrence of tonal pairs or contrast also known as spatial tonal frequency (Haralick, 1978 
and 1979). Wavelet analysis and energy have been recently suggested as a frequency based 
textural analysis for segmenting weeds imbedded in canopies (Chang and Kuo, 1993, 
Strickland and Hahn, 1997, Tang, et al, 2003). Shearer and Holmes (1990) used color co-
occurrence matrix method to identify the textural features of isolated plants. Shearer and 
Jones (1991) proposed a texture-alone plant detection system based upon hue-saturation-
intensity (HSI) images. Oka and Hinata (1989) used side view images of rice to distinguish 
between old and new Japanese rice cultivars. Zhang and Chaisattapagon (1995) tested a 
combination color, shape, and texture approach for detecting weeds in wheat fields and 
found that leaf –surface- coarseness indices defined by Fourier spectra may be effective in 
differentiating wheat from broad-leaf weeds. Meyer et al. (1999) showed that combined 
color, shape, and textural statistical discriminate analysis system could separate grasses 
from broadleaf canopies against bare soil backgrounds. Major problems for obtaining 
botanical textural detail involve image resolution, leaf orientation or  rotation, shadows, 
bidirectional reflectance of leaf surfaces, and background lighting. Uneven lighting for 
example, could obscure venation - mesophyll leaf detail. Diffuse lighting could provide 
more even illumination than direct-beam lighting. Fu and Chi (2006) presented an algorithm 
for extracting leaf vein details from detached leaves under artificial light. Park, et al (2008) 
described a prototype system for classifying plants based on leaf venation features. Their 
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color, shape, and textural statistical discriminate analysis system could separate grasses 
from broadleaf canopies against bare soil backgrounds. Major problems for obtaining 
botanical textural detail involve image resolution, leaf orientation or  rotation, shadows, 
bidirectional reflectance of leaf surfaces, and background lighting. Uneven lighting for 
example, could obscure venation - mesophyll leaf detail. Diffuse lighting could provide 
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Fig. 3. Elliptic Fourier shape approximations for velvetleaf (Abutilon theophrasti Medicus), a) 
original leaf image, b) 1st EF harmonic, c) 1st + 2nd + 3rd + 4th EF, d) 1st + … + 8th EF 
harmonics, e) 1st + … + 16th EF harmonics, and f) 1st + … + 30th EF harmonics. 

method detected the differences between tree and parallel venations in leaves, and thus 
could be considered as an enhancement to the classification tool set. 
De Oliveira Plotze (2009) combined computer vision techniques and plant taxonomy 
protocols, these methods are capable of identifying plant species. The biometric 
measurements are concentrated in leaf internal forms, specifically in the venation system. 
The methodology was tested with eleven species of passion fruit of the genus Passiflora. The 
features extracted from the leaves were then applied to a neural network system to develop 
a classification of species. The results were very accurate in correctly differentiating among 
species with 97% of success. Zheng and Wang (2009, 2010) presented the results of 
mathematical morphology used on images of single leaf samples. Mathematical morphology 
provides four fundamental operations of dilation, erosion, opening, and closing in image 
processing. Their goal was to extract only leaf veins using hue and intensity information. 
Camargo Neto and Meyer (2005) classified the plant species botanically sing additional leaf 
venation textural features acquired during the previous steps. One thing is clear, lack of care 
in the photography of a leaf may affect image textural properties and classification. 
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8. Plant species classification 
Most studies in the last 20-years have addressed the classification of only two crop-weed 
classes or general cases of broad leaf versus grasses and in other cases, crop row versus 
between crop row (Tang, et al, 2003). However, to precisely classify a plant species that may 
be imbedded within other different species of plants in an image is a botanically challenging 
exercise. 
Agarval, et al (2006) described an ongoing project to digitize information about plant 
specimens that would become available to field botanists and crop managers. They 
indicated that the first step required acquisition of digital images and possibly plant 
architectural models, along with an effective retrieval method and mobile computing 
mechanisms for accessing this information. At that time they had indicated progress in 
developing a digital archive of the collection of various plant specimens at the Smithsonian 
Institution.  
Analytical tools are improving for classifying plant species. The artificial neural network 
(ANN) has been proposed for many classification activities. Plotze and Bruno (2009) have 
also proposed a plant taxonomy system. Yang et al., (2000, 2002, 2003) used RGB pixel 
intensities as inputs for a fuzzy artificial neural network (ANN) for distinguishing weeds 
from corn, with success rates as high as 66% for corn and 85% for weeds. To encompass 
the uncertainty of image classification processes, fuzzy set theory (FST) has been 
proposed for plant classification (Gottimukkala et al., 1999). FST provides a possibilistic 
alternative (different, but in many cases complementary) to the probabilistic or statistical 
approaches. FST embraces virtually all (except one) of the definitions, precepts, and 
axioms that define classical sets that supports common mathematics, (Ross, 2004). It uses 
variables in the form of membership functions with degrees of support for fuzziness, 
incorporating uncertainty (Zadeh, 1965; Mamdani, 1976; Li and Yen, 1995). Pal, et al 1981, 
1994, Bezdek, 1973, 1993) summarized the use of a FST neural network for pattern 
recognition, generating membership functions, performing fuzzy logic (FL) operations, 
and then deriving inference rule sets. Jang (1993) invented the artificial neural fuzzy 
inference system (ANFIS) for training membership functions and rule sets that could be 
used for classification (Figure 4). 
Fuzzy logic machine vision classification systems are intended to imitate human perception 
or vision and to handle uncertainty. In the weed discrimination example, expert human 
perception or scouting validation is required for ground truthing.  Bhutani and Battou 
(1995) and Tizhoosh (1998, 2000) provide computational overviews and various examples of 
fuzzy logic applied to image processing. Incorporating unsupervised fuzzy logic clustering 
and image analysis into site-specific technologies has tremendous potential (Kuhl and 
Giardina, 1982, Gath and Geva, 1989, De and Chatterji, 1998, Babuska, 1998, Manthalkar, at 
al, 2003, Meyer, et al. 2004). The very nature of site-specific data collection, image analysis, 
decision-making, etc., is characterized by uncertainty, ambiguity, and vagueness, which 
may be over overcome with these techniques. 
Hindman and Meyer (2000) demonstrated a prototype fuzzy inference system for plant 
detection. Jones et al. (2000) used remotely sensed data with FL classification to detect crop 
status, resulting in a fuzzy description of crop phenology based upon spectral data. Yang et 
al., (2003) also presented potential herbicide savings in weed control with a fuzzy logic 
system. Heming and Rath (2001) proposed a fuzzy weed classifier that yielded correct 
classification accuracies between 51 and 95%. The potential fallacy of any regression, ANN, 
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or fuzzy ANN (ANFIS) model is that they can be designed to mimic signal errors and 
random noise data too well, especially with an inadequate size of the training data set. 
Fuzzy inference systems can also incorporate the “I do not know” result. 
Fuzzy clustering refers to unsupervised partitioning of data into subclasses for pattern 
recognition (Ross, 2004). Babuska (1998) presented six different clustering techniques that 
might be used to organize tonal image data with their limitations. These included the 
fuzzy c-means, the Gustafson-Kessel, fuzzy maximum likelihood, fuzzy c-varieties, fuzzy 
c-elliptotypes, and possibilistic clustering that might be used on tonal images. 
Moghaddamzadeh et al. (1998) described a fuzzy nearest-neighbor, clustering method for 
segmenting color images. Townsend (2000) discussed methods for making comparisons of 
fuzzy ecological pattern recognition methods. Beichel, et al. (1999) discussed the use of an 
unsupervised  Gath-Geva clustering method for Landsat thermatic mapper (TM) images. 
Classification accuracy reached a maximum value of 86 % with five clusters. Individual, 
whole, and fragments of leaves were isolated using the Gustafson-Kessel fuzzy clustering 
method over bare soil, corn stalks, and wheat straw color images (Meyer et al., 2004b). 
Zadeh intensification of the membership functions resulted in definitive green canopy 
areas.  
 
 
 

 
 
 

Fig. 4. Advanced Species Classifier Method– Fuzzy Logic- Neural Network using Image 
metrics and others. 

A machine vision system with unsupervised image analysis and mapping of features was 
presented by Camargo Neto (2006a) and Camargo Neto, et al. (2006b). A classification 
system was trained using statistical discriminant analysis which was tested using individual 
test leaves and clusters from several plants. As many as 75 percent of exposed whole leaves 
were extracted, and can be further species identified at 75% or better. When such a system is 
improved and validated with scientific-based methods, it could dramatically assist 
understanding crop-weed relationships, growth, competition, and control. A machine vision 
system certainly should be able to identify and distinguish weed species that are 7 - 21 days 
old, a time when post emergence herbicides are most effective. 

Input data 
Fuzzy Neural Net 

Classification 
Inference System (FIS) 

Output data 

 Species ID  Identified. 
 Economic Impact. 
 Environmental impact. 
 Do not know! 

  Canopy Architecture. 
   Leaf Shape Features. 
   Venation Texture Features. 
   Influorescence. 
   Flowers. 
   Week after emergence. 
   Illumination. 
   Soil/residue. 
   Wet/dry leaves. 
   Insect damage.
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9. Linking machine vision with weed management systems 
Predicting crop yield loss due to weed competition is one critical component of dynamic 
decision making for integrated weed management. Moreover, spatial variation in weed 
occurrence must be accounted for to accurately predict crop yield loss (Lindquist et al. 1998, 
2001 a,b). The fuzzy logic machine vision classification system will be extremely useful 
where weeds are distinguished from crop plants and precisely mapped within a farm field. 
Shape feature analysis also provides a means for determining the relative surface area of 
weed plants relative to crop plants. Kropff and Spitters (1991) argued that the competitive 
strength of a species is determined by its share in leaf area at the moment when interspecific 
competition begins. Kropff et al. (1995) presented an equation that expresses yield loss (YL) 
as a function of weed and crop LAI. This approach has recently been expanded to relate 
yield loss to weed and crop relative volume (Conley et al. 2003) and could easily be used to 
relate yield loss to weed and crop relative surface area obtained from our image analysis. 
This kind of detail requires close-in imaging within a few meters with current high pixel rate 
digital cameras. 
Holst, et al (2006) reviewed the progress of weed population modeling and of course the use 
is similar: strategic decision making for weed management. Freckleton and Stephens (2009) 
discussed the use if dynamic plant models for weed management. They concluded that 
there exist a discrepancy in the field of weed population modeling; many of the problems 
faced by weed ecologists require detailed quantitative predictions, but few modelers are 
attempting to provide such predictions. FST has also been used for modeling biological 
systems. Ambuel et al. (1994) used FL to develop a crop yield simulator for assessing spatial 
field variability for accuracy and optimizing pesticide application rates. Weed plant growth 
and plant population models that also describe the canopy architecture would be very 
helpful for weed classification. 

10. Conclusions 
The literature is rich in selected or component ideas for machine vision, plant species 
identification. Now is the time to put together a complete robust system that essentially 
mimics the human taxonomic, plant identification keying method. If one returns to 
Stubbendick, et al (2003), one can verify that the human classification process requires 
metrics on leaves, stems, flowers, influorescence, and a picture of the plant. Leaf shape and 
venation images alone may not close the classification process. 
Shape analysis for image processing is very well-understood and computer algorithms are 
readily available. The leaf angle in the plane of the canopy is of interest (the first elliptic 
Fourier harmonic), and that is a critical angle for rotationally invariant leaf texture or 
venation analysis. Additional studies regarding leaf orientation relative to the camera lens 
might help to reduce classification errors. Modern digital cameras are capable of acquiring 
large amounts of image-pixel data. Future studies need to determine minimal digital image 
resolutions needed to maintain the highest species discrimination performance. 
Fuzzy logic, cluster algorithms and cluster reassembly routines work well for extracting 
convex leaf shapes from plant canopy images. However, for more botanically diverse leaf 
shapes, such as species with complex leaves, lobed margins (indented), trifoliolates, etc., 
new fitness criteria need to be developed to accommodate these leaf shapes. Undoubtedly, 
integration of specific shape and textural feature analyses as fitness criteria may be a key to 
improvement of this process. New leaf extraction/species classification algorithm can 
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become especially useful, if acceptance criteria can be designed to accommodate more a 
extensive leaf taxonomy digital library (shape and texture of single and compound leaves). 
Work has been extended on utilizing digital canopy architecture metrics in three dimensions 
which is important plant taxonomy.  
Species classification and mapping has been tested using a neural-fuzzy inference model, 
which can be improved with inclusion of additional training information, including: stage of 
growth, expected canopy architecture, distance from a designated crop row, crop row 
spacing and direction. 
Studies and discussion should be conducted to determine if older photographic plant image 
data bases can be used as references for new unknown digital plant images. Considerable 
field testing and validation are always needed for plant identification studies using machine 
vision. 
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become especially useful, if acceptance criteria can be designed to accommodate more a 
extensive leaf taxonomy digital library (shape and texture of single and compound leaves). 
Work has been extended on utilizing digital canopy architecture metrics in three dimensions 
which is important plant taxonomy.  
Species classification and mapping has been tested using a neural-fuzzy inference model, 
which can be improved with inclusion of additional training information, including: stage of 
growth, expected canopy architecture, distance from a designated crop row, crop row 
spacing and direction. 
Studies and discussion should be conducted to determine if older photographic plant image 
data bases can be used as references for new unknown digital plant images. Considerable 
field testing and validation are always needed for plant identification studies using machine 
vision. 
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1. Introduction 
An outstanding characteristic of soybean plants is their ability to produce large amounts 
of the carbohydrate pinitol. Pinitol and the closely related inositols are currently 
undergoing widespread investigation for their biological and nutritional value. These and 
all the carbohydrates are typically extracted and analyzed together. Therefore, this review 
includes a general discussion about the extraction and analysis of carbohydrates in plants 
as well as a more in depth examination of the biosynthesis and use of compounds related 
to pinitol. The multiple roles of these substances in plants and animals, and their 
synergism have not been fully realized. This review discusses not only the extraction and 
analysis, but also the diverse roles of the inositols with an emphasis on inositols from the 
soybean plant.  

2. Carbohydrate production and nitrogen fixation 
Carbohydrates are produced in plants by photosynthesis. Zhu et al. (2010) reviewed 
photosynthesis in relation to improving crop yield. Agronomically, there has been little 
benefit in breeding for increased photosynthesis indicating that the relationship of 
photosynthesis to yield is still not well understood (Farquhar & Sharkey, 1982; Pessarakli, 
2005). The relative growth rate of shoots was shown to be correlated to the soluble 
carbohydrate level in the plant, but shoot growth was also impacted by plant stress (Masle et 
al, 1990). One commonly studied plant stress in relation to carbohydrate production is 
drought stress. There is confusion regarding the regulation of carbohydrate synthesis when 
plants are under drought stress. Drought stress in addition to reducing shoot growth, 
increases root growth (Sharp & Davies, 1979).  
Approximately 70 million tons of fixed nitrogen or about 50 % of the total nitrogen that 
enters the terrestrial ecosystem comes from biological nitrogen fixation (Brockwell et al., 
1995; Tate, 1995). The relationship of carbohydrate availability to photosynthesis, phloem 
sap supply and N2 fixation in legumes is complex and knowledge is incomplete (Udvardi & 
Day, 1997).  
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1995; Tate, 1995). The relationship of carbohydrate availability to photosynthesis, phloem 
sap supply and N2 fixation in legumes is complex and knowledge is incomplete (Udvardi & 
Day, 1997).  



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

422 

Carbohydrates are the main energy source for humans. Carbohydrates are classified 
according to the number of monomers they contain as monosaccharides (simple sugars), 
oligosaccharides, or polysaccharides. Carbohydrate metabolism in plants has been reviewed 
(Colowick & Kaplan, 1951; Ochoa & Stern, 1952; and Horecker & Mehler, 1955). 
Carbohydrate levels in soybean seed are highest at growth stage R 5.5, or when the seed is 
half-developed (Wilson, 2004). A significant portion of the carbohydrate produced by 
photosynthesis is respired in the plant roots. (Lambers et al., 1996).  

3. Simple sugars 
The most common simple sugars are glucose and fructose. Disaccharides consist of two 
covalently bound sugar molecules. Sucrose, for example, is a disaccharide consisting of 
glucose and fructose. Sugars have a role in energy, carbon transport molecules, hormone-
like signaling factors, and as the source for building proteins, polysaccharides, oils and 
woody materials (Halford et al., 2010). Plant genotype and environment greatly affect the 
levels found in plants (Halford et al., 2010). 
 

 
Sucrose 

4. Complex carbohydrates 
Complex carbohydrates (polysaccharides) are polymers of the simple sugars . Starch is the 
principal polysaccharide used by plants to store glucose. 
 

 
(n is the number of repeating glucose units and ranges in the 1,000's) 
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Zeeman et al., 2010 reviewed the role of starches in plants. Starch breakdown commonly 
occurs when seeds germinate. Starch is also involved in malting (Halford et al., 2010). 
Glycogen, also a polymer of glucose, is the polysaccharide used by animals to store energy. 
Another important polysaccharide is cellulose. Cellulose is used as a structural molecule to 
add support to leaves, stems, and other parts of plants. Although cellulose can’t be used as an 
energy source in most animals, it provides essential fiber in the diet. Cell wall polysaccharides 
vary with plant groups and can include cellulose, xyloglucan, arabinoxylan, and pectin. In 
plants they make up the primary biomass and contribute to fiber in the human diet. This area 
has been reviewed by Scheller & Ulvskov, 2010; Fontes & Gilbert, 2010.  

5. Extraction and cleanup 
The methods used for isolating carbohydrates depend on the carbohydrate type, matrix, and 
purpose or type of analysis. However, some extraction procedures are commonly used for 
isolating carbohydrates from other classes of compounds in plants and foods. As an 
example, foods are usually dried under vacuum to prevent thermal degradation, ground to 
a fine powder to enhance extraction efficiency, and then remove the fats using appropriate 
solvent extraction. 
A commonly used method for extracting low molecular weight carbohydrates from foods is 
to boil a sample with a 70-80% alcohol solution (Hall 2003, Asp 1993, Smith 1973.). 
Monosaccharides and oligosaccharides are soluble in alcohol solutions; however, most 
proteins, polysaccharides and dietary fiber are insoluble. The soluble components can then 
be separated from the insoluble components by filtering, soluble portion passes through the 
filter and the insoluble part retained by the filter. The two fractions can then be dried using 
lyophilization or nitrogen blow down techniques. In addition, monosaccharides and 
oligosaccharides and various other small molecules (e.g. organic acids, amino acids) may be 
present in the alcoholic extract. It is usually necessary to remove those components prior to 
carrying out a carbohydrate analysis, for example, with clarifying agents or by elution 
through one or more ion-exchange resins. 
Water extracts of many foods contain substances that are colored or produce turbidity, and 
may interfere with analyses of carbohydrates; as a result, clarifiers may be needed. The most 
commonly used clarifying agents are heavy metals (e.g. lead acetate) which form insoluble 
complexes with interfering substances that can’t be removed by either filtration or 
centrifugation. Ion-exchange is another method for removing interfering components prior 
to analysis. Many monosaccharides and polysaccharides are polar non-charged molecules 
and can therefore be separated from charged molecules by passing samples through an ion-
exchange column. By using a combination of cationic and anionic resins it may be possible 
to remove most charged contaminants. Non-polar molecules can be removed by eluting 
through a column with a non-polar or hydrophobic stationary phase. Proteins, amino acids, 
organic acids, and hydrophobic compounds can be potentially removed from the 
carbohydrates in this manner prior to analyses. 
Before analysis of the carbohydrates, residual alcohol (or other organic solvents) can be 
removed, if necessary, from the solution by evaporating under nitrogen or under vacuum 
using a rotary evaporator. For aqueous solutions, the sample can be concentrated using 
lyophilization. 
Solid phase extraction (SPE) has also been reported for the cleanup and quantification of 
sugars and organic acids in herbal dry extracts. A three step SPE sequence was used for the 
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separation of sugars from the other components. A hydrophobic cartridge was used as the 
first cartridge followed ion and cation exchange cartridges (Schiller et al., 2002). 

6. Analysis 
Once the carbohydrate fraction has been isolated from other components of the plant, either 
the total carbohydrate content can be determined, or individual carbohydrates can be 
isolated, identified and quantified. The analysis of carbohydrates can be performed using 
any of several different methods. Two of these techniques include gas chromatography (GC) 
and liquid chromatography (LC). There are also spectral methods available including 
nuclear magnetic resonance (NMR), infrared (IR) and Raman spectroscopy. In this review, 
our focus is on the chromatographic and mass spectrometric methods. 

7. Derivatization for GC or GC/MS analyses 
The most prevalent method used for analyzing carbohydrates is probably GC and GC 
coupled with mass spectrometry (MS) due to the high resolution of GC and definitive 
nature of MS. Since carbohydrates are nonvolatile, it is necessary to hydrolyze the sugars 
and then derivatize them to increase their volatility so they can elute through a GC column 
for analysis. Methods involving the formation of methylated glycosides, acetates, acetals, 
trimethylsilyl ethers, and more volatile alditol acetate derivatives of monosaccharides have 
been widely used (McInnes et al., 1958; Bishop & Cooper 1960; Bishop 1964; Lehrfeld 1981; 
Blakeney et al., 1983). More recently, trimethylsilyl (TMS) derivatives of carbohydrates have 
been used  principally due to their relative ease of preparation and increased  volatility. 
(Sweeley et al. 1963; Sullivan & Schewe 1977; Honda et al., 1979; Li et al., 1983; Twilley 1984). 
Different structural forms of carbohydrates can complicate their chromatograms due to the 
production of several (as many as 5) peaks for each monosaccharide. Formation of the 
corresponding oxime TMS-derivative reduces the number of potential peaks (Decker & 
Schweer 1982; Al-Hazmi & Stauffer 1986; Long & Chism 1987). Dmitriev et al. (1971) 
prepared the aldononitrile acetate derivatives with the oxime intermediate. Churms (1990) 
found the derivatization process was not affected by the presence of water in the reaction 
mixture, helping to minimize processing steps. Methods for the separation of neutral sugars 
in gums have also been reported using similar methods (Al-Hazmi & Stauffer, 1986). 
Silylation is a versatile technique to increase the volatility of various analytes, including 
carbohydrates, making them amenable to GC and GC/MS analyses. There are several 
practical considerations that should be addressed prior to derivatization of a sample by this 
method. One major disadvantage of silylation derivatives is that they are susceptible to 
hydrolytic attack by any moisture present in the sample, resulting in incomplete silylation. 
However, the trimethylsilylation of aqueous samples of hydroxyl compounds has been 
achieved using a large excess of derivatizing reagent (Valdez 1985). Evershetd (1993) 
discussed another problem associated with silylation of carbohydrates, the existence of 
multiple reaction products, resulting in complicated chromatograms. The multiple products 
result from the formation of anomers and interconversion between pyranose and furanose 
rings. Interconversion of the anomers occurs via the open chain form of the sugar, while 
mutarotation results from the opening and closing of the ring. The interconversions can be 
minimized by the use of rapid and mild derivatization conditions. If silylation is the method 
of choice for derivatization, it may be desirable to protect the keto group of the 
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monosaccharides prior to silylation in order to prevent the formation of enol-TMS ethers. 
These derivatives are unstable and complicate the analyses by giving rise to multiple 
products that can’t be prepared quantitatively (Halket 1993). 
In most instances, the silylating reagent is an adequate solvent. However, sometimes an 
additional solvent is required in the reaction. The selection of that solvent is critical to the 
success of the derivatization process. Any active hydrogens, including those present in the 
solvent, may be silylated. Pyridine has been found to be an ideal solvent for silylation 
reactions due to the increased solubility of the carbohydrates and their derivatives in that 
solvent (Evershed 1993). Heating slightly is often utilized to aid in efficient silylation, 
One of the earliest reagents used for silylation was hexamethyldisilazane (HMDS). Usually, 
there is no need for additional solvents when HMDS is used. Recently, Ruiz-Matute et al. 
(2010) reviewed derivatization techniques of carbohydrates for GC and GC/MS analyses. 
Included in the discussion were derivatization of common sugars through the formation of 
ethers and esters, oximes, alditol acetates, aldononitriles, and dithoacetals (Evershed 1993).  
Another silylating reagent is trimethylsilylimadazole (TMSI). Garland et al. (2009) analyzed 
soybean roots for pinitol using GC/MS (see Figs. 1-3). Roots were extracted in methanol and 
derivatized using TMSI. In this example  a DB-5 capillary column was used in the splitless 
mode. The column eluents were analyzed by a double-focusing, four-sector mass 
spectrometer in the electron-ionization mode. Accurate mass measurements were also 
performed to determine the elemental composition of the parent and fragment ions. Under 
these conditions, a pinitol standard produced a single peak in the total ion chromatogram 
with a retention time of 9.18 min as shown in Fig. 1. Although several peaks appeared, 
pinitol’s peak at 9.18 min was well-resolved. 
The mass spectrum of TMSI-derivatized pinitol in Fig. 2 shows the major ion fragments 
detected from this, the most common carbohydrate in soybeans (Garland et al, 2009). In this 
example, the base ion is m/z 260. A comparison of the extracted ion plots of the soybean 
extract is shown in Fig. 3. A vertical, solid black line was added to each at the retention time 
of derivatized pinitol as determined from the standard. In the extracted ion plot of the 
soybean root, Figure 4 shows the total ion chromatogram of a TMSI-derivatized sugar beet 
extract. In this example no significant peaks appeared at the retention time of pinitol. The 
sugar beet root extract also showed no substantial peaks with the m/z 260 mass fragment. 
The concentration of pinitol in soybean roots was approximately 4% of the soybean root’s 
dry mass using a dry/fresh weight ratio of 54.5 mg DW/g FW (which is similar to 73.6 mg 
DW/g FW reported for alfalfa by Fougere, et al. (1991). The methanol extraction method 
appears to be effective for removing pinitol from the root tissue of soybean plants. The 
extent of extraction at the cost of time was encountered as well by Streeter and Strimbu’s 
simultaneous extraction and derivatization method (Streeter & Strimbu 1998). Although 
they were able to reduce processing time, they were unable to extract as much pinitol from 
fibrous plant tissues in pyridine in 1 h when compared to complete extraction with ethanol 
for 24 h before derivatization (Streeter & Strimbu 1998). 
Another benefit to using methanol extraction and TMSI derivatization is the relative 
simplicity of the resulting chromatograms. Eleven peaks were observed in the soybean 
extract chromatogram in Fig. 1, with pinitol clearly defined near 9.18 min. This compares 
with only 6 major peaks from sugar beet (Fig. 4) and 10 from snap bean roots (Fig. 5). The 
simplicity of the chromatograms is an indicator that pinitol and a small amount of other 
compounds are present in the methanol extract, which reduces the likelihood of coelution or 
some other interfering matrix effect with pinitol. This also provides support for the possible 
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use of methanol extraction as a first step in the purification of pinitol from soybean root 
tissue. 
The mass spectrum of the derivatized pinitol shown in Figure 2 is very similar to that 
reported previously (Savidge & Forster, 2001). Identification of pinitol by mass spectrometry 
is made exceedingly easy by the presence of a high-intensity m/z 260 fragment ion. The 
fragment ion at m/z 260 appears to be a unique ion associated with pinitol and the other O-
methylinositols compared with the other sugars observed using this analytical procedure. 
This allows for a high probability of quantitative results even in the event of another analyte 
coeluting with pinitol. The elemental composition obtained from accurate mass 
measurements for m/z = 260 was determined to be C11H24O3Si2, which was matched within 
4.3 millimass units (mmu).  
We have also extracted roots using 80% ethanol rather than methanol. This led to the 
extraction of a greater variety of inositols and O-methylinositols from several plant roots 
(unpublished data).  
Permethylation is another derivatizing method for the analysis of carbohydrates. The 
methods using permethylation initially provided relatively long retention times. Some of the 
reactions to form permethylated derivatives include the use of methyl iodide/silver oxide 
(Gee & Walker 1962; Walker et al., 1962; Kircher, 1960) methylsulfinylcarbanion/methyl 
iodide (Hakomori 1964; Corey & Chaykovsky 1962; Moor & Waight 1975), and 
potassium/liquid ammonia/methyl iodide (Muskat 1934a; Muskat 1934b). Permethylation 
has also become very popular in the LC/MS analysis of carbohydrates. 
 

 
Fig. 1. Total ion chromatogram of an extract of soybean roots. Peak 4 was determined to be 
pinitol. From Garland, et al (2009). 
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Fig. 2. Mass spectrum of TMSI-derivatized pinitol. From Garland, et al. (2009). 
 

 
Fig. 3. Extracted ion plot of TMSI-derivatized soybean root extract. The labels on the vertical 
axis indicate the fragment mass of each extracted ion chromatogram. The chromatograms 
were spaced for easier representation. All peaks are on the same scale relative to their 
baselines. A vertical black line was inserted at the retention time of pinitol for reference. 
From Garland, et al. (2009). 
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Fig. 4. Total ion chromatogram of derivatized sugar beet extract. Conditions were those of 
the chromatogram in Figure 1. Pinitol (retention time 9.2 min.) was not detected, as 
confirmed by MS analysis (Garland, et al., 2009). 

8. Other analytical techniques 
Another technique for the separation and analysis of carbohydrates is liquid 
chromatography (LC). The column used in LC to provide the separation depends on 
whether the carbohydrates have been derivatized or not. Underivatized carbohydrates are 
commonly separated using ion exchange resins with water as an eluent and refractive index 
(RI) for detection. Refractive index detectors are, however, typically low in sensitivity, so 
samples need to be concentrated for quantitative analyses. The concentration of the 
carbohydrate must be in the percent range, and the RI detector can only be used with 
isocratic elution (Martens & Frankenberger 1990).  
Other alternative detectors including both UV/visible absorbance and fluorescence require 
either pre-column or pre-detection derivatization of sugars, due to the fact that 
carbohydrates do not have a chromophore. Evaporative light scattering (ELS) is a detection 
technique used in high performance chromatography (HPLC) and supercritical fluid 
chromatography (SFC). It has been used for the analysis of carbohydrates and can act as a 
qualitative or quantitative detector (Wei & Ding 2000 ; Karlsson et al., 2005). The ELS is 
limited to solutes of low volatility. With the ELS, the column effluent is passed through a 
nebulizer and then into a heated drift tube; the solvent is evaporated leaving behind a 
particulate or aerosol form of the target compound. Light striking the dried particles that 
exit the drift tube is scattered and the photons are detected by a photodiode or 
photomultiplier tube at a fixed angle from the incident light. (LaPosse & Herbtreteau 2002). 
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Fig. 5. Total ion chromatogram of derivatized snap bean root extract. Peak 5 was at a similar 
retention time to that of pinitol in Fig 1 (9.2 min.), but MS analyses were unable to detect 
pinitol in snap bean root extract (Garland, et al., 2009). 

Another detector commonly used is a pulsed amphoteric detector (Lee 1996; Johnson et al., 
1993).  
One derivatization procedure for carbohydrates to provide a chromophore for LC analysis 
involves a reaction with p-nitrobenzoyl chloride and pyridine. The reaction replaces the 
active hydrogens with a nitrobenzoyl group. The method was applicable to mono-, di-, and 
trisaccharides except fructose (Nachtmann & Budna 1977; Nachtmann 1976). Many of the 
derivatization reactions for carbohydrates are discussed by Knapp (1979). In addition, other 
derivatization techniques have been discussed (Meulendijk & Underberg 1990). 
Mass spectrometry can also be coupled with LC. Examples are LC/MS and capillary 
electrophoresis/MS. Many of the LC techniques allow carbohydrates to be analyzed without 
prior derivatization as is necessary in GC and GC/MS analyses. 
It should be noted that there is not one LC column that has been reported to separate every 
carbohydrate. Togami et al. (1991) discussed the separation of carbohydrates using cation-
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exchange columns. Richmond et al. (1991) separated carbohydrates in dairy products. 
Henderson and Berry (2009) have utilized Zorbax columns for the separation of carbohydrates 
in Stevia sweetener. Romano (2007) discussed carbohydrate analysis in food products 
emphasizing column chemistries and detection. Several vendors offer LC columns for 
carbohydrate separation. Wilcox et al. (2001) also discussed several column types used for 
carbohydrate separation. Hydrophilic interaction chromatography (HILIC) has also been 
reported as a method for analyzing ionic or polar compounds, particularly biomolecules and 
drug metabolites (http://www.laboratoryequipment.com/article-is-hilic-in-your-future-
ct92.aspx). Simple carbohydrate separations can also be performed on functionalized silica or 
resin-based columns (http://www.labnews.co.uk/feature_archive. php/4000/5/just-juice).  
The separation of mono- and oligosaccharides are also performed using capillary 
electrophoresis. Different formats are capillary zone electrophoresis (CZE), capillary 
isoelectric focusing (CIEF), capillary isotachophoresis (CITP), and micellar electrokinetic 
chromatography (MEKC). These techniques are summarized in a review by Thibault and 
Honda (2003). 

9. Liquid chromatography/mass spectrometry (LC/MS) and other MS 
techniques 
Efficient separation methods such as high performance liquid chromatography (HPLC) and 
capillary electrophoresis combined with detection methods (e.g. mass spectrometry) that 
supply structural or compositional information is a preferred tool for the analysis of 
biomolecules, particularly carbohydrates. Liquid chromatography/mass spectrometry with 
both electrospray (ESI) and atmospheric pressure ionization (APCI) has spurred a major 
interest in the analysis of carbohydrates.  
In ESI , the liquid containing the analyte(s) of interest is dispersed into a fine aerosol. 
Because the ion formation involves extensive solvent evaporation, the typical solvents for 
electrospray ionization are prepared by mixing water with volatile organic compounds (e.g. 
methanol, acetonitrile). To decrease the initial droplet size, compounds that increase the 
conductivity (e.g. acetic acid) are customarily added to the solution. Large-flow 
electrosprays can benefit from additional nebulization by an inert gas such as nitrogen. The 
aerosol is sampled into the first vacuum stage of a mass spectrometer through a capillary, 
which can be heated to aid further solvent evaporation from the charged droplets. The ions 
observed by mass spectrometry may be quasimolecular ions created by the addition of a 
hydrogen ion and denoted [M + H]+, or of another cation such as sodium ion, [M + Na]+, or 
the removal of a proton, [M − H]−. Multiply-charged ions such as [M + nH]n+ are often 
observed (Gaskell 1997). As examples, Fountain and Grumbach (2009) used negative ion 
electrospray mass spectrometry for the analysis of fructose, glucose, sucrose, and lactose. 
Taormina et al. (2007) and Mauri et al. (2002) used flow injection techniques with mass 
spectrometry. Fugimoto et al. (2005) used rubidium in the mobile phase as a complexing 
agent for both nuclear magnetic resonance and electrospray mass spectrometry analysis. 
Taylor et al. (2005) utilized ESI/MS to study fragmentation patterns of carbohydrates. 
Schlichtherle-Cerny et al. (2003) utilized a HILIC column coupled with ESI/MS for the 
analysis of amino acids, peptides, glycoconjugates, and organic acids in foods without prior 
derivatization.  
In APCI, typically the mobile phase containing eluting analyte is heated to relatively high 
temperatures (above 400 C), sprayed with high flow rates of nitrogen and the entire aerosol 
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cloud is subjected to a corona discharge that creates ions. Often APCI can be performed in a 
modified ESI source. The ionization occurs in the gas phase, unlike ESI, where the ionization 
occurs in the liquid phase. A potential advantage of APCI is that it is possible to use a 
nonpolar solvent as a mobile phase solution, instead of a polar solvent, because the solvent 
and molecules of interest are converted to a gaseous state before reaching the corona 
discharge pin. Typically, APCI is a harder ionization technique than ESI, i.e. it generates 
more fragment ions relative to the parent ion.(Kostianinen et al., 2003). Kumaguai (2001) 
used atmospheric pressure chemical ionization mass spectrometry for the analysis of sugars 
and sugar alcohols without derivatization but did use methylene chloride or chloroform that 
was added post column to increase the sensitivity. The ions detected included (M+Cl)-. 
Shimadzu application note also used solvent addition post column to improve sensitivity. 
This application also used APCI in the negative ion mode. Keski-Hynnila et al. (2004) 
compared APCI, atmospheric pressure photoionization, and electrospray in the analysis of 
phase II metabolites. 
Other types of mass spectrometers used for analysis of carbohydrates include quadrupole 
time-of-flight (QTOF) mass spectrometers which allow both accurate mass (elemental 
composition) and MS/MS studies to be performed. Another mass spectrometer very useful 
for the analysis of carbohydrates is the ion trap (IT) MS. Ion trap technology has been 
described in (March & Todd 2005a, 2005b), and its major advantage includes the capability 
of MSn which can provide additional structural information. Examples of glycoprotein 
analysis using IT have been described by (Stumpo & Reinhold 2010; Jiao et al., 2010; 
Reinhold et al., 1990).  
Another technique that has been utilized for the analysis of carbohydrates is matrix assisted 
laser desorption/time-of-flight mass spectrometry (MALDI/TOFMS)(Harvey 1999, 2009)). 
In MALDI, the sample to be analyzed is mixed with a matrix, which in turns absorbs heat 
energy from irradiation with a nitrogen laser light. For example, dihydroxybenzoic acid 
(DHB) or ferulic acid which are commonly used as a matrices have a carboxyl group on a 
benzene ring. The DHB absorbs the energy and acts as a proton donor (Zenobi & 
Knochenmuss 1998). Time-of-flight mass spectrometry allows the majority of the ions 
generated throughout the mass range to be collected by the detector. MALDI has been 
primarily used to obtain spectra of very large polymers, biomolecules, and a variety of 
thermally labile materials (Hillenkamp et al., 1991, Nelson et al., 1990. We have also used 
MALDI/TOF for the analysis of smaller molecules (e.g. <500 amu) (Goheen et al., 1997; 
Campbell et al., 2001). 

10. The inositols 
Inositols (Fig. 6) are polyols of cyclohexane with the empirical formula C6H12O6. There are 
potentially 9 stereoisomers of inositol but only five are naturally occurring (structure shown 
below). They are myo-inositol, chiro-inositol, scyllo-inositol, muco-inositol, and neo-inositol. 
Of these, myo-inositol is the precursor of the other four. myo-Inositol is synthesized from 
glucose.  
The synthesis of myo-inositol uses the enzyme L-myo-inositol 1-phosphate synthase to 
catalyze the reaction which produces L-myo-inositol-1-phosphate from D-glucose 6-
phosphate (Hoffmann-Ostenhof and Pittner, 1982). The L-myo-inositol-1-phosphate is then 
dephosphorylated through inositol monophosphate to produce myo-inositol (Loewus & 
Murthy, 2000). The enzyme that catalyzes this step is L-myo-inositol 1-phosphate synthase 



 
Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

430 

exchange columns. Richmond et al. (1991) separated carbohydrates in dairy products. 
Henderson and Berry (2009) have utilized Zorbax columns for the separation of carbohydrates 
in Stevia sweetener. Romano (2007) discussed carbohydrate analysis in food products 
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electrospray ionization are prepared by mixing water with volatile organic compounds (e.g. 
methanol, acetonitrile). To decrease the initial droplet size, compounds that increase the 
conductivity (e.g. acetic acid) are customarily added to the solution. Large-flow 
electrosprays can benefit from additional nebulization by an inert gas such as nitrogen. The 
aerosol is sampled into the first vacuum stage of a mass spectrometer through a capillary, 
which can be heated to aid further solvent evaporation from the charged droplets. The ions 
observed by mass spectrometry may be quasimolecular ions created by the addition of a 
hydrogen ion and denoted [M + H]+, or of another cation such as sodium ion, [M + Na]+, or 
the removal of a proton, [M − H]−. Multiply-charged ions such as [M + nH]n+ are often 
observed (Gaskell 1997). As examples, Fountain and Grumbach (2009) used negative ion 
electrospray mass spectrometry for the analysis of fructose, glucose, sucrose, and lactose. 
Taormina et al. (2007) and Mauri et al. (2002) used flow injection techniques with mass 
spectrometry. Fugimoto et al. (2005) used rubidium in the mobile phase as a complexing 
agent for both nuclear magnetic resonance and electrospray mass spectrometry analysis. 
Taylor et al. (2005) utilized ESI/MS to study fragmentation patterns of carbohydrates. 
Schlichtherle-Cerny et al. (2003) utilized a HILIC column coupled with ESI/MS for the 
analysis of amino acids, peptides, glycoconjugates, and organic acids in foods without prior 
derivatization.  
In APCI, typically the mobile phase containing eluting analyte is heated to relatively high 
temperatures (above 400 C), sprayed with high flow rates of nitrogen and the entire aerosol 
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cloud is subjected to a corona discharge that creates ions. Often APCI can be performed in a 
modified ESI source. The ionization occurs in the gas phase, unlike ESI, where the ionization 
occurs in the liquid phase. A potential advantage of APCI is that it is possible to use a 
nonpolar solvent as a mobile phase solution, instead of a polar solvent, because the solvent 
and molecules of interest are converted to a gaseous state before reaching the corona 
discharge pin. Typically, APCI is a harder ionization technique than ESI, i.e. it generates 
more fragment ions relative to the parent ion.(Kostianinen et al., 2003). Kumaguai (2001) 
used atmospheric pressure chemical ionization mass spectrometry for the analysis of sugars 
and sugar alcohols without derivatization but did use methylene chloride or chloroform that 
was added post column to increase the sensitivity. The ions detected included (M+Cl)-. 
Shimadzu application note also used solvent addition post column to improve sensitivity. 
This application also used APCI in the negative ion mode. Keski-Hynnila et al. (2004) 
compared APCI, atmospheric pressure photoionization, and electrospray in the analysis of 
phase II metabolites. 
Other types of mass spectrometers used for analysis of carbohydrates include quadrupole 
time-of-flight (QTOF) mass spectrometers which allow both accurate mass (elemental 
composition) and MS/MS studies to be performed. Another mass spectrometer very useful 
for the analysis of carbohydrates is the ion trap (IT) MS. Ion trap technology has been 
described in (March & Todd 2005a, 2005b), and its major advantage includes the capability 
of MSn which can provide additional structural information. Examples of glycoprotein 
analysis using IT have been described by (Stumpo & Reinhold 2010; Jiao et al., 2010; 
Reinhold et al., 1990).  
Another technique that has been utilized for the analysis of carbohydrates is matrix assisted 
laser desorption/time-of-flight mass spectrometry (MALDI/TOFMS)(Harvey 1999, 2009)). 
In MALDI, the sample to be analyzed is mixed with a matrix, which in turns absorbs heat 
energy from irradiation with a nitrogen laser light. For example, dihydroxybenzoic acid 
(DHB) or ferulic acid which are commonly used as a matrices have a carboxyl group on a 
benzene ring. The DHB absorbs the energy and acts as a proton donor (Zenobi & 
Knochenmuss 1998). Time-of-flight mass spectrometry allows the majority of the ions 
generated throughout the mass range to be collected by the detector. MALDI has been 
primarily used to obtain spectra of very large polymers, biomolecules, and a variety of 
thermally labile materials (Hillenkamp et al., 1991, Nelson et al., 1990. We have also used 
MALDI/TOF for the analysis of smaller molecules (e.g. <500 amu) (Goheen et al., 1997; 
Campbell et al., 2001). 

10. The inositols 
Inositols (Fig. 6) are polyols of cyclohexane with the empirical formula C6H12O6. There are 
potentially 9 stereoisomers of inositol but only five are naturally occurring (structure shown 
below). They are myo-inositol, chiro-inositol, scyllo-inositol, muco-inositol, and neo-inositol. 
Of these, myo-inositol is the precursor of the other four. myo-Inositol is synthesized from 
glucose.  
The synthesis of myo-inositol uses the enzyme L-myo-inositol 1-phosphate synthase to 
catalyze the reaction which produces L-myo-inositol-1-phosphate from D-glucose 6-
phosphate (Hoffmann-Ostenhof and Pittner, 1982). The L-myo-inositol-1-phosphate is then 
dephosphorylated through inositol monophosphate to produce myo-inositol (Loewus & 
Murthy, 2000). The enzyme that catalyzes this step is L-myo-inositol 1-phosphate synthase 
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(Stieglitz et al, 2005). The four other inositol isomers are derived from myo-inositol (Loewus 
and Murthy, 2000). The sequoyitol can then be epimerized to D-pinitol (See Fig. 7) which is 
demethylated to D-chiro-inositol using NADP-specific D-pinitol dehydrogenase (Stieglitz et 
al, 2005). 
 

 
Fig. 6. Inositol. 

 

 
Fig. 7. Pinitol. 

In addition to the five stereoisomers of inositol, the O-methylinositols can also be 
synthesized from myo-inositol. Of these, ononitol and pinitol are common to soybeans. 
Ononitol is a precursor to pinitol in soybeans (Loewus and Murthy, 2000; Chiera et al. 2006). 
Of the O-methylinositols, pinitol is most abundant in soybeans.  
myo-Inositol is probably the most studied of all the inositols because it is the most commonly 
available. It has a very important function as it is required in the formation of Lecithin, 
which protects cells from oxidation and is an important factor in the building of cell 
membranes. Inositol, also has a metabolic effect in preventing too much fat to be stored in 
the liver, which is why it is called a lipotropic and is a vital part in maintaining good health. 
Inositols have been found in many plants both foodstuff and other plants at varying 
evolutionary stages (Clements & Darnell, 1980; Chiera et al., 2006; Guo & Oosterhuis, 1997; 
Henry, 1976; Johansen et al., 1996; Johnson and Sussex, 1995; Johnson & Wang, 1996; Lind et 
al. 1998; Loewus et al., 1984; Manchanda and Garg, 2008; Ogunyemi et al., 1978; Phillips, et al 
1982; Sheveleva et al., 1997; Streeter et al., 2001). Different soybean plant parts contain 
different levels of inositols as do soybean plants in vegetative verses reproductive growth 
stages (Phillips and Smith, 1974). Comparison of total inositols among plants should be 
examined carefully because each plant may produce different proportions of the various 
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inositols (Larson & Raboy, 1999). Research with pinitol in soybean documents that this 
cyclitol is a major consitutent of soybean (Phillips & Smith, 1974; Streeter, 1980; Phillips, et 
al. 1982; Dougherty & Smith, 1982). Because pinitol diffuses faster than carbohydrates 
during imbibition, it is theorized that loss of pinitol from soybean seed encourages the 
growth of Bradyrhizobium (Rhizobium) species in the soil needed for nitrogen fixation 
(Nordin, 1984). Accumulation of ononitol and pintol in soybean and other plants under 
drought conditions has been documented (Streeter et al., 2001; Guo & Oosterhuis, 1997; 
Manchanda & Garg, 2008; Sheveleva, et al, 1997). 
Inositols are very important in general plant growth, seed storage, nitrogen fixation and 
protection of plants during stress. Inositol metabolism and its role in photosynthesis, plant 
health,  and subsequent potential increase in yield is complex but new discoveries in this 
area may lead to future yield improvements. The role of inositols in nitrogen fixation is also 
complex and not currently fully understood. Inositols play an important role in phosphorus 
movement in the environment. Efforts are being made to alter the phytate content of 
soybean so animals can use the phosphorus and also reduce the amount that is excreted as 
manure. There are implications here not only for animal health but also for the preservation 
and sustainability of watersheds. 
Phytate, myo-inositol hexakisphosphate, is found in almost all plant and animal cells and 
serves as an important phosphate reserve in plants (Irvine & Schell, 2001). Exposure of 
soybean cell suspension to Psuedomonas syringae pv glycinea indicated that whether a 
virulent or avirulent strain is used, the plant starts defense systems at the expense of 
housekeeping cell functions (Logemann et al., 1995; Shigaki & Bhattacharyya, 2000). Part of 
this defense reaction involves cellular cyosolic inositol and the IP3 pathway. This pathway is 
involved in cell division, growth and elongations and there is evidence that this pathway is 
inhibited when the plant is exposed to pathogens (Perera et al., 1999; Shigaki & 
Bhattacharyya, 2000). Selection of plants with reduced phytate levels raised the question of 
these plants’ response to stress in the form of diseases. Murphy et al., 2008 found that 
disruption of phytate biosynthesis resulted in increased susceptibility in Arabidopsis thaliana 
to virus (potato virus Y), fungal (Botrytis cinerea) and bacterial (Psueodomonas syringae) 
diseases. The role of phytate in basal resistance to plant pathogens was previously 
unknown. Klink et al. (2009) found 1-phosphatidylinositol phosphodiesterase-related genes 
expressed when soybean plants are exposed to Heterodera glycines, a pathogen of soybean. 
The findings of inositols in plant defense are important findings and the next step is to 
determine whether the defense reaction is a general reaction or specific to different types of 
attacks. 
Transgenic plants that release extracellular phytase from their roots have a significantly 
increased ability to acquire phosphorus from inositol phosphates from growth medium; 
however, there is less evidence that phosphorus nutrition of plants can be improved in 
plants grown in soil (George, et al., 2004). Phytate and phytic acid represent the major form 
of phosphorus in animal feed derived from plants. Phosphorus in seeds and tubers is stored 
primarily as phytate (myo-inositol exakisphosphate), which is poorly digested by non-
ruminant animals such as swine, poultry and fish (Saghai Maroof et al., 2009; Kim et al., 
2006). The lack of the hydrolytic enzymes necessary for phytate to be utilized by these 
animals requires supplemental phosphate. Plant breeding efforts involve plant selections for 
improved phosphorus usage by animals and different feed additives resulting in less 
environmental pollution. 
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(Stieglitz et al, 2005). The four other inositol isomers are derived from myo-inositol (Loewus 
and Murthy, 2000). The sequoyitol can then be epimerized to D-pinitol (See Fig. 7) which is 
demethylated to D-chiro-inositol using NADP-specific D-pinitol dehydrogenase (Stieglitz et 
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stages (Phillips and Smith, 1974). Comparison of total inositols among plants should be 
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inositols (Larson & Raboy, 1999). Research with pinitol in soybean documents that this 
cyclitol is a major consitutent of soybean (Phillips & Smith, 1974; Streeter, 1980; Phillips, et 
al. 1982; Dougherty & Smith, 1982). Because pinitol diffuses faster than carbohydrates 
during imbibition, it is theorized that loss of pinitol from soybean seed encourages the 
growth of Bradyrhizobium (Rhizobium) species in the soil needed for nitrogen fixation 
(Nordin, 1984). Accumulation of ononitol and pintol in soybean and other plants under 
drought conditions has been documented (Streeter et al., 2001; Guo & Oosterhuis, 1997; 
Manchanda & Garg, 2008; Sheveleva, et al, 1997). 
Inositols are very important in general plant growth, seed storage, nitrogen fixation and 
protection of plants during stress. Inositol metabolism and its role in photosynthesis, plant 
health,  and subsequent potential increase in yield is complex but new discoveries in this 
area may lead to future yield improvements. The role of inositols in nitrogen fixation is also 
complex and not currently fully understood. Inositols play an important role in phosphorus 
movement in the environment. Efforts are being made to alter the phytate content of 
soybean so animals can use the phosphorus and also reduce the amount that is excreted as 
manure. There are implications here not only for animal health but also for the preservation 
and sustainability of watersheds. 
Phytate, myo-inositol hexakisphosphate, is found in almost all plant and animal cells and 
serves as an important phosphate reserve in plants (Irvine & Schell, 2001). Exposure of 
soybean cell suspension to Psuedomonas syringae pv glycinea indicated that whether a 
virulent or avirulent strain is used, the plant starts defense systems at the expense of 
housekeeping cell functions (Logemann et al., 1995; Shigaki & Bhattacharyya, 2000). Part of 
this defense reaction involves cellular cyosolic inositol and the IP3 pathway. This pathway is 
involved in cell division, growth and elongations and there is evidence that this pathway is 
inhibited when the plant is exposed to pathogens (Perera et al., 1999; Shigaki & 
Bhattacharyya, 2000). Selection of plants with reduced phytate levels raised the question of 
these plants’ response to stress in the form of diseases. Murphy et al., 2008 found that 
disruption of phytate biosynthesis resulted in increased susceptibility in Arabidopsis thaliana 
to virus (potato virus Y), fungal (Botrytis cinerea) and bacterial (Psueodomonas syringae) 
diseases. The role of phytate in basal resistance to plant pathogens was previously 
unknown. Klink et al. (2009) found 1-phosphatidylinositol phosphodiesterase-related genes 
expressed when soybean plants are exposed to Heterodera glycines, a pathogen of soybean. 
The findings of inositols in plant defense are important findings and the next step is to 
determine whether the defense reaction is a general reaction or specific to different types of 
attacks. 
Transgenic plants that release extracellular phytase from their roots have a significantly 
increased ability to acquire phosphorus from inositol phosphates from growth medium; 
however, there is less evidence that phosphorus nutrition of plants can be improved in 
plants grown in soil (George, et al., 2004). Phytate and phytic acid represent the major form 
of phosphorus in animal feed derived from plants. Phosphorus in seeds and tubers is stored 
primarily as phytate (myo-inositol exakisphosphate), which is poorly digested by non-
ruminant animals such as swine, poultry and fish (Saghai Maroof et al., 2009; Kim et al., 
2006). The lack of the hydrolytic enzymes necessary for phytate to be utilized by these 
animals requires supplemental phosphate. Plant breeding efforts involve plant selections for 
improved phosphorus usage by animals and different feed additives resulting in less 
environmental pollution. 
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Inositol is synthesized sparingly in the body but is present in many foods. The inositols are 
essential nutrients for plants (Loewus and Murthy, 2000) and  animals (Holub, 1986). 
Concentrations of the inositols and their metabolites can be much higher in some plant 
species than in mammalian tissue. For example, in soybeans, the concentration of pinitol 
alone approaches 30 mg/g (Streeter & Strimbu 1998; Garland et al., 2009) whereas in human 
blood, the levels of free myo-inositol is 3000 times lower (1 mg/100 mL). Levels of pinitol in 
blood  is not widely known, but are anticipated to be orders of magnitude less than myo-
inositol.  
One form of inositol, inositol hexaniacinate, has been used to support circulatory health 
because it functions like niacin in the body. The major dietary forms of myo-inositol are 
inositol hexaphosphate or phytic acid, which is widely found in cereals and legumes and 
associated with dietary fiber, and myo-inositol-containing phospholipids from animal and 
plant sources.  
Inositol is involved in the glucuronic acid and pentose phosphate pathways. Inositol exists 
as the fiber component phytic acid, which has been investigated for its anti-cancer 
properties. Inositol is primarily used in the treatment of liver problems, depression, panic 
disorder, and diabetes (Narayanan, 1987). Used with choline, it also aids in the breakdown 
of fats, helps in the reduction of blood cholesterol, and helps to prevent thinning hair (Walker, 
2010). It promotes the export of fat from the liver. Inositol is required for the proper function 
of several brain neurotransmitters. Inositol may improve nerve conduction velocities in 
diabetics with peripheral neuropathy. Inositol may help protect against atherosclerosis and 
hair loss. There has also been the suggestion that it may help to reverse some nerve damage 
caused by diabetes (Gregersen et al. 1978; Ibid,1983). Inositol has also been tried for other 
psychological and nerve-related conditions including the treatment of side effects of the 
medicine lithium. Inositol also has a prominent calming effect on the central nervous 
system, so it is sometimes helpful to those with insomnia. Inositol may also be involved in 
depression.  
Under pinitol deficiency, detrimental health conditions may exist such as higher blood 
sugar in diabetics (Geethan and Prince, 2008). Myo-inositol deficiency can lead to 
depression and other mental disorders (Levine et al, 1995; Benjamin et al, 1995; Fux, et al, 
1996). Also, polycystic ovary syndrome (PCOS) has been reported to be related to a 
deficiency in dietary inositol (Gerli, et al. 2003; Ibid, 2007). Correlations with depression 
and similar disorders may be related to the abundance of inositol phospholipids in brain 
and other nervous system tissues. However, the relationship between pinitol and blood 
sugar levels is more likely correlated with the similarities in structure between the 0-
methyl inositol and glucose. 
There is no recommended daily allowance for inositol, but the normal human dietary intake 
is about 1 gram per day. Inositol is available from both plant and animal sources. Natural 
sources of inositol include soybeans, wheat germ, brewer's yeast, bananas, liver, brown rice, 
oak flakes, nuts, unrefined molasses, vegetables, and raisins. Most dietary inositol is in the 
form of phytate, a naturally occurring plant fiber.  
Dietary effects of pinitol and ononitol are still in the earlier stages of discovery. It has 
recently been shown that pinitol lowers blood glucose levels in type II diabetics while 
significantly decreasing total cholesterol, LDL-cholesterol and the LDL/HDL-cholesterol 
ratio (Kim et al 2005). The dietary benefits or hazards of the other metabolites of isomers of 
inositol (other than myo-inositol) are under active investigation. 
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11. Conclusions and future directions 
It is clear from this review that there are many different tools to study the carbohydrates in 
soybean plants. Results from any of the various analytical methods can be compared as long 
as they have been tested with adequate standards. The outstanding carbohydrate found in 
soybeans is pinitol, part of the inositol family. There has been considerable research into the 
value of the inositols, but most of the emphasis has been on myo-inositol, probably because 
it is widely available. However, for the soybean industry, it would be valuable to better 
understand the role of pinitol in health and nutrition. There are good indications that pinitol 
may have unique nutritional value, and key roles in soybean plant biology. Future 
directions should include the use of effective analytical methods to perform more research 
into the roles of pinitol and related inositols in various fields of nutrition, medicine, and 
plant biology. 
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Inositol is synthesized sparingly in the body but is present in many foods. The inositols are 
essential nutrients for plants (Loewus and Murthy, 2000) and  animals (Holub, 1986). 
Concentrations of the inositols and their metabolites can be much higher in some plant 
species than in mammalian tissue. For example, in soybeans, the concentration of pinitol 
alone approaches 30 mg/g (Streeter & Strimbu 1998; Garland et al., 2009) whereas in human 
blood, the levels of free myo-inositol is 3000 times lower (1 mg/100 mL). Levels of pinitol in 
blood  is not widely known, but are anticipated to be orders of magnitude less than myo-
inositol.  
One form of inositol, inositol hexaniacinate, has been used to support circulatory health 
because it functions like niacin in the body. The major dietary forms of myo-inositol are 
inositol hexaphosphate or phytic acid, which is widely found in cereals and legumes and 
associated with dietary fiber, and myo-inositol-containing phospholipids from animal and 
plant sources.  
Inositol is involved in the glucuronic acid and pentose phosphate pathways. Inositol exists 
as the fiber component phytic acid, which has been investigated for its anti-cancer 
properties. Inositol is primarily used in the treatment of liver problems, depression, panic 
disorder, and diabetes (Narayanan, 1987). Used with choline, it also aids in the breakdown 
of fats, helps in the reduction of blood cholesterol, and helps to prevent thinning hair (Walker, 
2010). It promotes the export of fat from the liver. Inositol is required for the proper function 
of several brain neurotransmitters. Inositol may improve nerve conduction velocities in 
diabetics with peripheral neuropathy. Inositol may help protect against atherosclerosis and 
hair loss. There has also been the suggestion that it may help to reverse some nerve damage 
caused by diabetes (Gregersen et al. 1978; Ibid,1983). Inositol has also been tried for other 
psychological and nerve-related conditions including the treatment of side effects of the 
medicine lithium. Inositol also has a prominent calming effect on the central nervous 
system, so it is sometimes helpful to those with insomnia. Inositol may also be involved in 
depression.  
Under pinitol deficiency, detrimental health conditions may exist such as higher blood 
sugar in diabetics (Geethan and Prince, 2008). Myo-inositol deficiency can lead to 
depression and other mental disorders (Levine et al, 1995; Benjamin et al, 1995; Fux, et al, 
1996). Also, polycystic ovary syndrome (PCOS) has been reported to be related to a 
deficiency in dietary inositol (Gerli, et al. 2003; Ibid, 2007). Correlations with depression 
and similar disorders may be related to the abundance of inositol phospholipids in brain 
and other nervous system tissues. However, the relationship between pinitol and blood 
sugar levels is more likely correlated with the similarities in structure between the 0-
methyl inositol and glucose. 
There is no recommended daily allowance for inositol, but the normal human dietary intake 
is about 1 gram per day. Inositol is available from both plant and animal sources. Natural 
sources of inositol include soybeans, wheat germ, brewer's yeast, bananas, liver, brown rice, 
oak flakes, nuts, unrefined molasses, vegetables, and raisins. Most dietary inositol is in the 
form of phytate, a naturally occurring plant fiber.  
Dietary effects of pinitol and ononitol are still in the earlier stages of discovery. It has 
recently been shown that pinitol lowers blood glucose levels in type II diabetics while 
significantly decreasing total cholesterol, LDL-cholesterol and the LDL/HDL-cholesterol 
ratio (Kim et al 2005). The dietary benefits or hazards of the other metabolites of isomers of 
inositol (other than myo-inositol) are under active investigation. 
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11. Conclusions and future directions 
It is clear from this review that there are many different tools to study the carbohydrates in 
soybean plants. Results from any of the various analytical methods can be compared as long 
as they have been tested with adequate standards. The outstanding carbohydrate found in 
soybeans is pinitol, part of the inositol family. There has been considerable research into the 
value of the inositols, but most of the emphasis has been on myo-inositol, probably because 
it is widely available. However, for the soybean industry, it would be valuable to better 
understand the role of pinitol in health and nutrition. There are good indications that pinitol 
may have unique nutritional value, and key roles in soybean plant biology. Future 
directions should include the use of effective analytical methods to perform more research 
into the roles of pinitol and related inositols in various fields of nutrition, medicine, and 
plant biology. 
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1. Introduction 
Crude vegetable oils contain triacylglycerols as major component and various minor 
components such as diacylglycerols, monoacylglycerols, free fatty acids, phospholipids, 
tocopherols, sterols, squalene, color pigments, waxes, aldehydes, ketones, triterpene 
alcohols and metals that may affect the quality of the final product. The minor components 
are removed partially or entirely by either physical or chemical refining in order to make the 
vegetable oils suitable for human consumption. Deodorization is the last major processing 
step in the refining of edible oils. It has the responsibility for removing both the undesirable 
ingredients occurring in natural fats and oils and those which may be imparted by prior unit 
processes such as caustic refining, bleaching, hydrogenation, or even storage conditions. It is 
this unit process that finally establishes the oil characteristics of "flavor and odor," which are 
those most readily recognized by the consumer (Gavin, 1978). 
Deodorizer distillate is a by-product of deodorization, which is the last major step in 
vegetable oil refining process. It is a complex mixture of free fatty acids, mono-, di- and 
triacyglycerols, sterols and their esters, tocopherols, hydrocarbons, pesticides, and 
breakdown products of fatty acids, aldehydes, ketones and acylglycerol species 
(Ramamurthi & McCurdy, 1993). Deodorizer distillate is an excellent source of valuable 
compounds such as phytosterols, tocopherols and squalene, which can be recovered and 
further used as food additives, in pharmaceutical industry and cosmetics. Their commercial 
value however, is mainly dependent on their tocopherol content (Fernandes & Cabral, 2007). 
Although in recent years, efforts from industry resulted in a significant number of reports, 
describing better and improved methods for phytosterol recovery and purification. Such 
surge is closely related to growing market for phytosterols, particularly given the 
widespread dissemination of functional foods (Fernandes & Cabral, 2007).  
Numerous procedures have been described to isolate bioactive compounds from soybean oil 
deodorizer distillate to improve the value and the quality of this by-product. All these 
procedures can be grouped in three generic categories: crystallization and precipitation, 
chemical and enzymatic modification, and extraction and fractionation. 
One important bioactive compound concentrated in intermediate byproducts and waste 
streams during the refining of soybean oil is squalene. Recently, steroidal hydrocarbons and 
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are removed partially or entirely by either physical or chemical refining in order to make the 
vegetable oils suitable for human consumption. Deodorization is the last major processing 
step in the refining of edible oils. It has the responsibility for removing both the undesirable 
ingredients occurring in natural fats and oils and those which may be imparted by prior unit 
processes such as caustic refining, bleaching, hydrogenation, or even storage conditions. It is 
this unit process that finally establishes the oil characteristics of "flavor and odor," which are 
those most readily recognized by the consumer (Gavin, 1978). 
Deodorizer distillate is a by-product of deodorization, which is the last major step in 
vegetable oil refining process. It is a complex mixture of free fatty acids, mono-, di- and 
triacyglycerols, sterols and their esters, tocopherols, hydrocarbons, pesticides, and 
breakdown products of fatty acids, aldehydes, ketones and acylglycerol species 
(Ramamurthi & McCurdy, 1993). Deodorizer distillate is an excellent source of valuable 
compounds such as phytosterols, tocopherols and squalene, which can be recovered and 
further used as food additives, in pharmaceutical industry and cosmetics. Their commercial 
value however, is mainly dependent on their tocopherol content (Fernandes & Cabral, 2007). 
Although in recent years, efforts from industry resulted in a significant number of reports, 
describing better and improved methods for phytosterol recovery and purification. Such 
surge is closely related to growing market for phytosterols, particularly given the 
widespread dissemination of functional foods (Fernandes & Cabral, 2007).  
Numerous procedures have been described to isolate bioactive compounds from soybean oil 
deodorizer distillate to improve the value and the quality of this by-product. All these 
procedures can be grouped in three generic categories: crystallization and precipitation, 
chemical and enzymatic modification, and extraction and fractionation. 
One important bioactive compound concentrated in intermediate byproducts and waste 
streams during the refining of soybean oil is squalene. Recently, steroidal hydrocarbons and 
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squalene in soybean oil deodorizer distillate have been isolated and identified. Separation, 
purification, and chemical characterization of hydrocarbons fraction in soybean oil 
deodorizer distillate will help researchers finding a better utilization of these byproduct 
(Gunawan et al., 2008b, Kasim et al., 2009). Both squalene and steroidal hydrocarbons have 
been purified from soybean oil deodorizer distillate by means of modified soxhlet 
extractions with hexane to obtain two main fractions: one fraction rich in fatty acid steryl 
esters and squalene and a second fraction rich in tocopherols, free phytosterols, free fatty 
acids (FFAs) and acylglycerols. Then hydrocarbons are isolated via silica gel column 
chromatography. Similarly, other procedures described in the literature for isolation of 
sterols and tocopherols in soybean oil deodorizer distillate are based on the utilization of 
organic solvents (Lin et al., 2004). 
Recently greener technologies for isolation, purification and fractionation of bioactive 
compounds from soybean oil deodorizer distillate (SODD) have been developed. These 
methodologies can work in combination or independently to improve the fractionation of 
soybean oil deodorizer distillate. Hence, lipase-catalyzed methyl or ethyl esterification of 
SODD to transform free fatty acids into their corresponding fatty acid methyl or ethyl esters 
coupled to molecular distillation and/or supercritical fluid extraction has been described as 
a strategy to improve the separation between tocopherols, sterols and free fatty acids (Torres 
et al., 2009).  Alternatively, enzymatic esterification of the sterols with the fatty acids already 
present in the deodorizer sludge makes the separation of tocopherols and sterols simpler 
using short-path distillation or supercritical fluid extraction (Shimada et al., 2000). However, 
short path distillation (Ito et al., 2006), supercritical fluid extraction (Chang et al., 2000), and 
enzymatic modifications (Torres et al., 2007) have been also utilized independently on 
soybean oil deodorizer distillate. Therefore, these three technologies will be analyzed and 
discussed on the present chapter to evaluate the feasibility of these procedures for the 
valorization of side-stream products obtained during refining of soybean oil.  
In addition, oxidation of sterols during refining steps such as heating, degumming, 
neutralization, bleaching, and deodorization, and during storage and handling should be 
also considered (Verleyen et al., 2002b). However, limited information is available on the 
levels of sterols in the by-product fractions collected from chemical and physical refining 
processes (Verleyen et al., 2001c) and the biological effects of phytosterol oxidation products 
on animal and human health need more investigation, as feed quality is crucial for animal 
health and welfare, and ultimately human health. It has been reported that the formation of 
sterol oxidation products is affected not only by the chemical nature of the sterols but also 
by their quantity (Dutta et al., 2006). Positive correlations between total sterols and total 
phytosterol oxidation products in the by-products collected from refining processes have 
been found (Ubhayasekera & Dutta, 2009). Therefore, other aspects concerning soybean oil 
deodorizer distillate such as nonfood applications, direct consumption, and oxidative 
quality will be also analyzed and discussed in the present chapter. 

2. Soybean oil deodorizer distillate production and characterization 
The vegetable oils correspond about 70% of demand of natural oils and fatty acids 
consumed in the world. The soybean oil corresponds from 20 to 30% of the vegetable oils 
world market (Bockisch, 1998) and its production involves several steps that are necessary 
to render the soybean oil suitable for human consumption. These production steps have 
been broadly characterized as 1) soybean preparation, 2) oil extraction, and 3) oil refining. 
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Soybean preparation generally includes the steps of cleaning, drying, cracking, and 
dehulling.  
Oil extraction basically consists of separating the oil from the remainder of the soybean, 
known as soybean meal. The great majority of commercial soybean extraction processes use 
a solvent to separate the oil from the meal. In the solvent extraction process, the beans are 
flaked to provide a large surface area. A solvent, commonly hexane, is then pumped 
through the soybean flakes, dissolving the oil in the hexane. The hexane is then separated 
from the oil and recycled. 
The crude oil resulting from the extraction process must then be subjected to additional 
treatments, collectively called "refining", to remove various materials in order for the oil to 
be suitable for consumption. These materials include hydratable and non-hydratable 
phospholipids, free fatty acids, and various color and flavor components. 
Crude soybean oil contains phosphorous compounds called hydratable phospholipids, and 
small amounts of calcium and magnesium that complex with a portion of the phospholipids 
to form non-hydratable phospholipids. Hydratable phospholipids are normally removed by 
a process known as "degumming", in which the oil is agitated or otherwise intimately 
combined with water to precipitate gums from the oil. The gums are then removed by 
centrifugation. 
These precipitated gums can be used as a feed additive, or evaporated to remove moisture, 
the end product is called lecithin. Lecithin has various end uses such as food emulsifier. The 
degummed oil is dried under vacuum to remove any water. Removal of non-hydratable 
phospholipids is considerably more difficult and expensive, requiring further chemical 
treatment, typically chemical refining, to break the chemical bonds between the calcium or 
magnesium ions and the phospholipids, followed with extensive bleaching of the oil. 
In most processes, free fatty acids are then removed from the oil by a process known as 
caustic refining, also called chemical or alkali refining, in which the oil is mixed with a 
caustic material, such as sodium or potassium hydroxide, which undergoes a saponification 
reaction with the acids, forming soaps that are then removed by centrifugation. In this case, 
the non-hydratable phosphotide are removed along with the free fatty acids. In addition, a 
significant quantity of the oil is captured by the soaps, adversely affecting oil yield.  
Free fatty acid removal by a process known as physical refining has been used for oils that 
are low in non-hydratable phospholipids, such as lauric oils, particularly palm oil. In 
physical refining, the oil is vacuum distilled at high temperatures, e.g., from about 230 ºC to 
about 260 ºC to separate more volatile components from the oil. This process is used to 
remove various flavor components, and will also remove free fatty acids. However, the 
process has not been viable for removing free fatty acids from oils such as soybean oil, 
which contains higher levels of non-hydratable phospholipids (more than 20 ppm based of 
phosphorous content). The high temperatures required for physical refining tend to break 
down the non-hydratable phospholipids that are present in the soybean oil, producing 
chemical compounds that cause an unacceptable flavor and color. 
Conventional refining processes also involve some bleaching of the soybean oil to remove 
color pigments (i. e., carotenoids, chlorophyll) that adversely affect the color of the oil. 
Bleaching process employs the use of adsorbents such as acid-activated clays. 
Finally, deodorization is the last process step used to improve the taste, odor, color and 
stability of the oil by means of removing undesirable substances. The goal of deodorization 
is to obtain a final product, finished oil that has a bland flavor, a maximum FFA content of 
0.05% and a zero peroxide value. All commercial deodorization, whether in continuous, 
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semicontinuous or batch units, is essentially a form of physical distilling by steam, in which 
the oil is subjected to high temperatures (210 ºC - 280 ºC) under a high vacuum (1 – 6 mm 
Hg) for a short period of time, which is sufficient to remove FFA and other volatile flavor-
causing compounds. During the process, peroxide decomposition products, color bodies 
and their decomposition products are eliminated and the content of sterols, sterol esters and 
tocopherols is also reduced.  
The modern commercial deodorizers are equipped with a packed column that has three 
sections: vapour scrubbing section, stripping section and heat bleaching section.  
Bleached oil is pre-heated by outgoing deodorized oil and sprayed into the Deaerator where 
dissolved air and moisture are reduced to a minimum.  The oil is then heated to full 
temperature by hot deodorized oil in the Deodorizing Economizer and high pressure steam 
in the Final Heater. A portion of the free fatty acids in the oil will be flashed off as the oil 
temperature increases. 
The hot oil enters the Packed Column, which is filled with special structured packing so that 
the oil is distributed into a thin film and is evenly agitated by stripping steam flowing 
counter currently from the bottom of the column. As a result, free fatty acids and other 
remaining volatile impurities in the oil are evaporated and removed with the steam. The 
residence time in the column is only a few minutes.  
Next, the stripped oil enters the heat bleaching section where it flows through the channels 
of a series of vertically stacked compartments (trays) while agitated by stripping steam. The 
prolonged thermal action breaks down color bodies (carotenes) and other heat sensitive 
compounds are volatilized and removed, or rendered inactive, resulting in a lighter oil 
color. Also, the amount of remaining free fatty acids in the oil is reduced to an absolute 
minimum. 
The deodorized oil is pre-cooled by deaerated oil and then sprayed into the Post Deodorizer 
where the final “off-flavor” compounds are removed.  
Fatty acids and other materials, evaporated from the oil, are condensed by contact with 
recycled and cooled distillate in the Vapor Scrubbing section. The soybean oil deodorizer 
distillate is circulated by the Distillate Pump via the Distillate Cooler where it is cooled by 
cooling water. Accumulated distillate is discharged from the Scrubber to storage. 
SODD is a by-product of deodorization and is a complex mixture of free fatty acids, mono-, 
di- and triacyglycerols, sterols and their esters, tocopherols, hydrocarbons, pesticides, and 
breakdown products of fatty acids, aldehydes, ketones and acylglycerol species 
(Ramamurthi & McCurdy, 1993, Verleyen, 2001c). SODD corresponds between 0.1 and 0.4% 
of crude soybean oil. Deodorizer distillate is an excellent source of valuable compounds 
such as phytosterols and tocopherols, corresponding approximately 10% and 20% 
respectively (Czuppon et al., 2003), which can be recovered and further used as food 
additives, in pharmaceutical industry and cosmetics (Lin & Koseoglu, 2003). Their 
commercial value however, is mainly dependent on their tocopherol content, depending on 
the market demand for this ingredient (Dumont & Narine, 2007).  
SODD contains high levels of free fatty acids and acylglycerols (Chu et al., 2002). Fatty acids 
represent 25-75% and acylglycerols about 3-56% of Vegetal Oil Deodorizer Distillates 
(VODD), depending on the raw material being refined and on the type and conditions of the 
refining process (Ramamurthi & McCurdy, 1993). The free fatty acids from deodorizer 
distillate are mostly used as additives for animal food, fluidizing agents for lecithin or as 
medium-grade soaps. Such fatty acids also can be used as precursors in a wide variety of 
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molecular synthesis schemes such as the production of dibasic acids of different chain 
lengths (Gangopadhyay et al., 2007). Alternatively, deodorizer distillate have non-food 
applications, such as biodiesel or can be used mixed with the fuel oil to fire the steam boilers 
(Svensson, 1976). 
Tocopherols (vitamin E) are natural antioxidants found in vegetable oils and contribute 
significantly to their oxidative stability. Due to the high tocopherol content of crude oils, 
they can be stored long periods of time if they are protected from air, moisture and high 
temperature (Norris, 1979) without any significant deterioration. However, the 
concentration of natural tocopherols in soybean oil is too high for optimum oxidative 
stability and flavor, because they can act as pro-oxidants by peroxide formation (Jung & 
Min, 1990, Warner, 2005). 
Moreover, tocopherols exert several beneficial activities, such as protective role of vitamin 
A, β-carotene and essential fatty acids (Ferrari et al., 1996). Tocopherols also prevent diseases 
like cancer (Kline et al., 2007), cardiovascular and cataracts (Block & Langseth, 1994, 
Munteanu & Zingg, 2007, Rimm et al., 1993). They are used in food, cosmetics and 
pharmaceutical industries (Chu, 2002) and a mixture of α, β, γ and δ isomers containing 60 
wt% tocopherols is widely used as additive to many kinds of foods (Shimada, 2000).  
On other hand, in recent years a significant number of reports, patents, and scientific 
publications describing improved methods for phytosterol recovery and purification have 
been developed. This phenomenon is closely related to the growing market for phytosterols, 
particularly given the widespread dissemination of functional foods (Fernandes & Cabral, 
2007). 
Phytosterols are useful hypocholesterolemic agents since a daily intake of 2-3 g lowers LDL 
cholesterol concentrations by 10-15 % as found in various populations (Kritchevsky & Chen, 
2005, Quílez et al., 2003). The proposed mechanism is that plant sterols reduce the micellar 
solubility of cholesterol and consequently lower intestinal absorption of both exogenous and 
endogenous cholesterol (de Jong et al., 2003, Trautwein et al., 2003), but also experimental 
investigations suggest that sterols may act modulating lipid and protein metabolism 
(Mulligan et al., 2003, Plat & Mensink, 2005). In addition to their cholesterol lowering effect, 
plant sterols may possess anti-cancer (Awad et al., 2003), antiatherosclerosis (Moghadasian 
et al., 1999, Moghadasian et al., 1997), anti-inflammation (Bouic, 2001) and antioxidation 
activities (van Rensburg et al., 2000). Phytosterol compounds exhibit virtually no side effects 
and they have shown no evidence of in vitro mutagenic activity or subchronic toxicity in 
animals (Rozner, 2006). These compounds have been extensively used as a food ingredient 
in the functional food industry. 
Moreover, phytosterols are valuable precursors in the production of hormones (Donova, 
2007). They are used in manufacturing progesterone, corticoids, estrogens, contraceptives, 
diuretics, male hormones and vitamin D. They are, also, used in cosmetics (Balazs, 1987, 
Fernandes & Cabral, 2007).  
Another important bioactive compound concentrated in intermediate byproducts and waste 
streams during the refining of soybean oil, is squalene, a hydrocarbon that has been used in 
applications such as natural moisturizer in cosmetics and biochemical precursor in the 
synthesis of steroids. Recently, steroidal hydrocarbons and squalene in soybean oil 
deodorizer distillate have been isolated and identified. Separation, purification, and 
chemical characterization of hydrocarbons fraction in soybean oil deodorizer distillate will 
help researchers finding a better utilization of these byproduct (Gunawan, 2008b, Kasim, 
2009). 
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The refining process induces changes in the structure and concentration of tocopherols, 
sterols (free and bound) and squalene.  
Of these various components, most attention is given to the tocopherols. Jung and 
coworkers (Jung et al., 1989) and Ferrari (Ferrari, 1996) have studied the tocopherol content 
at all stages of processing for all isomers in the finished oil. The tocopherol content 
decreases during each step of processing and may be markedly reduced during 
deodorization, as the tocopherols are volatile under these conditions. The processing 
removed between 30-60% of tocopherols in crude soybean oil. Even though total tocopherol 
content decreased during processing, the relative compositions of tocopherols in soybean 
oils were constant during processing. 
Sterol content present in soybean oil also tend to be diminished in processing and the 
magnitude of such decrease is about the same as the tocopherols (Ferrari, 1996). It has been 
shown that the absorption of sterols is increased extensively with increased amounts of 
bleaching clay. The lipid extract from the bleaching clay had high concentrations of sterols 
in unchanged form.  
Squalene content also decreases during processing (Nergiz & Çelikkale, 2010), but not 
drastically until deodorization, when it is partially volatilized. Total losses during all the 
stages of refining were found to be 31 % as compared to its content in crude soybean oil. 
Numerous procedures have been described to isolate bioactive compounds from soybean oil 
deodorizer distillate to improve the value and the quality of this by-product. All these 
procedures can be grouped in four generic categories: classic method such as crystallization 
and precipitation, molecular distillation, supercritical fluid extraction and chemical and 
enzymatic modification. 

3. Classic methods to obtain functional lipids from SODD 
In the past, recovering tocopherols and sterols from deodorizer distillates and related 
mixtures has been proved to be complicated and expensive. One difficulty associated with 
isolating one or more distillate fractions enriched in fatty acids, tocopherols, and/or sterols 
from deodorizer distillates is that the molecular weights and volatilities of sterols are similar 
to those of tocopherols (Ghosh & Bhattacharyya, 1996). For this reason, it is difficult to 
recover concentrates of tocopherols and phytosterols with good yield and high quality (Lin, 
2002). In addition, in order to separate the squalene present in the distillate, the main 
challenge is to isolate them from each other, especially in the case of the following pairs of 
components: tocopherol–squalene, tocopherol–fatty acids, tocopherol–sterol and sterol–
squalene. 
Another difficulty is that deodorizer distillate can undergo thermal degradation if it is 
processed for extended periods at the temperatures at which sterols and tocopherols 
vaporize, such temperature conditions which can cause fatty acids to convert into 
undesirable trans isomeric forms and may cause the degradation of tocopherols (Chu, 
2002). 
Classical methods for recovering tocopherols and sterols include solvent extraction, 
chemical treatment, crystallization, complexation, and molecular distillation (Rohr & 
Trujillo-Quijano, 2005). The separation process involves a series of chemical and physical 
techniques which are used alone or in combination. In general, most processes are designed 
to remove either fatty acids or sterols in the initial step, followed by tocopherol 
concentration by other methods.  
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Crystallization has frequently been used to purify sterols from SODD, either following or 
preceding other separation methods. Brown (Brown & Smith, 1964) reported a phytosterols 
product prepared by a continuous two-stage liquid-liquid extraction (LLE) with a solvent 
pair of methanol and hexane, and then followed by crystallization using acetone as a solvent 
at 4 ºC for 24 h. By this approach, 73% sterol concentrate was obtained from SODD 
containing 6.5% sterol. Sheabar and Neeman (Sheabar & Neeman, 1987) have shown the 
preparation of a tocopherol concentrate through removal of sterol from SODD by a two-
stage crystallization at -20 ºC with hexane and acetone as crystallization solvents. Attempts 
have been made to isolate tocopherols from SODD by supercritical fluid extraction 
technology with crystallization as pretreatment to first remove sterols (Lee et al., 1991). 
SODD was esterified with methanol using HCl as catalyst, then a solvent pair of hexane-
methanol was used to obtain tocopherols-sterols concentrate from which sterols were 
recovered by crystallization at -20 ºC with acetone as a solvent (Brown & Smith, 1964). The 
results were similar to those mentioned above. Nevertheless, the information of total yield 
of sterols was not provided in these publications. 
Crystallization seems successful as a simple and efficient process to remove and concentrate 
sterols and tocopherols from SODD. This process has the advantage of not causing 
tocopherol oxidation, because the low temperature utilized, and it does not use high 
pressure. While there is much information in the literature on the recovery of sterols from 
SODD by crystallization, little attempt is made pertaining to its optimal conditions such as 
solvent type, crystallization temperature and time. Lin and Koseoglu (Lin & Koseoglu, 2003) 
have shown crystallization of sterols from SODD without any pretreatment is practical. The 
best results were achieved by crystallization at -20 ºC for 24 h using a solvent mixture of 
acetone-methanol (4:1, v/v) at a solvent-to-SODD ratio of 3:1 (v/w), followed by 
centrifugation, filtration, and twice washing of the wet cake. Over 90% of the original 
tocopherols and squalene, were retained in the filtrate fraction, while 80% of the original 
sterols were crystallized in the cake fraction. Khatoon and coworkers (Khatoon et al., 2010) 
developed a method for the preparation of phytosterols from SODD by crystallisation using 
hexane and water. Direct crystallisation yielded a phytosterol fraction with lower recovery 
of 13.2–17.8% while treatment with alkali to remove FFA and the glycerides followed by 
organic solvent extraction yielded unsaponifiable matter containing phytosterols with a 
recovery of 74.6%. Later the unsaponifiable matter was purified by double crystallisation 
into a mixture of phytosterols of 87% purity. Moreira and Baltanás (Moreira & Baltanás, 
2004) studied the impact of the principal process variables (solvents and cosolvents, cooling 
rate, crystallization temperature, and ripening time) on the quality and yield of the 
recovered phytosterols, but in this case by using a sunflower oil deodorizer distillate 
“enriched” (i.e., preconcentrated). In this study, a sterols recovery as high as 84% (with 36% 
purity) was achieved by using a single-stage batch crystallization of hexane/ethanol 
mixture (ratio of 4:1, v/v) at -5 ºC. 
On the other hand, a modified industrial process was developed by Xu and coworkers (Xu 
et al., 2005) to recovery and purify valuable compounds from SODD. In this process, 
tocopherols and fatty acids methyl esters (FAMEs) was obtained from SODD after a process 
with methyl esterification by sulfuric acid catalyst, transesterification by alkaline catalyst, 
crystallization of sterols and molecular distillation. The waste residue of SODD was 
obtained after the molecular distillation and it mainly contains steryl esters, acylglycerols, 
and hydrocarbons.  
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In turn, Yang and coworkers (Yang et al., 2009) developed a catalytic and crystallization 
process to recover phytosterols from waste residue of SODD (WRSODD). A catalyst was 
employed to decompose WRSODD so as to transform steryl esters into phytosterols. The 
mixed solvent that generated the best crystallization results was acetone and ethanol (4:1, 
v/v). The yield and the purity of recovered phytosterols were 22.95 wt. % and 92-97 %, 
respectively. 
Nevertheless, crystallization has the disadvantage of the solvents available at present are not 
sufficiently selective to obtain, through the current processes, a reasonable separation 
between the unsaponifiable components and free fatty acids. Due to this, it is often 
necessary to use more than one solvent, which in turn complicates and increases 
tremendously the cost of recovery and recycling of these solvent mixtures. Furthermore, 
solvents or solvent mixtures are used in very large proportions, when compared to the 
quantity of the material submitted for extraction, and the solvents need additional processes 
for their removal and/or recycling in the extraction and pre-concentration process of the 
valuable products. The foregoing reasons make solvent based-processes, expensive, 
unattractive and less environmentally friendly, resulting in a scarce and expensive final 
product. 
Saponification is also a common practice to concentrate tocopherols and sterols since it 
produces alkali metal soap which, due to its insolubility in the solvent used in the process, 
can be separated from the dissolved tocopherols, thereby permitting recovery of the 
tocopherols in a form relative free from fatty acids and glycerides. The processes themselves 
are costly, however, and tocopherols are produced in low yield. The sterols are then isolated 
from the resulting concentrate mixture by crystallization (Brown & Meag, 1963, Kijima et al., 
1964, Kim & Rhee, 1982). 
Of the saponification processes, the lime saponification process is the most widely used. 
Hickman, U.S. Patent No. 2.349.270 (Hickman, 1944), discloses that deodorizer distillate can 
be treated with calcium hydroxide, traditionally called slaked lime, to saponify the fatty 
acids, followed by extraction of the unsaponifiable fraction (tocopherols and sterols) with 
acetone, in which the saponification products are insoluble. The extract is then washed and 
concentrated, as for example by solvent distillation, and then cooled to crystallize sterols 
which are removed by filtration, leaving a high purity tocopherol fraction. The fatty acid 
soaps formed by the process can be acidulated and converted into free fatty acids. Andrews, 
U.S. Patent No. 2.263.550 (Andrews, 1941), discloses saponification of deodorizer distillates 
with sodium hydroxide, followed by metathesis (a molecular process involving the 
exchange of bonds between the two reacting chemical species, in this case a ion exchange) 
with calcium chloride to convert the sodium soaps to calcium soaps (not water soluble), 
from which the tocopherols and other unsaponifiable matter are then extracted with 
acetone. 
The disadvantage of each of these processes is that the calcium soap is formed in a wide 
particle size distribution, ranging from fine particles to lumps. The result is a soap mass 
which is lumpy in form and from which the unsaponificable matter is difficult to extract. To 
permit the extraction to take place, the soap mass must be ground into particulate form, a 
process which entails a substantial capital investment. Even then, solvent consumption is 
high and the recovery of tocopoherols and other useful unsaponificable matter such as 
sterols is low. 
Grinding is avoided in the process disclosed by Brown and coworkers (Brown & Meag, 
1963), which uses calcium silicate as a powdering agent in combination with acetone to 
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facilitate the separation of the soluble tocopherols and sterols from the insoluble soap mass. 
Unfortunately, this process requires a large amount of powdering agent which remains in 
the soap mass, and the effectiveness of the powdering agent is diminished if the moisture 
content of the soap mass is too high. 
Although saponification is effective to remove free fatty acids and acylglycerols, it involves 
the use of a large amount of alkali which is harmful to tocopherols, thus leading to low 
yields. Recently, molecular distillation combined with crystallization was more attractive to 
separately concentrate tocopherols and sterols (Gapor et al., 1989, Hunt et al., 1997, Kijima, 
1964, Kim & Rhee, 1982, Smith Frank, 1967). To increase the separation efficiency, 
esterification and/or transesterification are usually carried out prior to molecular 
distillation. Free fatty acids and acylglycerol are converted to fatty acid methyl esters, which 
are more easily removed by vacuum distillation due to their higher vapor pressure than 
those of the corresponding free fatty acids and acylglycerol. However, this step made the 
whole process more complicated and labor-intensive when compared with the 
saponification process. Another drawback of molecular distillation is that it is energy 
consuming to maintain high vacuum all of the time during operation. Consequently, the 
final product is also expensive. 

4. Enzymatic modification 
Enzymatic reactions are based on the selective biotransformation of determined compounds 
in order to modify their chemical or physical properties. Hence, the utilization of enzymes, 
for instance, makes easier the separation of tocopherols from SODD by converting sterols to 
steryl esters, acylglycerols to free fatty acids and free fatty acids to fatty acid methyl or ethyl 
esters (FAMEs or FAEEs). Then, it is easier to separate the new product mixture by 
distillation or supercritical fluid extraction. From published literature, it can be point out 
that the main difficulties of the enzymatic processes are the numerous parameters involved 
such as moisture content, enzyme concentration, time, temperature, ratio of the reactants, 
stability, recovery and reutilization of the enzyme preparation, among others (Ramamurthi 
et al., 1991), (Ramamurthi & McCurdy, 1993).  
The conversion of FFAs to FAMEs or FAEEs is an important step in the concentration and 
purification of tocopherols. If this step is omitted, the separation of FFA and tocopherols by 
distillation cannot be achieved due to their similar boiling points (Shimada, 2000). 
Furthermore, if methanol is used for the biotransformation of FFA to FAMEs, concomitant 
sterol esterification with fatty acids is inhibited. To avoid this problem, a lipase can be used 
in a two stages procedure: first to carry out hydrolysis of acylglycerols and then to promote 
the esterification of sterols with free fatty acids. The different components are then 
successfully separated by short path distillation or supercritical fluid extraction since their 
boiling points are now sufficiently different.  
In the literature, many enzymatic procedures for the preparation of sterol esters are 
described, but most of them require organic solvents, water and molecular sieves or other 
drying agents (Haraldsson, 1992), (Shimada et al., 1999), (Jonzo et al., 1997), (Hedström et al., 
1992). Although these strategies gave good conversion rates for the formation of sterol 
esters, the use of such multiphasic systems may complicate the final purification of the 
products in the case of larger scale productions. However, the enzymatic preparation of 
fatty acid esters of sterols, stanols and steroids in high yield by esterification and 
transesterification of fatty acids and other carboxylic acid esters, in vacuum at moderate 
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temperature using immobilized lipases have been also reported (Weber et al., 2001). In this 
case neither organic solvent, nor water or any drying reagent such as molecular sieves, are 
used. This and others studies (Shimada, 2000) showed that in the process of esterification of 
sterols with free fatty acids, the best results are obtained with Candida rugosa lipase and 
Pseudomonas sp. However, enzymatic conversion of FFAs to FAMEs or FAEEs is carry out 
frequently in the presence of Candida antactica lipase or Alcalygenes sp. (Torres, 2007), (Nagao 
et al., 2005). 
In the following paragraphs some examples of methodologies using enzymes in the pre-
treatment of SODD are described. Most of them will be further developed in following 
sections: 
Shimada and coworkers (Shimada, 2000)  converted sterols from SODD to fatty acid sterol 
esters and completely hydrolyzed acylglycerols by applying lipase reactions (Candida rugosa 
or Pseudomonas sp., at 35 ºC for 24 h) to the purification of tocopherols and sterols, resulting 
in an efficient fractionation of tocopherols and sterols as fatty acids steryl esters (FASEs) by 
short-path distillation. This process included the drawback that FFA and tocopherols were 
not efficiently fractionated because the boiling points of the two substances were close. This 
problem could be solved by conversion of the FFA to their corresponding methyl esters. An 
attempt to develop a reaction system in which the methyl esterification of FFA proceeded 
simultaneously with the conversion of sterols to FASEs and the hydrolysis of acylglycerols 
has been also reported (Watanabe et al., 2004).  
Nagao and coworkers (Nagao, 2005) and Watanabe and coworkers (Watanabe, 2004) have 
applied a procedure based on using a lipase to promote the simultaneous esterification of 
sterols with free fatty acids and hydrolysis of acylglycerols before the esterification of the 
free fatty acids with methanol. These authors use Candida rugosa lipase for the purification of 
tocopherol in SODD. Watanabe and coworkers reported 80% conversion of the initial sterols 
to FASEs, complete hydrolysis of the acylglycerols, and a 78% decrease in the initial FFA 
content by methyl esterification in 40 h. Tocopherols did not change throughout the process. 
Distillation of the reaction mixture purified tocopherols to 76.4% (recovery, 89.6%) and 
sterols to 97.2% as FASEs (recovery, 86.3%). Nagao and coworkers reported a more effective 
sterols esterification, with a degree of esterification reached 95%. The second-step reaction 
was then conducted at 30 ºC for 20 h with Alcaligenes sp. lipase. 95% FFAs were converted to 
FAME, and steryl esters synthesized by the first-step reaction were not reconverted to free 
sterols. Finally, tocopherols and steryl esters were purified from the reaction mixture by 
short-path distillation. Tocopherols were purified to 72% (yield, 88%) and steryl esters were 
purified to 97% (yield, 97%). One of the main disadvantages of this method is that the 
remaining free fatty acids are not completely separated from the tocopherols.  
Lipase-catalyzed esterification of sterols and ethyl esterification simultaneously, are 
governed by the concentration of water present. The degree to which esterification of sterols 
occurs relative to ethyl esterification requires to attain a balance not always easy to achieve 
because the presence of an excess of water favours hydrolysis, whereas esterification 
predominates when a very limited amount of water is present (Marangoni & Rousseau, 
1995). By appropriate choice of reaction conditions, however, it is possible to separate the 
sterol esterification and ethyl esterification in time or space. It is then possible to optimize 
each of these reactions independently, thereby minimizing costs or improving the yield of 
the desired final reaction products. 
This is precisely the procedure carried out by Torres and coworkers (Torres, 2007), who 
proposed a two-step enzymatic procedure to obtain FASEs, tocopherols, and fatty acid ethyl 
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esters (FAEEs) from SODD. Firstly, SODD was mixed with oleic acid to reduce its melting 
point and to enhance the free phytosterols esterification. The first enzymatic step (using 
Candida rugosa lipase) allowed the efficient conversion of more than 90% free phytosterols 
within 5 h. The second one (using Novozym 435) converted more than 95% FFAs in less 
than 3 h. The final product obtained was used as starting material to purify FASEs, 
tocopherols, and FAEEs via supercritical CO2 extraction (Torres, 2009).   
Weber and coworkers (Weber et al., 2002) have also reported the use of lipases for the 
conversion of sterols into steryl esters leading to a higher degree of purity (90%), however 
the methodology is more complex and involves deacidification, flash chromatography and 
solvent fractionation. 
Another methodology was developed to focus more specifically on the conversion of FFAs 
into fatty acid butyl esters (FABEs) (Nagesha et al., 2004). Nagesha and coworkers (Nagesha, 
2004) used immobilized Mucor miehei lipase in supercritical carbon dioxide at high pressure 
and obtained a maximum recovery of 88% and a FABE purity of 95% from SODD. 

5. Molecular distillation 
Most of the substances that are present in soybean deodorizer distillate are molecules of 
high molecular weight and thermally sensitive. These properties hinder the separation or 
purification of these compounds through traditional methods, because they are decomposed 
when subjected to high temperatures. 
An alternative separation/purification procedure of such products is the use of molecular or 
short-path distillation. It consists of transferring molecules from the surface of an 
evaporating liquid to the cooled surface of a condenser through a short path, which is on the 
order of 2-5 cm. In this process, distillation of heat-sensitive materials is accompanied by 
only negligible thermal decomposition (Lutisan et al., 2002) because materials, by using high 
vacuum, are submitted to relatively reduced temperatures, and short residence times 
(Lutisan, 2002) inside the equipment. Furthermore, this process has advantages over other 
techniques that use toxic or flammable solvents as the separating agent, avoiding toxicity 
and environmental problems.  
The combination of a small distance between the evaporator and the condenser of only a 
few centimetres and a high vacuum in the distillation gap, results in a specific mass transfer 
mechanism with evaporation outputs as high as 20–40 gm−2 s−1 (Cvengros et al., 2000). 
Under these conditions (e.g., short residence time and low temperature), distillation of heat-
sensitive materials is accomplished without or only negligible thermal decomposition. 
Therefore, molecular distillation shows potential in the separation, purification and/or 
concentration of natural products, usually constituted by complex and thermally sensitive 
molecules such as tocopherols. 
In lipid chemistry, it has been used for the purification of monoacylglycerols (Szelag & 
Zwierzykowski, 1983), recovery of carotenoids from palm oil (Batistella & Wolf Maciel, 
1998), fractionation of polyunsatured fatty acids from fish oils (Breivik et al., 1997), recovery 
of squalene (Sun et al., 1997), and recovery of tocopherols (Batistella et al., 2002), among 
others. 
Normally, SODD have a high content of FFA and acylglycerol. To increase the separation 
efficiency of the compounds of interest, esterification and/or transesterification reactions are 
usually carried out prior to molecular distillation. Free fatty acids and acylglycerols are 
converted to fatty acid methyl esters, which are more easily removed by vacuum distillation 
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temperature using immobilized lipases have been also reported (Weber et al., 2001). In this 
case neither organic solvent, nor water or any drying reagent such as molecular sieves, are 
used. This and others studies (Shimada, 2000) showed that in the process of esterification of 
sterols with free fatty acids, the best results are obtained with Candida rugosa lipase and 
Pseudomonas sp. However, enzymatic conversion of FFAs to FAMEs or FAEEs is carry out 
frequently in the presence of Candida antactica lipase or Alcalygenes sp. (Torres, 2007), (Nagao 
et al., 2005). 
In the following paragraphs some examples of methodologies using enzymes in the pre-
treatment of SODD are described. Most of them will be further developed in following 
sections: 
Shimada and coworkers (Shimada, 2000)  converted sterols from SODD to fatty acid sterol 
esters and completely hydrolyzed acylglycerols by applying lipase reactions (Candida rugosa 
or Pseudomonas sp., at 35 ºC for 24 h) to the purification of tocopherols and sterols, resulting 
in an efficient fractionation of tocopherols and sterols as fatty acids steryl esters (FASEs) by 
short-path distillation. This process included the drawback that FFA and tocopherols were 
not efficiently fractionated because the boiling points of the two substances were close. This 
problem could be solved by conversion of the FFA to their corresponding methyl esters. An 
attempt to develop a reaction system in which the methyl esterification of FFA proceeded 
simultaneously with the conversion of sterols to FASEs and the hydrolysis of acylglycerols 
has been also reported (Watanabe et al., 2004).  
Nagao and coworkers (Nagao, 2005) and Watanabe and coworkers (Watanabe, 2004) have 
applied a procedure based on using a lipase to promote the simultaneous esterification of 
sterols with free fatty acids and hydrolysis of acylglycerols before the esterification of the 
free fatty acids with methanol. These authors use Candida rugosa lipase for the purification of 
tocopherol in SODD. Watanabe and coworkers reported 80% conversion of the initial sterols 
to FASEs, complete hydrolysis of the acylglycerols, and a 78% decrease in the initial FFA 
content by methyl esterification in 40 h. Tocopherols did not change throughout the process. 
Distillation of the reaction mixture purified tocopherols to 76.4% (recovery, 89.6%) and 
sterols to 97.2% as FASEs (recovery, 86.3%). Nagao and coworkers reported a more effective 
sterols esterification, with a degree of esterification reached 95%. The second-step reaction 
was then conducted at 30 ºC for 20 h with Alcaligenes sp. lipase. 95% FFAs were converted to 
FAME, and steryl esters synthesized by the first-step reaction were not reconverted to free 
sterols. Finally, tocopherols and steryl esters were purified from the reaction mixture by 
short-path distillation. Tocopherols were purified to 72% (yield, 88%) and steryl esters were 
purified to 97% (yield, 97%). One of the main disadvantages of this method is that the 
remaining free fatty acids are not completely separated from the tocopherols.  
Lipase-catalyzed esterification of sterols and ethyl esterification simultaneously, are 
governed by the concentration of water present. The degree to which esterification of sterols 
occurs relative to ethyl esterification requires to attain a balance not always easy to achieve 
because the presence of an excess of water favours hydrolysis, whereas esterification 
predominates when a very limited amount of water is present (Marangoni & Rousseau, 
1995). By appropriate choice of reaction conditions, however, it is possible to separate the 
sterol esterification and ethyl esterification in time or space. It is then possible to optimize 
each of these reactions independently, thereby minimizing costs or improving the yield of 
the desired final reaction products. 
This is precisely the procedure carried out by Torres and coworkers (Torres, 2007), who 
proposed a two-step enzymatic procedure to obtain FASEs, tocopherols, and fatty acid ethyl 
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esters (FAEEs) from SODD. Firstly, SODD was mixed with oleic acid to reduce its melting 
point and to enhance the free phytosterols esterification. The first enzymatic step (using 
Candida rugosa lipase) allowed the efficient conversion of more than 90% free phytosterols 
within 5 h. The second one (using Novozym 435) converted more than 95% FFAs in less 
than 3 h. The final product obtained was used as starting material to purify FASEs, 
tocopherols, and FAEEs via supercritical CO2 extraction (Torres, 2009).   
Weber and coworkers (Weber et al., 2002) have also reported the use of lipases for the 
conversion of sterols into steryl esters leading to a higher degree of purity (90%), however 
the methodology is more complex and involves deacidification, flash chromatography and 
solvent fractionation. 
Another methodology was developed to focus more specifically on the conversion of FFAs 
into fatty acid butyl esters (FABEs) (Nagesha et al., 2004). Nagesha and coworkers (Nagesha, 
2004) used immobilized Mucor miehei lipase in supercritical carbon dioxide at high pressure 
and obtained a maximum recovery of 88% and a FABE purity of 95% from SODD. 

5. Molecular distillation 
Most of the substances that are present in soybean deodorizer distillate are molecules of 
high molecular weight and thermally sensitive. These properties hinder the separation or 
purification of these compounds through traditional methods, because they are decomposed 
when subjected to high temperatures. 
An alternative separation/purification procedure of such products is the use of molecular or 
short-path distillation. It consists of transferring molecules from the surface of an 
evaporating liquid to the cooled surface of a condenser through a short path, which is on the 
order of 2-5 cm. In this process, distillation of heat-sensitive materials is accompanied by 
only negligible thermal decomposition (Lutisan et al., 2002) because materials, by using high 
vacuum, are submitted to relatively reduced temperatures, and short residence times 
(Lutisan, 2002) inside the equipment. Furthermore, this process has advantages over other 
techniques that use toxic or flammable solvents as the separating agent, avoiding toxicity 
and environmental problems.  
The combination of a small distance between the evaporator and the condenser of only a 
few centimetres and a high vacuum in the distillation gap, results in a specific mass transfer 
mechanism with evaporation outputs as high as 20–40 gm−2 s−1 (Cvengros et al., 2000). 
Under these conditions (e.g., short residence time and low temperature), distillation of heat-
sensitive materials is accomplished without or only negligible thermal decomposition. 
Therefore, molecular distillation shows potential in the separation, purification and/or 
concentration of natural products, usually constituted by complex and thermally sensitive 
molecules such as tocopherols. 
In lipid chemistry, it has been used for the purification of monoacylglycerols (Szelag & 
Zwierzykowski, 1983), recovery of carotenoids from palm oil (Batistella & Wolf Maciel, 
1998), fractionation of polyunsatured fatty acids from fish oils (Breivik et al., 1997), recovery 
of squalene (Sun et al., 1997), and recovery of tocopherols (Batistella et al., 2002), among 
others. 
Normally, SODD have a high content of FFA and acylglycerol. To increase the separation 
efficiency of the compounds of interest, esterification and/or transesterification reactions are 
usually carried out prior to molecular distillation. Free fatty acids and acylglycerols are 
converted to fatty acid methyl esters, which are more easily removed by vacuum distillation 
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due to their higher vapor pressure than those of the corresponding free fatty acids and 
acylglycerols. However, this step made the whole process more complicated and labor-
intensive when compared with the saponification process. Other problem is that the 
separation of tocopherols from phytosterols is difficult because they have similar molecular 
weights, boiling points and vapor pressure, and, consequently, they are distillated together 
(Ghosh & Bhattacharyya, 1996).  
Different processes have been proposed in the literature to eliminate FFA by molecular 
distillation and purify tocopherols and phytosterols. Most of them include a preliminary 
chemical or enzymatic treatment step. 
Ramamurthi and McCurdy (Ramamurthi & McCurdy, 1993) studied the pretreatment of 
deodorizer distillate using a lipase-catalyzed esterification reaction to convert FFA into 
methyl esters, followed by vacuum distillation (1-2 mm Hg) to remove them and 
concentrate tocopherols and sterols (recoveries were over 90%). 
Hirota and coworkers (Hirota et al., 2003) isolated naturally occurring Fatty Acid Steryl 
Esters (FASEs) from SODD. SODD was firstly subjected to molecular distillation at 250 ºC 
and 0.02 mm Hg to obtain a residue which was rich in DAGs and TAGs, and steryl esters. 
Enzymatic lipolysis was then conducted to specifically hydrolyze DAGs and TAGs at 35 ºC 
for 24 h, resulting in a mixture from which fatty acid steryl esters were later purified using a 
two-stage molecular distillation (180 ºC and 0.2 mm Hg, and 250 ºC and 0.02 mm Hg). The 
recovery and purity of FASEs were about 87.7% and 97.3 wt%, respectively.  
Purification of tocopherols from SODD was carried out by Shimada and coworkers 
(Shimada, 2000). SODD was distilled using molecular distillation at 250 ºC and 0.02 mm Hg 
and the resulting distillate was used as a starting material. Sterols in SODD were converted 
to FA sterol esters and acylglycerols were completely hydrolyzed by applying lipase 
reactions. FASEs were recovered as residue from the reaction mixture via molecular 
distillation at 250 ºC and 0.2 mm Hg. However, the last stage of molecular distillation failed 
to separate FFAs and tocopherols. A second esterification of free phytosterols was applied at 
35 ºC for 24 h, followed by another four-stage molecular distillation (160 ºC and 0.2 mm Hg, 
200 ºC and 0.2 mm Hg, 230 ºC and 0.04 mm Hg, and 255 ºC and 0.03 mm Hg) which yielded 
tocopherols with purity and recovery of about 65.3 wt% and 54.6%, respectively. 
Watanabe and coworkers (Watanabe, 2004) isolated tocopherols and free phytosterols as 
their esters from SODD tocopherol/sterol concentrate (SODDTSC). SODDTSC was obtained 
via molecular distillation at 240 ºC and 0.02 mm Hg, resulting in a distillate rich in 
tocopherols and free phytosterols (SODDTSC), and a residue rich in FASEs, DAGs, and 
TAGs. SODDTSC, which contained also MAGs, DAGs, FFAs, and unidentified 
hydrocarbons, were then subjected to a two-step in situ enzymatic reaction. SODDTSC were 
treated with Candida rugosa lipase (200 U/g activity) to convert free phytosterols to FASEs, 
acylglycerols (MAGs and DAGs) to FFAs, and FFAs to FAMEs at 30 ºC for 40 h, achieving 
80% conversion of the initial sterols to FA steryl esters, complete hydrolysis of the 
acylglycerols, and a 78% decrease in the initial FFA content by methyl esterification. 
Tocopherols did not change throughout the process. To enhance degree of steryl and methyl 
esterification, FASEs and FAMEs enriched in the reaction product were then removed by a 
two-step molecular distillation. In the first step, FAMEs was removed in the distillate (160 
ºC and 0.2 mm Hg). In the second step (240 ºC, 0.2 mm Hg), FASEs was isolated in the 
residue and the distillate containing tocopherols, free phytosterols, and FFAs were treated 
again with lipase. A three-step molecular distillation of the reaction mixture purified 
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tocopherols to 76.4 wt% purity (89.6% recovery) and free phytosterols to 97.2 wt% purity as 
FASEs (86.3% recovery). 
Nagao and coworkers (Nagao, 2005) carried out similar steps of isolation of tocopherols and 
free phytosterols as FASEs from SODDTSC. SODDTSC were first treated with Candida 
rugosa lipase (250 U/g activity) to convert free phytosterols to FASEs at 40 ºC for 24 h, 
achieving about 95% conversion. Unreacted FFAs contained in the reaction mixture was 
then converted to FAMEs by Alcaligenes sp. lipase at 30 ºC for 20 h, achieving 95% 
conversion. Reaction mixture was then subjected to a four-stage molecular distillation (160 
ºC and 0.2 mm Hg, 175 ºC and 0.2 mm Hg, 230 ºC and 0.02 mm Hg, and 240 ºC and 0.02 mm 
Hg, respectively) to isolate tocopherols (72.3 wt% purity, 87.6% recovery) in the third 
distillate fraction and free phytosterols as FASEs (97 wt% purity, 97% recovery) in the last 
(fourth) residue. 
Jacobs (Jacobs, 2005) proposed a method for recovering tocotrienols from fatty acid distillate 
FAD, which initially contained 1 wt% tocopherols and 0.3 wt% free phytosterols, by 
stripping FFAs (condition: 0.5–1.5 mm Hg, 180–240 ºC, and 0.5–1.5 min) to form a first 
stripped product. Short path distillation of the first stripped product gave a first distillate. 
Saponifying the second stripped product resulted in a saponified product with all FFA 
converted to FAMEs. A second short path distillation of the saponified product generated a 
second distillate without FAMEs. Solvent wintering (via filtration) of the second distillate 
gave a stripped filtrate. The stripped filtrate from the previous step is subjected to a third 
short path distillation at a temperature of 180° and an absolute pressure of 0.01 mm Hg. The 
resulting final tocotrienol product, about 1% of the original feed, contains from about 50% 
tocotrienols, 1% sterols and 49% other unsaponifiables and unknowns. Additionally, the 
final product contains from about 15% to about 30% tocopherols.  
Fizet (Fizet, 1996) esterified free phytosterols from deodorizer distillate with FFAs at either 
180 ºC for 2.5 h or 250 ºC for 1.5 h. Esterification product was then distilled at 120–150 ºC 
and 0.08 mm Hg to obtain a residue containing mostly tocopherols and FASEs and a 
distillate containing mostly fatty acids. The residue was then distilled again at 200–220 ºC 
and 0.1 mbar to obtain a distillate containing mostly tocopherols and a residue containing 
mostly FASEs. Tocopherols enriched in distillate were then subjected to an ion exchange 
chromatography and FASEs enriched in residue were then subjected to an acid-catalyzed 
transesterification with methanol to produce free phytosterols. 
Even so, some authors (Martins et al., 2006) have been trying to achieve an efficient FFA 
separation from SODD with the lowest loss of tocopherols by molecular distillation, without 
preliminary steps. This separation is difficult to achieve although is technologically viable at 
least at lab scale, due to the differences between molecular weights and vapour pressures of 
FFA (MW 180 g·mol-1, VP at 200 ºC = 4 mm Hg) and tocopherols (MW 415 g·mol-1, VP at 200 
ºC = 0.15 mm Hg). Martins and coworkers (Martins, 2006) employed molecular distillation 
at 160 ºC, 7.5×10-4 mm Hg, and 10.4 g/min feed flow rate to remove FFAs into the distillate 
fraction and obtain a residue fraction, which contained 6.4 wt% FFAs and 18.3 wt% 
tocopherols from a SODD feed which contained 57.8 wt% FFAs and 8.97 wt% tocopherols. 
They succeeded in removing 96.16% FFAs and recovering 81.23% tocopherols. Martins and 
coworkers (Martins et al., 2005) reported the isolation of tocopherols by first converting 
acylglycerols in SODD into FFAs through saponification at 65 ºC followed by acidulation, 
and then submitting the unsaponifiable product to five stages of molecular distillation. They 
succeeded in enriching tocopherols (34.14% purity) by 5.8 times. The major disadvantage in 
these cases is the residual free fatty acids in the tocopherol mixture.  
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due to their higher vapor pressure than those of the corresponding free fatty acids and 
acylglycerols. However, this step made the whole process more complicated and labor-
intensive when compared with the saponification process. Other problem is that the 
separation of tocopherols from phytosterols is difficult because they have similar molecular 
weights, boiling points and vapor pressure, and, consequently, they are distillated together 
(Ghosh & Bhattacharyya, 1996).  
Different processes have been proposed in the literature to eliminate FFA by molecular 
distillation and purify tocopherols and phytosterols. Most of them include a preliminary 
chemical or enzymatic treatment step. 
Ramamurthi and McCurdy (Ramamurthi & McCurdy, 1993) studied the pretreatment of 
deodorizer distillate using a lipase-catalyzed esterification reaction to convert FFA into 
methyl esters, followed by vacuum distillation (1-2 mm Hg) to remove them and 
concentrate tocopherols and sterols (recoveries were over 90%). 
Hirota and coworkers (Hirota et al., 2003) isolated naturally occurring Fatty Acid Steryl 
Esters (FASEs) from SODD. SODD was firstly subjected to molecular distillation at 250 ºC 
and 0.02 mm Hg to obtain a residue which was rich in DAGs and TAGs, and steryl esters. 
Enzymatic lipolysis was then conducted to specifically hydrolyze DAGs and TAGs at 35 ºC 
for 24 h, resulting in a mixture from which fatty acid steryl esters were later purified using a 
two-stage molecular distillation (180 ºC and 0.2 mm Hg, and 250 ºC and 0.02 mm Hg). The 
recovery and purity of FASEs were about 87.7% and 97.3 wt%, respectively.  
Purification of tocopherols from SODD was carried out by Shimada and coworkers 
(Shimada, 2000). SODD was distilled using molecular distillation at 250 ºC and 0.02 mm Hg 
and the resulting distillate was used as a starting material. Sterols in SODD were converted 
to FA sterol esters and acylglycerols were completely hydrolyzed by applying lipase 
reactions. FASEs were recovered as residue from the reaction mixture via molecular 
distillation at 250 ºC and 0.2 mm Hg. However, the last stage of molecular distillation failed 
to separate FFAs and tocopherols. A second esterification of free phytosterols was applied at 
35 ºC for 24 h, followed by another four-stage molecular distillation (160 ºC and 0.2 mm Hg, 
200 ºC and 0.2 mm Hg, 230 ºC and 0.04 mm Hg, and 255 ºC and 0.03 mm Hg) which yielded 
tocopherols with purity and recovery of about 65.3 wt% and 54.6%, respectively. 
Watanabe and coworkers (Watanabe, 2004) isolated tocopherols and free phytosterols as 
their esters from SODD tocopherol/sterol concentrate (SODDTSC). SODDTSC was obtained 
via molecular distillation at 240 ºC and 0.02 mm Hg, resulting in a distillate rich in 
tocopherols and free phytosterols (SODDTSC), and a residue rich in FASEs, DAGs, and 
TAGs. SODDTSC, which contained also MAGs, DAGs, FFAs, and unidentified 
hydrocarbons, were then subjected to a two-step in situ enzymatic reaction. SODDTSC were 
treated with Candida rugosa lipase (200 U/g activity) to convert free phytosterols to FASEs, 
acylglycerols (MAGs and DAGs) to FFAs, and FFAs to FAMEs at 30 ºC for 40 h, achieving 
80% conversion of the initial sterols to FA steryl esters, complete hydrolysis of the 
acylglycerols, and a 78% decrease in the initial FFA content by methyl esterification. 
Tocopherols did not change throughout the process. To enhance degree of steryl and methyl 
esterification, FASEs and FAMEs enriched in the reaction product were then removed by a 
two-step molecular distillation. In the first step, FAMEs was removed in the distillate (160 
ºC and 0.2 mm Hg). In the second step (240 ºC, 0.2 mm Hg), FASEs was isolated in the 
residue and the distillate containing tocopherols, free phytosterols, and FFAs were treated 
again with lipase. A three-step molecular distillation of the reaction mixture purified 
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tocopherols to 76.4 wt% purity (89.6% recovery) and free phytosterols to 97.2 wt% purity as 
FASEs (86.3% recovery). 
Nagao and coworkers (Nagao, 2005) carried out similar steps of isolation of tocopherols and 
free phytosterols as FASEs from SODDTSC. SODDTSC were first treated with Candida 
rugosa lipase (250 U/g activity) to convert free phytosterols to FASEs at 40 ºC for 24 h, 
achieving about 95% conversion. Unreacted FFAs contained in the reaction mixture was 
then converted to FAMEs by Alcaligenes sp. lipase at 30 ºC for 20 h, achieving 95% 
conversion. Reaction mixture was then subjected to a four-stage molecular distillation (160 
ºC and 0.2 mm Hg, 175 ºC and 0.2 mm Hg, 230 ºC and 0.02 mm Hg, and 240 ºC and 0.02 mm 
Hg, respectively) to isolate tocopherols (72.3 wt% purity, 87.6% recovery) in the third 
distillate fraction and free phytosterols as FASEs (97 wt% purity, 97% recovery) in the last 
(fourth) residue. 
Jacobs (Jacobs, 2005) proposed a method for recovering tocotrienols from fatty acid distillate 
FAD, which initially contained 1 wt% tocopherols and 0.3 wt% free phytosterols, by 
stripping FFAs (condition: 0.5–1.5 mm Hg, 180–240 ºC, and 0.5–1.5 min) to form a first 
stripped product. Short path distillation of the first stripped product gave a first distillate. 
Saponifying the second stripped product resulted in a saponified product with all FFA 
converted to FAMEs. A second short path distillation of the saponified product generated a 
second distillate without FAMEs. Solvent wintering (via filtration) of the second distillate 
gave a stripped filtrate. The stripped filtrate from the previous step is subjected to a third 
short path distillation at a temperature of 180° and an absolute pressure of 0.01 mm Hg. The 
resulting final tocotrienol product, about 1% of the original feed, contains from about 50% 
tocotrienols, 1% sterols and 49% other unsaponifiables and unknowns. Additionally, the 
final product contains from about 15% to about 30% tocopherols.  
Fizet (Fizet, 1996) esterified free phytosterols from deodorizer distillate with FFAs at either 
180 ºC for 2.5 h or 250 ºC for 1.5 h. Esterification product was then distilled at 120–150 ºC 
and 0.08 mm Hg to obtain a residue containing mostly tocopherols and FASEs and a 
distillate containing mostly fatty acids. The residue was then distilled again at 200–220 ºC 
and 0.1 mbar to obtain a distillate containing mostly tocopherols and a residue containing 
mostly FASEs. Tocopherols enriched in distillate were then subjected to an ion exchange 
chromatography and FASEs enriched in residue were then subjected to an acid-catalyzed 
transesterification with methanol to produce free phytosterols. 
Even so, some authors (Martins et al., 2006) have been trying to achieve an efficient FFA 
separation from SODD with the lowest loss of tocopherols by molecular distillation, without 
preliminary steps. This separation is difficult to achieve although is technologically viable at 
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Among the great variety of processes that have been patented for the purification of the 
compounds of the SODD, only the processes of esterification of fatty acids and acylglycerols 
with methanol or ethanol followed by high vacuum distillation, have been developed on a 
commercial scale for the concentration of tocopherols (Takagi & Kai, 1984), (Su-Min et al., 
1992), (Yong-Bo et al., 1994), (Rohr & Trujillo-Quijano, 2002). These processes are the most 
time efficient and economical methods, however high purity of sterols or tocopherols cannot 
be achieved due to the similar boiling points of these two substances. 
In the case of separation by distillation of unsaponifiable valuable products of SODD 
subjected to saponification, the difference between the boiling point of volatile products, 
such as unsaponifiable components, and the boiling point of the sodium and potassium 
organic acid soaps is so great that separation is theoretically possible at a high level of 
efficiency. However, a problem related to this separation technique is that the soaps have a 
very high melting point, close to the decomposition temperature of the sodium or potassium 
soaps (i.e. the sodium or potassium salts of fatty acids, rosin acids etc), and, when melted, 
these soaps produce an extremely viscous liquids. These two factors combined make 
industrial handling difficult. Furthermore, while at the high temperature necessary to 
maintain their flow, these soaps are in permanent decomposition, compromising the 
separation output and the quality of the final product, as many of the unsaponifiable 
valuable products are heat sensitive. 

6. Supercritical fluid extraction (SFE) 
Although the conventional methods, vacuum and molecular distillation, have been applied 
to commercial production of tocopherols from SODD, there are some drawbacks such as 
residual solvents, high temperature, large amounts of energy consumption, high production 
costs and the unreliable quality of the products that require further developments. Since 
thermal degradation of tocopherols is commonly caused by processing at high temperatures 
(de Lucas et al., 2002), new alternative isolation techniques are desired.  
Supercritical carbon dioxide extraction is a process where carbon dioxide passes through a 
mixture of interest at a certain temperature and pressure until it reaches an extractor. This 
process is used because supercritical carbon dioxide has a low viscosity, a high diffusivity 
and a low surface tension that provides selective extraction, fractionation and purification, 
allowing its penetration in micro- and macro-porous materials. Carbon dioxide is the most 
desirable supercritical fluid solvent for the separation of natural products used in foods and 
medicines because of its inertness, nontoxicity, low cost, and high volatility. The major 
advantage of this method is the easy post-reaction separation of the components by 
depressurization, so resultant extract does not contain solvent residue and hence natural-
quality extracts can be obtained. Another advantage is the low temperatures used for the 
majority of the experimentations because carbon dioxide has a near-ambient critical 
temperature (31.1 °C), so is suitable for thermolabile natural products. 
However, the use of high pressure conditions to concentrate tocopherols makes the system 
energetically expensive, but the industrial process can be economically viable using 
conditions of approximately 90 atm and 40 °C (Mendes et al., 2002). At these specific 
conditions, only fatty acids are separated from tocopherol (Mendes et al., 2005). An increase 
in pressure and temperature increases the oil extraction and tocopherol recovery, although 
different pressure–temperature systems need to be used in order to separate the different 
components (sterols, tocopherols, fatty acids and squalene). It is important to know that 
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recycling the solvent does not endanger the viability of the process. The value of the rate of 
return on investment and time of return on investment for the process that does not recycle 
the carbon dioxide is higher than those of recycling the solvent. This is due to the 
compression cost that represents more than 59% of the total cost of the production (Mendes, 
2002). 
 SODD as such will not be feasible to work with SC-CO2 for the tocopherol enrichment, 
owing to its poor SC-CO2 solubility. So, to concentrate tocopherols from SODD,  pre-
treatment of the raw material, including the esterification of free fatty acids and the removal 
of sterols with alcohol recrystallization, is needed to obtain the primary tocopherols 
concentrate with improve solubility in SC-CO2 (Shishikura et al., 1988). For that, 
triglycerides and FFAs which constitute a major component in SODD have to be chemically 
modified to obtain free fatty acids and then their methyl esters by esterification.  
Several researchers have tried to concentrate tocopherols from SODD by supercritical CO2 
(Lee, 1991), (Brunner et al., 1991), (Brunner, 1994b), (Zhao et al., 2000), (Nagesha, G. K. et al., 
2003), (Fang et al., 2007), but the operation parameters, especially pressure, differ from 
author to author. Moreover, in all the cases, tocopherols content of the extract depended on 
the composition and properties of the natural matrix. 
The interest in the tocopherol concentration using supercritical fluid extraction started with 
Lee and coworkers (Lee, 1991) followed by Brunner and coworkers (Brunner, 1991) and 
Brunner (Brunner, 1994b). The operational conditions used varied from 35 to 90 °C and from 
200 to 400 bar using extractors or countercurrent columns. Lee and coworkers (Lee, 1991) 
attempted to modify soybean sludge chemically, to improve the solubility in SC-CO2. A 
simple batch process was utilized to recover tocopherols at 40% concentration at a pressure 
of 400 bar from the esterified soybean sludge which initially contained 13-14% tocopherols. 
The solubility of the esterified soybean sludge in supercritical carbon dioxide was more than 
4 to 6 times higher than that of the sterols. Brunner and coworkers (Brunner, 1991) obtained 
a higher enrichment of tocopherols from SODD using supercritical carbon dioxide as a 
solvent compared to results obtained by Lee and coworkers This group recovered 
tocopherols from a model mixture of squalene, tocopherols, and sterols using two 
continuous countercurrent fractionation columns. Squalene was separated from the model 
mixture in the first column. Sterols were removed from the bottom of the second column, 
resulting in 85-95% concentration of tocopherol being obtained at the top of the second 
column.  
These works concluded that the fatty acids are extracted initially and the tocopherols are 
enriched inside the extractor. The results also indicated that the solubility of the tocopherols 
is intermediary when compared to the solubilities of squalene and stigmasterol.  
Chang and coworkers (Chang, 2000) worked on the separation of several SODD 
components. Their supercritical fluid extraction apparatus had a separation and an 
extraction unit. Free fatty acids, squalene and tocopherols were recovered in the extract and 
the sterols were recovered in the raffinates. The average tocopherol concentration factor was 
1.38, which means that the mixture in the extract did not separate. However, the author 
mentioned that with the increase of CO2 volume, the separation factor can reach 1.7, but the 
poor increase in the concentration factor does not justify the raise in gas volume. The 
following research groups focused on the separation of the problematic pairs by 
supercritical fluids using synthetic mixtures: (Mendes, 2005), (Mendes et al., 2000), (Wang et 
al., 2004), (Nagesha, 2004) and (Nagesha, 2003). 
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There are some interesting relationships and conclusions that can be deduced from the 
results obtained by Mendes (Mendes, 2005, Mendes, 2000) and Chang (Chang, 2000) 
regarding the yield and concentration factor of pairs of compounds at different conditions of 
pressure and temperature. The binary mixture of tocopherol and squalene cannot be 
separated at low pressure conditions. An acceptable separation needs a raise in pressure to 
almost 203 bar ((Mendes, 2005) and (Mendes, 2000)). However, a recovery of 90% and a 
purity of 60% of α-tocopherol has been achieved using a pressure swing adsorption (PSA) 
device, that is a widely used process in the separation of gas mixtures for air-drying, oxygen 
and nitrogen separation of air, hydrogen purification, and various other separations. The 
PSA process is based on the regeneration of adsorber by the difference in adsorbed amounts 
of gas solute as a function of pressure. In the case of a two-bed process, one bed is in the 
adsorption step, while the other is simultaneously in the desorption step. The adsorption 
and desorption steps had pressure conditions of 160 and300 bar, respectively (Wang, 2004). 
The ternary mixture of tocopherol, fatty acids and squalene behaved differently from the 
tocopherol–fatty acid binary mixture. For the same conditions of pressure (160 and 300 bar), 
the binary mixture had a total separation while the ternary mixture did not achieve any 
separation. Squalene and stigmasterol mixtures are also very difficult to separate. At low 
pressure conditions, the yield is less than 10% but at higher pressure, the yield is 76%. It is 
important to note that low temperatures were used in these studies.  
Results of these authors suggest that the supercritical-CO2 process could be used for the 
separation of squalene, fatty acids and tocopherols. In order to enhance the squalene, fatty 
acids and tocopherols separation, deodorizer distillate mixtures should be processed several 
times in supercritical-CO2 at different temperature and pressure conditions. However, there 
is no data reported regarding the total extraction time of the mixture and this makes it 
impossible to estimate the operational cost. The major advantage of this method is the total 
removal of free fatty acids from the mixture. 
Zhao and coworkers (Zhao, 2000) concentrated tocopherols up to 75% at 120 bar using a 
fractionation column with a gradient of temperature from 30–80 °C in a pilot plant scale. 
Nagesha and coworkers (Nagesha, 2003) performed chemical modification of SODD 
containing about 2.9 wt% of tocopherols, as well as triglycerides (56 wt%), free fatty acids 
(25.3 wt%), sterols (7.8 wt%), hydrocarbons (0.6 wt%), and unsaponifiables (6.4 wt%) apart 
from tocopherols. Chemical modification of SODD included saponification and 
esterification steps to result in fatty acid methyl esters from free fatty acids, so as to improve 
the solubility of SODD in SC-CO2 extraction. Reactions were conducted in dark with 
continuous flushing of N2 and 1.0 wt% of pyrogallol was added to prevent the oxidation of 
tocopherols. After chemical modification, esterified SODD contained about 3.7 wt% of 
tocopherols. Tocopherols concentrates of about 36% was obtained by SC-CO2 extraction at 
the pressure 180 bar and temperature 60 ºC. 
Fang and coworkers (Fang, 2007) carried out a pretreatment of methyl esterification and 
methanolysis reactions, which converted most of free fatty acids and glycerides to fatty acid 
methyl esters (FAMEs), respectively, to simplify the composition of SODD and improve his 
solubility in supercritical CO2 extraction. The mixture was held at 3 ºC in a refrigerator for 
12 h, as a result most of sterols were crystallized and removed by filtering under a reduced 
pressure. Supercritical CO2 fractionation was employed to concentrate tocopherols from 
Methyl Ester Oil Deodorizer Distillate (ME-DOD) product, mainly contained FAMEs (65–
80 wt.%), tocopherols (10–15 wt.%), and impurities (such as residual sterols, glycerides, 
squalene, pigments, and long chain paraffins, comprising in total about 10–15 wt.%). The 
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initial pressure, feed location, temperature gradient, and ratio of CO2 to ME-DOD were 
optimized for separating FAMEs. For the following tocopherol concentration step, a final 
pressure of 200 bar resulted in the greatest average tocopherol content (>50%) and 
tocopherol recovery (about 80%).  
The important step in concentrating natural tocopherols from these systems is to remove the 
FAMEs. FAMEs are important chemical materials in biofuel, metal-cutting oil, and cleaning 
agent production, as well as in the synthesis of other fatty acid products (Swern, 1986).  
Some works on phase equilibrium for the realistic system of modified esterification 
SODD/supercritical CO2 (Fang et al., 2005) established that the separation factor 1 between 
tocopherols and FAMEs was always smaller than unity in the range investigated. This 
indicates that when supercritical CO2 is used as the separation solvent, tocopherols, unlike 
FAMEs, tend to enrich in the liquid phase. In particular, the separation factors at pressures 
lower than 200 bar were relatively small. At 40 ºC, for instance, the separation factor remained 
lower than 0.2 for all pressures lower than 150 bar. As pressure increased, the separation factor 
increased greatly, reaching 0.35 at 200 bar. The influence of temperature was contrary to that of 
pressure, with an increase in temperature leading to a decrease in separation factor. Low 
pressure and high temperature result in high selectivity, indicated by a low separation factor, 
which is advantageous in the separation of FAMEs from tocopherols with supercritical CO2.  
King and coworkers (King et al., 1996) combined supercritical fluid extraction (SFE) with 
supercritical fluid chromatography (SFC) for concentrating tocopherols and the optimized 
conditions were 250 bar/80 ºC for SFE and 250 bar/40 ºC for SFC. Approximately 60% of the 
available tocopherols in soyflakes can be recovered in the SFE step, yielding enrichment 
factors of 1.83-4.33 for the four tocopherol species found in soybean oil. Additional 
enrichment of tocopherol species can be realized in the SFC stage, with enrichment factors 2 
ranging from 30.8 for delta-tocopherol to 2.41 for beta-tocopherol. 
Starting with a feed containing 48.3 wt% tocopherols, Gast and coworkers (Gast et al., 2005) 
were able to obtain tocopherols with a purity of 94.4 wt% in bottom phase by supercritical 
CO2 extraction at 230 bar and 80 ºC, with a solvent-to-feed ratio of 110 and a reflux ratio of 
4.6. Squalene was completely recovered in top phase. 
Torres and coworkers (Torres, 2007) proposed a two-step enzymatic procedure to obtain 
FASEs, tocopherols, and fatty acid ethyl esters (FAEEs) from SODD, together with minor 
amounts of squalene, free fatty acids, free sterols and triacylglycerols. The final product 
obtained was used as starting material to purify FASEs, tocopherols, and FAEEs via 
supercritical CO2 extraction The phytosterol esters were then purified from this mixture 
using supercritical carbon dioxide (Torres, 2009).  Experimental extractions were carried out 
in an isothermal countercurrent column (without reflux), with pressures ranging from 200 to 
280 bar, temperatures of 45-55 °C and solvent-to-feed ratios from 15 to 35 kg/kg. Using 
these extraction conditions, the fatty acid esters were completely extracted and, thus, the 
fractionation of tocopherols and phytosterol esters was studied. At 250 bar, 55 °C and a 
                                                 
1 The separation factor represents the process selectivity for separating methyl oleate from tocopherol. 
In detail, a lower value indicates higher selectivity, whereas a higher value indicates that it is more 
difficult to separate the two compounds under certain conditions. Furthermore, when the separation 
factor equals unity, the composition in the gas phase is similar to that in the liquid, and the supercritical 
CO2 process cannot separate methyl oleate from tocopherol. 
2 The enrichment factors were the ratio of individual tocopherols in extracts versus the same tocopherol 
content initially found in the soyflakes. 
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FASEs, tocopherols, and fatty acid ethyl esters (FAEEs) from SODD, together with minor 
amounts of squalene, free fatty acids, free sterols and triacylglycerols. The final product 
obtained was used as starting material to purify FASEs, tocopherols, and FAEEs via 
supercritical CO2 extraction The phytosterol esters were then purified from this mixture 
using supercritical carbon dioxide (Torres, 2009).  Experimental extractions were carried out 
in an isothermal countercurrent column (without reflux), with pressures ranging from 200 to 
280 bar, temperatures of 45-55 °C and solvent-to-feed ratios from 15 to 35 kg/kg. Using 
these extraction conditions, the fatty acid esters were completely extracted and, thus, the 
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1 The separation factor represents the process selectivity for separating methyl oleate from tocopherol. 
In detail, a lower value indicates higher selectivity, whereas a higher value indicates that it is more 
difficult to separate the two compounds under certain conditions. Furthermore, when the separation 
factor equals unity, the composition in the gas phase is similar to that in the liquid, and the supercritical 
CO2 process cannot separate methyl oleate from tocopherol. 
2 The enrichment factors were the ratio of individual tocopherols in extracts versus the same tocopherol 
content initially found in the soyflakes. 
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solvent-to-feed ratio of 35, the phytosterol esters were concentrated in the raffinate up to 
82.4 wt-% with satisfactory yield (72%). 
Other supercritical fluids have been explored but unsuccessfully for the separation of 
different pairs of components. An attempt at using similar methodology to (Mendes, 2000) 
and (Mendes, 2005) but using liquid gas petroleum instead of carbon dioxide did not change 
the poor concentration factor between the critical pairs of components (Buczenko et al., 
2003). Buczenko and coworkers (Buczenko, 2003) performed the saponification of the raw 
material and the extraction of unsaponifiable matter as pre-treatment of VODD.  
As discussed above, there are a lot of experimental studies proving the efficiency of the 
supercritical extraction to concentrate the vitamin E from different raw material or in some 
cases, from synthetic mixtures representing the deodorizer distillate, but the extraction of 
sterols using supercritical fluid from the deodorizer distillate was not described in the 
literature. 
On the other hand, due to the low content of squalene in SODD, specific extraction 
processes of squalene using supercritical fluid from SODD was not described in the 
literature. Existing studies are models of fractionation of artificial mixtures such as those 
mentioned above (Chang, 2000). For example, Brunner (Brunner, 1994a) studied the phase 
equilibrium for recovering α-tocopherol from a mixture of squalene, tocopherol, and 
campesterol. He concluded that the separation factor for squalene/α-tocopherol varied 
between a value of 4 at low squalene concentrations (0.5 wt %), to a value of 1 at high 
squalene concentrations (85 wt %), at pressures ranging from 200 to 300 bar and 
temperatures ranging from 70 to 100 ºC. 
Bondioli and coworkers (Bondioli et al., 1993) esterified FFAs into their corresponding 
glycerides and then applied a supercritical carbon dioxide extraction to produce a squalene-
enriched fraction (purity 90.0%, yield 91.1%), but from olive oil deodorizer distillates. 

7. Other purification techniques  
There has been also limited literature reported on the following alternative methods for 
purification of tocopherols and sterols from SODD. Hence, Nagesha and coworkers 
(Nagesha, G. et al., 2003) using nonporous denser polymeric membranes to separate 
tocopherols from SODD by permeation. The separation in a denser membrane is generally 
based on a solution-diffusion mechanism. The lower polarity of tocopherols compared to 
that of free fatty acids appears to have facilitated the preferential permeation of tocopherols 
through the hydrophobic membrane. Selectivity of the membrane for tocopherols improved 
with esterified SODD, because the presence of FAME decreased the viscosity of the feed and 
thereby increased convective flow, which in turn improved permeate flux.  
Alternatively, Maza and coworkers (Maza, 1992) concentrated tocopherols and sterols by 
addition of melted deodorizer distillates to a solution of urea and alcohol which separate 
fatty acids from the mixture. 
In addition, Gunawan and coworkers (Gunawan et al., 2008a) proposed a facile procedure to 
isolate naturally occurring FASEs from SODD without degradation of FASEs. SODD was 
first subjected to a modified soxhlet extraction (MSE) to enrich FASEs in a non polar lipid 
fraction (NPLF). Modified silica gel column chromatography (MSE) was then applied to 
NPLF to collect FASEs in a third fraction with a purity of 79.99 wt% and a recovery of 
97.38%. The third fraction was then subjected to a binary solvent (water/acetone = 20/80, 
v/v) extraction to purify FASEs to a purity of 86.74 wt% with a total recovery of 85.32%. 
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These methods do not present a significant advance regarding the most frequently utilized 
methods and probably their application to production scale would be little profitable. 
However, they can be used to isolate tocopherols and sterols from SODD at laboratory scale 
or complement other methods at industrial scale. 

8. Degradation and oxidation of functional lipids from SODD 
8.1 Influence of refining on phytosterols 
During refining of edible fats and oils, the content of total sterols decreases due to 
degradation and formation of products through isomerization (D5 to D7-sterol), 
dehydration, polymerization, and formation of hydrocarbons or sterenes and sterol 
oxidation products (Dutta, 2006). These qualitative and quantitative changes in sterols can 
be traced in the refined oil and in by-products such as soapstocks and distillate fractions 
collected after chemical and physical refining processes (Dowd, 1998).  
Acid hydrolysis of steryl esters may occur upon bleaching with an acid activated bleaching 
earth. The slight reduction of the total sterol content is due to the formation of steradienes 
and disteryl ethers. A gradual reduction in the total sterol content is observed at increasing 
deodorization temperature due to distillation and steradiene formation. Increasing the 
temperature from 220 °C to 260 °C resulted in a gradual reduction of the total sterol 
recovery from 90.4% to 67.7% in physical refining and from 93% to 62.7% in chemical 
refining. However in physical refining, an increase of 40% in the steryl ester fraction is 
observed due to an esterification reaction, promoted by high temperature between a sterol 
and a fatty acid. Due to the absence of free fatty acids in the chemical refining their 
esterification did not occur (Verleyen et al., 2001b). The influence of refining on free and 
esterified sterols has been studied by (Verleyen, 2002b).  
Phytosterols are progressively lost during refining while continuously altering the ratio of 
free and esterified sterols (Kochhar, 1983). During chemical neutralization, the free sterol 
content is significantly reduced especially upon addition of weak caustic solution due to the 
loss in the soapstock (Gutfinger & Letan, 1974). 
Bleaching effects on phytosterols are generally minor and mainly limited to the formation of 
some nonpolar dehydration products (Ferrari, 1996) and partial hydrolysis of sterol esters 
(Homberg & Bielefeld, 1982). Steradienes and disteryl ether dehydration products (Figure 1) 
are formed during bleaching step by the bleaching temperature and the degree of acid 
activation of the bleaching earth, while during the deodorization, the degree of sterol 
dehydration is mainly influenced by deodorization temperature giving rise to a 
concentration of the steradienes in the distillate   (Verleyen, 2002b, Verleyen, 2001c). The 
presence of steradienes can also be used as a marker for the presence of refined oils (Grob et 
al., 1994). 
Whenever applied, hydrogenation has a tremendous effect on sterol structures, including 
hydrogenation of double bonds, opening of cyclopropane rings, and positional 
isomerization of side chain unsaturation (Strocchi & Marascio, 1993). 
A part of a multinational EU research project (FOOD-CT2004-007020) was to carry out 
qualitative and quantitative assessment of sterols and sterol oxidation products in samples 
of by-products from chemical and physical refining of edible fats and oils collected from 
various locations in Europe. To the best of our knowledge, this is the first report on the 
contents of oxidized sterols in soapstock and distillate fractions from edible oil refining 
processes. The levels of sterol oxidation products were higher in acid oil obtained from 
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chemical refining (AOCHE) samples than in acid oil obtained from physical refining 
(AOPHY) samples, with ranges 0.02–17.0 and 0.01–1.5 mg/100 g, respectively. The lower 
content of sterol oxidation products in AOPHY samples may be due to the high temperature 
applied during vacuum distillation accelerating the breakdown and transformation of the 
sterol oxidation products into other unidentified degradation products. Further formation of 
sterol oxidation products has been prevented by the high amounts of natural antioxidants in 
AOPHY distillate (Verleyen, 2001c). Some sterols appeared to be more liable to breakdown 
than others, e.g. there was a higher content of oxybrassicasterols than the other sterol 
oxidation products in this study, although the content of brasicasterol in the sample was 
lower than other sterols. Similar results have been reported previously (Dutta, 2006). This 
may be due to the structural arrangement in the brassicasterol molecule rendering it more 
easily oxidized than other sterols. However, systematic studies are required to clarify this 
phenomenon. Although stigmasterol has a double bond in the side-chain, similar to 
brassicasterol, the quantities of phytosterol oxidation products or oxyphytosterols observed 
in this study were quite different. Stigmasterol has an ethyl group at position C24 while 
brasicasterol has a methyl group, and this difference may affect in the relative rate of 
formation of their oxidation products (Dutta, 2006). Further studies are needed on this point. 
 

 
Fig. 1. Reaction products of sterols during refining. 

It has been reported that the formation of sterol oxidation products is affected not only by 
the chemical nature of the sterols but also by their quantity (Dutta, 2006).  There were 
positive correlations between total sterols and total phytosterol oxidation products in the 
by-products collected from both refining processes.  
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The biological effects of oxycholesterol have been extensively studied (Bjorkhem et al., 2002); 
however, the amount of biological research on oxyphytosterols is rather scarce, mostly 
dated and has never been extensively reviewed before (Francesc, 2004) and (Dieter, 2004). 
Most reports available so far on oxyphytosterols cover the methodological aspects of their 
measurement in foods. The usual perception about oxyphytosterols is that these 
components present a concern in terms of food quality and health. This perception 
originates from the parallel that is made between oxycholesterol and oxyphytosterols. 
Whether oxyphytosterols may indeed play similar and/or different biological roles 
compared to oxycholesterol has not been elucidated yet.  
A review (Hovenkamp et al., 2008) summarise the current knowledge on the possible 
biological effects of oxyphytosterols and to identify future research needs, which will help in 
clarifying the possible impact of oxyphytosterols on human health. The review focuses on 
the more common oxyphytosterols which differ only in a few structural changes from the 
parent sterol.  
Over the last thirty years a diversity of potential biological effects, including modulation of 
cholesterol homeostasis, anti-inflammatory and anti-tumour activities, as well as lipid-
lowering and anti-diabetic properties, have been attributed to specific oxyphytosterols. 
Although these studies were not all carried out with oxyphytosterols also identified in the 
human body, these results suggest that oxyphytosterols may have systemic effects in vivo 
and therefore, the potential to modulate human metabolism.  
Despite some putative desirable effects, oxyphytosterols may be perceived as presenting a 
concern in terms of food quality and health. Indeed, oxyphytosterols have been reported to 
exert, in vitro, cytotoxic effects comparable to those attributed to oxycholesterol. However, 
high, non-physiological concentrations of oxyphytosterols were needed to exert adverse 
effects. In addition, data from one animal study do not support a role of oxyphytosterols in 
atherosclerosis promotion. However, this aspect deserves more attention in future research. 
Altogether, the currently available observations do not suggest that oxyphytosterols, in 
relatively low concentrations such as those reported in human plasma, may exert in vivo 
deleterious effects similar to those attributed to oxycholesterol. In addition, although 
probably different in structure than the potentially deleterious ones, some oxyphytosterols 
may also have the ability to activate transcription factors involved in cholesterol 
metabolism. Nevertheless, more detailed investigations are needed to evaluate the biological 
impact of long-term exposure to physiologically relevant concentrations of oxyphytosterols 
in humans. 

8.2 Influence of refining on tocopherols 
During deodorization, all tocopherols present in the bleached oil will be partitioned either in 
the deodorized oil or in the deodorizer distillate. A significant loss in the tocopherol mass 
balance in the range of 25%-35% was observed originating from technological and/or 
chemical origin. 
The loss of tocopherols can be caused either by a thermal breakdown at temperatures higher 
than 240 °C, by oxidation reaction or by chemical reaction such as the formation of 
tocopheryl esters (Verleyen et al., 2001a). Extensive analysis of vegetable oils by HPLC and 
comparison with synthesized tocopheryl esters did not show any adsorption in the elution 
region of tocopheryl esters, indicating that esters of tocopherols with fatty acids are not 
present in crude oils (Verleyen, 2001c). Therefore the stability of tocopherols during 
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deodorization has been studied under various process conditions. The presence of oxidation 
products has no influence on the loss of tocopherols during deodorization based on the fact 
that two successive deodorization steps yielded identical loss of tocopherols. 
Experiments using spiked triolein with 2000 ppm of α-tocopherol showed that the addition 
of tertbutylhydroquinone (TBHQ) as a strong antioxidant reduces the loss of tocopherols 
with more than 50% in comparison with the reference procedure. α- Tocopherol (2000 ppm) 
was dissolved in triolein and heated to 254 °C, 5-6 mbar, for 80 min, with no steam injection. 
9% of tocopherol loss was observed in the control sample and 3% for the sample with 1500 
ppm TBHQ. The more active TBHQ will compete with tocopherols to scavenge radicals and 
consequently the tocopherol loss in the mass balance is reduced as more natural tocopherols 
stay in the oil or in the distillate (Verleyen et al., 2002a, Verleyen et al., 2003). 
In vegetable oils, the addition of TBHQ from 0 to 1500 ppm establishes a gradual reduction 
in tocopherol loss from 26.7% to 17.6% while the concentration of tocopherols in the 
distillate rises from 1.85% to 2.35%. Performing deodorization with nitrogen as stripping 
agent showed an important reduction in the tocopherol loss (Verleyen, 2002a). In the model 
study with triolein no reduction of α-tocopherol was observed while using corn oil a 
reduction of 30%-50% was observed. The highest reduction was detected at severe 
deodorization conditions (260 °C, 3 mbar) (Verleyen, 2002a). These experiments show that 
tocopherols are thermally stable compounds and probably the loss of tocopherols is due to 
oxidation reactions, which leads to compounds such as α- tocopherol dimer quinone, 4α, 5-
epoxytocopherolquinone, 7, 8-epoxy tocopherol quinone, tocopherol dimer quinone, 
tocopherol spirotrimer and ditocopherol ethers (Verleyen, 2001a). These compounds can be 
found in the finished oil and in the distillate. 
In a model experiment using 3500 ppm α- tocopherol in triolein and heating at 240 °C for 90 
min at a reduced pressure of 6-7 mbar 4α, 5-epoxytocopherolquinone, 7, 8-epoxy 
tocopherolquinone and α-tocopherol quinone were identified as oxidation products 
supporting that the tocopherol loss during deodorization is mainly due to oxidative 
degradation (Verleyen, 2002a). 

9. Nonfood applications 
As commented previously, soybean deodorizer distillate represent good source of valuable 
compounds such as phytosterols, tocopherols and squalene, which can be recovered and 
further used as food additives, in pharmaceutical industry and cosmetics. Alternatively, 
deodorizer distillates have nonfood applications, such as biodiesel or can be used mixed 
with the fuel oil to fire the steam boilers (Svensson, 1976).  
Refined vegetable oils are the predominant feedstocks used for the production of 
biodiesel. However, their relatively high cost renders the resulting fuels unable to 
compete with petroleum-derived fuel and makes the use of side-stream refining products 
(soapstock, acid oil and deodorizer distillate) important alternatives as a feedstock for 
biodiesel production. 
Biodiesel is produced from deodorizer distillates by direct esterification of the FFA or by 
conversion of FFA to acylglycerols prior transesterification (Figure 2). Esterification of the 
FFA is also performed as a preliminary step in the purification of the tocopherols and sterols 
in order to reduce their boiling points, thereby facilitating their separation. 
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Fig. 2. Production of biodiesel from deodorizer distillates by direct conversion (A) and via 
acylglycerols route (B).  

9.1 Production of biodiesel by direct conversion 
9.1.1 Chemically catalyzed process 
Verhé and coworkers (Verhé et al., 2008) reported a process of converting the deodorizer 
distillates to biodiesel using methanol in a weight ratio 1:1 and 5 % w/w sulphuric acid as 
catalyst, at 75 °C for 5 h. Under the mentioned conditions, the FFA have undergone 
esterification while MAG reacted via transesterification, resulting in methyl esters. The 
crude biodiesel was further washed with 20 % water for 15 min, dried and distilled in order 
to increase the quality of the methyl esters. The distillation pitch was further processed for 
the recovery of sterols and tocopherols. 
Facioli and Arellano (Facioli & Barrera-Arellano, 2002) described a process to obtain ethyl 
esters from SODD. SODD contained 47.5 % FFA C18:1, 26.2 % acylglycerols and 26.2 % 
unsaponifiable matter using concentrated sulphuric acid as catalyst. The optimum 
conditions found in this study were for EtOH:FFA between 6.4:1 to 11.2:1, H2SO4 from 0.9-
1.5 % and reaction time from 1.3 h to 2.6 h. Under the described conditions a conversion of 
94 % of the fatty acids to ethyl esters was achieved. Tocopherols losses were below 5.5 %. A 
molar excess of ethanol in relation to SODD:FFA was found to be necessary to obtain the 
best conversion. 
Hammond and coworkers (Hammond & Tong, 2005) described a three-stage acid catalyzed 
esterification using a molar ratio acid oil:methanol:sulphuric acid of 1:1.3:0.03 for the first 
stage (25 h). The reaction mixture was centrifuged, the supernatant lipid phase was 
separated from the sludge (glycerol, water, acid and methanol), and further reacted with 
methanol and acid, keeping the previous mentioned ratios of unreacted 
lipid:methanol:sulphuric acid. 
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deodorization has been studied under various process conditions. The presence of oxidation 
products has no influence on the loss of tocopherols during deodorization based on the fact 
that two successive deodorization steps yielded identical loss of tocopherols. 
Experiments using spiked triolein with 2000 ppm of α-tocopherol showed that the addition 
of tertbutylhydroquinone (TBHQ) as a strong antioxidant reduces the loss of tocopherols 
with more than 50% in comparison with the reference procedure. α- Tocopherol (2000 ppm) 
was dissolved in triolein and heated to 254 °C, 5-6 mbar, for 80 min, with no steam injection. 
9% of tocopherol loss was observed in the control sample and 3% for the sample with 1500 
ppm TBHQ. The more active TBHQ will compete with tocopherols to scavenge radicals and 
consequently the tocopherol loss in the mass balance is reduced as more natural tocopherols 
stay in the oil or in the distillate (Verleyen et al., 2002a, Verleyen et al., 2003). 
In vegetable oils, the addition of TBHQ from 0 to 1500 ppm establishes a gradual reduction 
in tocopherol loss from 26.7% to 17.6% while the concentration of tocopherols in the 
distillate rises from 1.85% to 2.35%. Performing deodorization with nitrogen as stripping 
agent showed an important reduction in the tocopherol loss (Verleyen, 2002a). In the model 
study with triolein no reduction of α-tocopherol was observed while using corn oil a 
reduction of 30%-50% was observed. The highest reduction was detected at severe 
deodorization conditions (260 °C, 3 mbar) (Verleyen, 2002a). These experiments show that 
tocopherols are thermally stable compounds and probably the loss of tocopherols is due to 
oxidation reactions, which leads to compounds such as α- tocopherol dimer quinone, 4α, 5-
epoxytocopherolquinone, 7, 8-epoxy tocopherol quinone, tocopherol dimer quinone, 
tocopherol spirotrimer and ditocopherol ethers (Verleyen, 2001a). These compounds can be 
found in the finished oil and in the distillate. 
In a model experiment using 3500 ppm α- tocopherol in triolein and heating at 240 °C for 90 
min at a reduced pressure of 6-7 mbar 4α, 5-epoxytocopherolquinone, 7, 8-epoxy 
tocopherolquinone and α-tocopherol quinone were identified as oxidation products 
supporting that the tocopherol loss during deodorization is mainly due to oxidative 
degradation (Verleyen, 2002a). 

9. Nonfood applications 
As commented previously, soybean deodorizer distillate represent good source of valuable 
compounds such as phytosterols, tocopherols and squalene, which can be recovered and 
further used as food additives, in pharmaceutical industry and cosmetics. Alternatively, 
deodorizer distillates have nonfood applications, such as biodiesel or can be used mixed 
with the fuel oil to fire the steam boilers (Svensson, 1976).  
Refined vegetable oils are the predominant feedstocks used for the production of 
biodiesel. However, their relatively high cost renders the resulting fuels unable to 
compete with petroleum-derived fuel and makes the use of side-stream refining products 
(soapstock, acid oil and deodorizer distillate) important alternatives as a feedstock for 
biodiesel production. 
Biodiesel is produced from deodorizer distillates by direct esterification of the FFA or by 
conversion of FFA to acylglycerols prior transesterification (Figure 2). Esterification of the 
FFA is also performed as a preliminary step in the purification of the tocopherols and sterols 
in order to reduce their boiling points, thereby facilitating their separation. 
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Fig. 2. Production of biodiesel from deodorizer distillates by direct conversion (A) and via 
acylglycerols route (B).  

9.1 Production of biodiesel by direct conversion 
9.1.1 Chemically catalyzed process 
Verhé and coworkers (Verhé et al., 2008) reported a process of converting the deodorizer 
distillates to biodiesel using methanol in a weight ratio 1:1 and 5 % w/w sulphuric acid as 
catalyst, at 75 °C for 5 h. Under the mentioned conditions, the FFA have undergone 
esterification while MAG reacted via transesterification, resulting in methyl esters. The 
crude biodiesel was further washed with 20 % water for 15 min, dried and distilled in order 
to increase the quality of the methyl esters. The distillation pitch was further processed for 
the recovery of sterols and tocopherols. 
Facioli and Arellano (Facioli & Barrera-Arellano, 2002) described a process to obtain ethyl 
esters from SODD. SODD contained 47.5 % FFA C18:1, 26.2 % acylglycerols and 26.2 % 
unsaponifiable matter using concentrated sulphuric acid as catalyst. The optimum 
conditions found in this study were for EtOH:FFA between 6.4:1 to 11.2:1, H2SO4 from 0.9-
1.5 % and reaction time from 1.3 h to 2.6 h. Under the described conditions a conversion of 
94 % of the fatty acids to ethyl esters was achieved. Tocopherols losses were below 5.5 %. A 
molar excess of ethanol in relation to SODD:FFA was found to be necessary to obtain the 
best conversion. 
Hammond and coworkers (Hammond & Tong, 2005) described a three-stage acid catalyzed 
esterification using a molar ratio acid oil:methanol:sulphuric acid of 1:1.3:0.03 for the first 
stage (25 h). The reaction mixture was centrifuged, the supernatant lipid phase was 
separated from the sludge (glycerol, water, acid and methanol), and further reacted with 
methanol and acid, keeping the previous mentioned ratios of unreacted 
lipid:methanol:sulphuric acid. 
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It was seen that the reaction proceeded rapidly during the first hour of reaction and then 
slowed down considerably. In contrast, the second and third stage showed a gradual 
increase in FAME over time. The maximum FAME conversion obtained for 12 tested acid 
oils averaged 81%. However, the ester phase could not be increased above 85% even after a 
fourth-stage reaction or if a base catalyst (sodium methoxide) was used in large excess. If 
higher amount of methanol was used, the initial reaction tended to go faster, but the 
reaction reached the plateau in a short time. Furthermore, an increase in the acid catalyst 
concentration above 1.2 % did not affect the initial reaction rate. 

9.1.2 Enzymatically catalyzed process 
Several enzymatic methods have been developed for the conversion of fatty acids into 
FAMEs or FAEEs with positive results. One of the main disadvantages of use of biocatalysts 
is the high price compared to chemical catalyst, although unfortunately, no rigorous 
economical viability of these enzymatic procedures has been reported. 
Facioli and Arellano (Facioli & Barrera-Arellano, 2001) investigated the enzymatic 
esterification of the free fatty acids from SODD with ethanol using immobilized fungal 
lipase (Lipozyme IM) as biocatalyst. SODD contained 47.5 % FFA, 26.22 % neutral oil and 
26.23 % unsaponifiable matter. The effect of three independent variables: temperature, 
enzyme concentration and EtOH:FFA molar ratio on the conversion rate of FFA to ethyl 
esters was studied. The best conversion (above 88 %) was obtained with EtOH:FFA ratio 1.7-
3.2:1, temperature in the range 46.4 °C to 53.6 °C, lipase concentration from 10.7 to 23.0% 
and the reaction time of 2 h. All three variables had statistically significant effect on the 
conversion of the FFAs to ethyl esters. During the above mentioned esterification process no 
tocopherols losses were observed. 
The esterification of SODD with butanol using Mucor miehei lipase as a biocatalyst and 
supercritical carbon dioxide (SC-CO2) has been described by Nagesha and coworkers 
(Nagesha, 2004). The SODD contained 56.0 % neutral oil, 25.3 % FFA, 7.2 % sterols, 2.9 % 
tocopherols, 0.6 % hydrocarbons and 0.13 % moisture. It was preliminary filtered in order to 
remove sediments and sterols and enzymatic hydrolyzed to free fatty acid using 
immobilized lipase (Candida rugosa) in SC-CO2 reactor unit. The operational conditions were 
as follows: pressure 160 bar, temperature 45 °C, moisture content 60 % (w/w) and enzyme 
concentration 200 U/g of SODD. Hydrolyzed SODD containing 87.8 % (w/w) FFA was 
further esterified for 3h in presence of butanol (1.2 M) using 15 % enzyme (w/w) (M. miehei), 
pressure 120 bar and temperature 35 °C. The maximum yield of 95 % FABE was achieved. 
The high content of residual glycerides (3.10 %) present in the final FABE precluded its 
direct use as biodiesel. However, the process was designed as preliminary step for the 
purification of tocopherols, since hydrolysis/esterification helps their recovery. 
Wang and coworkers (Wang et al., 2006) described a process for simultaneously conversion 
of FFA (28 %) and acylglycerols (60 %) from SODD to alkyl esters using a mixture of two 
enzymes (3 % Lipozyme TL IM and 2 % Novozym 435) in the presence of tert-butanol as co-
solvent. It was found that the negative effects on the enzyme stability caused by the 
excessive methanol ratio and by-product glycerol could be minimized by using tert-butanol. 
The lipase activity remained stable after 120 cycles. The maximum yield of FAME (84 %) 
was achieved with an increase of tert-butanol content up to 80 % (based on the oil weight). 
However, a further increase of the solvent resulted in a decrease of the FAME yield which 
was explained by the dilution effect on reactants. 
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Du and coworkers (Du et al., 2007) investigated the enzymatic esterification of SODD 
containing 28 % FFA, 60 % TAG and 6 % tocopherols. The reaction was lipase mediated 
methanolysis using Novozym 435 as catalyst, at 40 °C in a solvent free medium. The enzyme 
kept its activity after being reused for 10 cycles, each cycle of 24 h. The highest biodiesel 
yield of 95 % was achieved by adding 10 fold of 3 Å molecular sieves (based on the 
maximum water produced from FFA esterification). The investigation of the lipase to 
methanol tolerance revealed that the lipase could maintain its stability and activity in the 
presence of even 3 molar concentration of methanol. This tolerance was attributed to the 
presence of other compounds apart from triglycerides, namely FFA, sterols and tocopherols.  
A linear relationship between the FFA content and the lipase tolerance to methanol was 
observed but the presence of sterols and tocopherols showed no effect. The correlation 
between the initial FFA present in the feedstock and the rate of conversion was confirmed 
by other authors (Hammond & Tong, 2005). 

9.2 Production of biodiesel via acylglycerols route 
Another approach reported in the literature consists on esterification of FFA with glycerol to 
form acylglycerols, followed by conventional transesterification. Synthesis of MAG from 
deodorizer distillate was mainly studied due to the large number of applications as 
additives (e.g. enhancing plasticity of fats) in the food, medicine and cosmetic industry. 
Among synthesized acylglycerols, the monoester has the highest surface activity and 
therefore, its concentration is very important for direct utilization of the reaction mixture as 
emulsifier. 
Although the use of a large number of different heterogeneous catalysts have been reported 
in literature, most of the research has been done on the synthetic samples and less on the 
side stream refining products. Different studies summarized hereunder describe processes 
for synthesis of acylglycerols as an intermediate step in the production of biodiesel/biofuels. 
These processes are catalyzed either chemically or enzymatically, or conducted under non-
catalytic conditions. 

9.2.1 Enzymatically catalyzed process 
Tangkam and coworkers (Tangkam et al., 2008) described the enzymatic esterification in a 
solvent free medium of different deodorizer distillates resulting from the refining of various 
vegetable oils. A direct esterification of mixed distillates (61 % FFA and 39 % acylglycerols) 
with glycerol using immobilized lipase B from Candida Antarctica (Novozym 435) led to 
moderate proportions (46 %) of DAG. Application of a two-stage reaction consisting of a 
hydrolysis step of deodorizer distillate to increase the FFA content followed by esterification 
with glycerol led to a higher formation (>61 %) of DAG. Furthermore, it was observed that 
the high initial concentration of free fatty acids in the distillate has a positive influence on 
the concentration of DAG in the final product (>71 %). This observation is consistent with 
other literature data (Yamada et al., 1999). Enrichment of DAG in the final products by short-
path vacuum distillation led to concentrates containing up to 94 % DAG, ~ 5 % TAG and no 
unesterified fatty acids and MAG.  

9.2.2 Non-catalytic process 
Smet (Smet, 2008) described a process for the esterification of fatty acid distillate (93 % FFA) 
with technical grade glycerol. The reaction was carried out in a high pressure Parr reactor 
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It was seen that the reaction proceeded rapidly during the first hour of reaction and then 
slowed down considerably. In contrast, the second and third stage showed a gradual 
increase in FAME over time. The maximum FAME conversion obtained for 12 tested acid 
oils averaged 81%. However, the ester phase could not be increased above 85% even after a 
fourth-stage reaction or if a base catalyst (sodium methoxide) was used in large excess. If 
higher amount of methanol was used, the initial reaction tended to go faster, but the 
reaction reached the plateau in a short time. Furthermore, an increase in the acid catalyst 
concentration above 1.2 % did not affect the initial reaction rate. 

9.1.2 Enzymatically catalyzed process 
Several enzymatic methods have been developed for the conversion of fatty acids into 
FAMEs or FAEEs with positive results. One of the main disadvantages of use of biocatalysts 
is the high price compared to chemical catalyst, although unfortunately, no rigorous 
economical viability of these enzymatic procedures has been reported. 
Facioli and Arellano (Facioli & Barrera-Arellano, 2001) investigated the enzymatic 
esterification of the free fatty acids from SODD with ethanol using immobilized fungal 
lipase (Lipozyme IM) as biocatalyst. SODD contained 47.5 % FFA, 26.22 % neutral oil and 
26.23 % unsaponifiable matter. The effect of three independent variables: temperature, 
enzyme concentration and EtOH:FFA molar ratio on the conversion rate of FFA to ethyl 
esters was studied. The best conversion (above 88 %) was obtained with EtOH:FFA ratio 1.7-
3.2:1, temperature in the range 46.4 °C to 53.6 °C, lipase concentration from 10.7 to 23.0% 
and the reaction time of 2 h. All three variables had statistically significant effect on the 
conversion of the FFAs to ethyl esters. During the above mentioned esterification process no 
tocopherols losses were observed. 
The esterification of SODD with butanol using Mucor miehei lipase as a biocatalyst and 
supercritical carbon dioxide (SC-CO2) has been described by Nagesha and coworkers 
(Nagesha, 2004). The SODD contained 56.0 % neutral oil, 25.3 % FFA, 7.2 % sterols, 2.9 % 
tocopherols, 0.6 % hydrocarbons and 0.13 % moisture. It was preliminary filtered in order to 
remove sediments and sterols and enzymatic hydrolyzed to free fatty acid using 
immobilized lipase (Candida rugosa) in SC-CO2 reactor unit. The operational conditions were 
as follows: pressure 160 bar, temperature 45 °C, moisture content 60 % (w/w) and enzyme 
concentration 200 U/g of SODD. Hydrolyzed SODD containing 87.8 % (w/w) FFA was 
further esterified for 3h in presence of butanol (1.2 M) using 15 % enzyme (w/w) (M. miehei), 
pressure 120 bar and temperature 35 °C. The maximum yield of 95 % FABE was achieved. 
The high content of residual glycerides (3.10 %) present in the final FABE precluded its 
direct use as biodiesel. However, the process was designed as preliminary step for the 
purification of tocopherols, since hydrolysis/esterification helps their recovery. 
Wang and coworkers (Wang et al., 2006) described a process for simultaneously conversion 
of FFA (28 %) and acylglycerols (60 %) from SODD to alkyl esters using a mixture of two 
enzymes (3 % Lipozyme TL IM and 2 % Novozym 435) in the presence of tert-butanol as co-
solvent. It was found that the negative effects on the enzyme stability caused by the 
excessive methanol ratio and by-product glycerol could be minimized by using tert-butanol. 
The lipase activity remained stable after 120 cycles. The maximum yield of FAME (84 %) 
was achieved with an increase of tert-butanol content up to 80 % (based on the oil weight). 
However, a further increase of the solvent resulted in a decrease of the FAME yield which 
was explained by the dilution effect on reactants. 
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Du and coworkers (Du et al., 2007) investigated the enzymatic esterification of SODD 
containing 28 % FFA, 60 % TAG and 6 % tocopherols. The reaction was lipase mediated 
methanolysis using Novozym 435 as catalyst, at 40 °C in a solvent free medium. The enzyme 
kept its activity after being reused for 10 cycles, each cycle of 24 h. The highest biodiesel 
yield of 95 % was achieved by adding 10 fold of 3 Å molecular sieves (based on the 
maximum water produced from FFA esterification). The investigation of the lipase to 
methanol tolerance revealed that the lipase could maintain its stability and activity in the 
presence of even 3 molar concentration of methanol. This tolerance was attributed to the 
presence of other compounds apart from triglycerides, namely FFA, sterols and tocopherols.  
A linear relationship between the FFA content and the lipase tolerance to methanol was 
observed but the presence of sterols and tocopherols showed no effect. The correlation 
between the initial FFA present in the feedstock and the rate of conversion was confirmed 
by other authors (Hammond & Tong, 2005). 

9.2 Production of biodiesel via acylglycerols route 
Another approach reported in the literature consists on esterification of FFA with glycerol to 
form acylglycerols, followed by conventional transesterification. Synthesis of MAG from 
deodorizer distillate was mainly studied due to the large number of applications as 
additives (e.g. enhancing plasticity of fats) in the food, medicine and cosmetic industry. 
Among synthesized acylglycerols, the monoester has the highest surface activity and 
therefore, its concentration is very important for direct utilization of the reaction mixture as 
emulsifier. 
Although the use of a large number of different heterogeneous catalysts have been reported 
in literature, most of the research has been done on the synthetic samples and less on the 
side stream refining products. Different studies summarized hereunder describe processes 
for synthesis of acylglycerols as an intermediate step in the production of biodiesel/biofuels. 
These processes are catalyzed either chemically or enzymatically, or conducted under non-
catalytic conditions. 

9.2.1 Enzymatically catalyzed process 
Tangkam and coworkers (Tangkam et al., 2008) described the enzymatic esterification in a 
solvent free medium of different deodorizer distillates resulting from the refining of various 
vegetable oils. A direct esterification of mixed distillates (61 % FFA and 39 % acylglycerols) 
with glycerol using immobilized lipase B from Candida Antarctica (Novozym 435) led to 
moderate proportions (46 %) of DAG. Application of a two-stage reaction consisting of a 
hydrolysis step of deodorizer distillate to increase the FFA content followed by esterification 
with glycerol led to a higher formation (>61 %) of DAG. Furthermore, it was observed that 
the high initial concentration of free fatty acids in the distillate has a positive influence on 
the concentration of DAG in the final product (>71 %). This observation is consistent with 
other literature data (Yamada et al., 1999). Enrichment of DAG in the final products by short-
path vacuum distillation led to concentrates containing up to 94 % DAG, ~ 5 % TAG and no 
unesterified fatty acids and MAG.  

9.2.2 Non-catalytic process 
Smet (Smet, 2008) described a process for the esterification of fatty acid distillate (93 % FFA) 
with technical grade glycerol. The reaction was carried out in a high pressure Parr reactor 
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(stirred and thermostated reactor of stainless steal). The following parameters have been 
checked: temperature, reactor design, agitation speed, molar ratio and influence of the 
catalyst. The best results were obtained at 200 °C, pressure of 90 mbar and agitation speed of 
60 rpm. It was seen that by using a molar ratio 1:1 FFA:glycerol, a total glycerides content of 
85.3 % was obtained within 345 min reaction time. The formation of MAG was faster in the 
first hours and than reached the plateau, while the formation of DAG was slower at the 
beginning of the reaction and faster at the end. Furthermore, an increase in the molar ratio 
of 1:2 FFA:glycerol slow down the reaction, the total glycerides content reaching 64.9 % 
within 345 min reaction time. A molar ratio 2:1 FFA:glycerol gave an increase of the MAG 
and DAG at the beginning of the reaction, followed by an decrease of MAG after 90 min, the 
glycerol being completely consumed in within 345 min reaction time. The percent of DAG 
and TAG increased gradually during reaction, reaching a final yield of 86.2 % of total 
acylglycerols. 
However the FFA content was still high, a distillation step of the residual FFAs and glycerol 
was necessary in order to increase the purity of the synthesized acylglycerols. The by-
products of distillation were further re-used as reaction products in the synthesis of 
acylglycerols. The novelty of the process consists in synthesizing acylglycerols in a relatively 
short time (<6 h) in a catalyst free medium. 

10. Concluding remarks 
Deodorizer distillate is an excellent source of valuable compounds such as phytosterols and 
tocopherols. Numerous procedures have been described to isolate bioactive compounds 
from soybean oil deodorizer distillates to improve the value and the quality of this by-
product. All these procedures can be grouped in four generic categories: classic methods 
such as crystallization and precipitation, chemical and enzymatic modification, molecular 
distillation, and supercritical fluid extraction. 
Crystallization seems successful as a simple and efficient process to remove and concentrate 
sterols and tocopherols from SODD. However solvent based processes are expensive, 
unattractive and less environmentally friendly, resulting in a scarce and expensive final 
product. 
To increase the separation efficiency of the compounds of interest from SODD, esterification 
and/or transesterification reactions are usually carried out prior to the purification or 
fractionation procedure. Hence, the utilization of enzymes, for instance, makes easier the 
separation of tocopherols from SODD by converting sterols to steryl esters, acylglycerols to 
free fatty acids and free fatty acids to fatty acid methyl or ethyl esters (FAMEs or FAEEs). 
Then, it is easier to separate the new product mixture by distillation or supercritical fluid 
extraction. The main difficulties of the enzymatic processes are the numerous parameters 
involved such as moisture content, enzyme concentration, time, temperature, ratio of the 
reactants, stability, recovery and reutilization of the enzyme preparation, among others. 
However, it is possible to separate the sterol esterification and ethyl esterification in time or 
space to optimize each of these reactions independently, thereby minimizing costs or 
improving the yield of the desired final reaction products.  
Among the great variety of processes that have been patented for the purification of the 
compounds of the SODD, only the processes of esterification of fatty acids and acylglycerols 
with methanol or ethanol followed by high vacuum distillation, have been developed on a 
commercial scale for the concentration of tocopherols 
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Regarding supercritical fluid fractionation SODD is not adequate feed material to work with 
SC-CO2 for tocopherol enrichment, owing to its poor SC-CO2 solubility. So, to concentrate 
tocopherols from SODD, pre-treatment of the raw material is needed to obtain the primary 
tocopherols concentrate with improve solubility in SC-CO2. 
Alternatively, deodorizer distillates have also non-food applications, such as biodiesel or 
can be used mixed with the fuel oil to fire the steam boilers. The use of deodorizer distillate 
instead of refined vegetable oils is an important alternative as a feedstock for biodiesel 
production. 
Two main degradation products from sterols can be observed in SODD, namely 
dehydration and oxidation products. The degree of sterol dehydration is mainly influenced 
by deodorization temperature giving rise to a variable concentration of steradienes in the 
distillate. The content of oxidized sterols in deodorization distillate fractions from edible oil 
refining processes fluctuates depending on both the temperature applied during vacuum 
distillation and the breakdown and transformation of oxidized sterols into other 
unidentified degradation products. Finally, formation of oxidized sterols can be partially 
prevented by the high amounts of natural antioxidants in acid oil obtained from physical 
refining distillate. The current knowledge on the possible biological effects of 
oxyphytosterols is limited and further research to clarify the possible impact of 
oxyphytosterols on human health is needed. 
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(stirred and thermostated reactor of stainless steal). The following parameters have been 
checked: temperature, reactor design, agitation speed, molar ratio and influence of the 
catalyst. The best results were obtained at 200 °C, pressure of 90 mbar and agitation speed of 
60 rpm. It was seen that by using a molar ratio 1:1 FFA:glycerol, a total glycerides content of 
85.3 % was obtained within 345 min reaction time. The formation of MAG was faster in the 
first hours and than reached the plateau, while the formation of DAG was slower at the 
beginning of the reaction and faster at the end. Furthermore, an increase in the molar ratio 
of 1:2 FFA:glycerol slow down the reaction, the total glycerides content reaching 64.9 % 
within 345 min reaction time. A molar ratio 2:1 FFA:glycerol gave an increase of the MAG 
and DAG at the beginning of the reaction, followed by an decrease of MAG after 90 min, the 
glycerol being completely consumed in within 345 min reaction time. The percent of DAG 
and TAG increased gradually during reaction, reaching a final yield of 86.2 % of total 
acylglycerols. 
However the FFA content was still high, a distillation step of the residual FFAs and glycerol 
was necessary in order to increase the purity of the synthesized acylglycerols. The by-
products of distillation were further re-used as reaction products in the synthesis of 
acylglycerols. The novelty of the process consists in synthesizing acylglycerols in a relatively 
short time (<6 h) in a catalyst free medium. 

10. Concluding remarks 
Deodorizer distillate is an excellent source of valuable compounds such as phytosterols and 
tocopherols. Numerous procedures have been described to isolate bioactive compounds 
from soybean oil deodorizer distillates to improve the value and the quality of this by-
product. All these procedures can be grouped in four generic categories: classic methods 
such as crystallization and precipitation, chemical and enzymatic modification, molecular 
distillation, and supercritical fluid extraction. 
Crystallization seems successful as a simple and efficient process to remove and concentrate 
sterols and tocopherols from SODD. However solvent based processes are expensive, 
unattractive and less environmentally friendly, resulting in a scarce and expensive final 
product. 
To increase the separation efficiency of the compounds of interest from SODD, esterification 
and/or transesterification reactions are usually carried out prior to the purification or 
fractionation procedure. Hence, the utilization of enzymes, for instance, makes easier the 
separation of tocopherols from SODD by converting sterols to steryl esters, acylglycerols to 
free fatty acids and free fatty acids to fatty acid methyl or ethyl esters (FAMEs or FAEEs). 
Then, it is easier to separate the new product mixture by distillation or supercritical fluid 
extraction. The main difficulties of the enzymatic processes are the numerous parameters 
involved such as moisture content, enzyme concentration, time, temperature, ratio of the 
reactants, stability, recovery and reutilization of the enzyme preparation, among others. 
However, it is possible to separate the sterol esterification and ethyl esterification in time or 
space to optimize each of these reactions independently, thereby minimizing costs or 
improving the yield of the desired final reaction products.  
Among the great variety of processes that have been patented for the purification of the 
compounds of the SODD, only the processes of esterification of fatty acids and acylglycerols 
with methanol or ethanol followed by high vacuum distillation, have been developed on a 
commercial scale for the concentration of tocopherols 

Extraction and Enzymatic Modification of  
Functional Lipids from Soybean Oil Deodorizer Distillate 

 

473 

Regarding supercritical fluid fractionation SODD is not adequate feed material to work with 
SC-CO2 for tocopherol enrichment, owing to its poor SC-CO2 solubility. So, to concentrate 
tocopherols from SODD, pre-treatment of the raw material is needed to obtain the primary 
tocopherols concentrate with improve solubility in SC-CO2. 
Alternatively, deodorizer distillates have also non-food applications, such as biodiesel or 
can be used mixed with the fuel oil to fire the steam boilers. The use of deodorizer distillate 
instead of refined vegetable oils is an important alternative as a feedstock for biodiesel 
production. 
Two main degradation products from sterols can be observed in SODD, namely 
dehydration and oxidation products. The degree of sterol dehydration is mainly influenced 
by deodorization temperature giving rise to a variable concentration of steradienes in the 
distillate. The content of oxidized sterols in deodorization distillate fractions from edible oil 
refining processes fluctuates depending on both the temperature applied during vacuum 
distillation and the breakdown and transformation of oxidized sterols into other 
unidentified degradation products. Finally, formation of oxidized sterols can be partially 
prevented by the high amounts of natural antioxidants in acid oil obtained from physical 
refining distillate. The current knowledge on the possible biological effects of 
oxyphytosterols is limited and further research to clarify the possible impact of 
oxyphytosterols on human health is needed. 
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1. Introduction 
As soybean phospholipids are coproducts of soybean oil processing, the production of 
soybean phospholipids rises with the continuous increase of soybean oil yield. 
Phospholipids have been already applied widely in such fields as medicine, food, 
agriculture and industry etc., relating to various aspects of everyone's clothing, food, shelter 
and transportation. New phospholipids products will constantly sprout in large numbers 
with the development of science and technology. 
The authors describe the structure, composition, physical and chemical properties and 
applications of soybean phospholipids based on the research data in hand. This chapter is 
focused on the processings of concentrated soybean phospholipids, powdery soybean 
phospholipids and modified phospholipids as well as the isolation and purification of 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), 
phosphatidylserine (PS) and phosphatidic acid (PA) in soybean phospholipids. The 
exploration of technologies for isolating and purifying individual molecular species of a 
certain phospholipids class is now one of the hot and difficult research issues in the world. 
The breakthrough in these technologies will enormously improve the great development of 
medicine (e.g. biomembrane bionics, liposomes and intracellular drug carriers etc.) and 
chemical industry (e.g. aggregation and dispersion of nano materials) etc. 

2. The structure, composition and physical and chemical properties of 
soybean phospholipids 
Food Chemicals Codex (FCC) definites phospholipids as follows: Food grade phospholipids 
are complex mixtures obtained from soybean and other plants consisting of acetone 
insolubles (AIs) which are mainly phosphatidylcholine (PC), phosphatidylethanolamine 
(PE) and phosphatidylinositol (PI). 

2.1 Soybean phospholipids structure 
Phospholipids mainly include glycerol phosphatides and sphingomyelin. In this chapter, we 
mainly discuss glycerol phosphatides. The structures of phospholipids are shown in Fig. 1. 

2.2 Soybean phospholipids composition 
Phospholipids constitute 0.3%-0.6% of soybean seed, or 1.5%-3.0% of crude soybean oil. The 
phospholipids composition is shown in Table 1. The fatty acid composition of soybean 
phospholipids is shown in Table 2. 
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Fig. 1. Structures of phospholipids; A: Glycerol phosphatides structure; B: Sphingomyelin; 
R1, R2, R: Hydrocarbon chains; Point ‘X’ is likely composed of structures noted in the box. 

 

Component Abbreviation 
Range(%) 

Low Intermediate High 

Phosphatidylcholine PC 12.0-21.0 29.0-39.0 41.0-46.0 
Phosphatidylethanolamine PE 8.0-9.5 20.0-26.3 31.0-34.0 

Phosphatidylinositol PI 1.7-7.0 13.0-17.5 19.0-21.0 
Phosphatidic acid PA 0.2-1.5 5.0-9.0 14.0 

Phosphatidylserine PS 0.2 5.9-6.3 - 
Lysophosphatidylcholine LPC 1.5 8.5 - 
Lysophosphatidylinositol LPI 0.4-1.8 - - 
Lysophosphatidylserine LPS 1.0 - - 
Lysophosphatidic acid LPA 1.0 - - 

Phytoglycolipids  - 14.3-15.4 29.6 

Table 1. Composition of Soybean Phospholipids (Szuhaj, 1989) 
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Fatty acid 
Range(%) 

Low Intermediate High 
Myristic(C14:0) 0.3-1.9 - - 
Palmitic(C16:0) 11.7-18.9 2.5-26.7 42.7 

Palmitoleic(C16:1) 7.0-8.6 - - 
Stearic(C18:0) 3.7-4.3 9.3-11.7 - 
Oleic(C18:1) 6.8-9.8 17.0-25.1 39.4 

Linoleic(C18:2) 17.1-20.0 37.0-40.0 55.0-60.8 
Linolenic(C18:3) 1.6 4.0-6.2 9.2 
Arachidic(C20:0) 1.4-2.3 - - 

Table 2. Fatty Acid Composition of Soybean Phospholipids (Szuhaj, 1989) 

Soybean phospholipids are by-products of soybean oil refining process. Phospholipids 
composition can be affected by the oil refining processes and may decrease after frost. The 
lipase may contribute to phospholipids decrease during storage. Other minor compositions 
in soybean phospholipids include water, pigment, galactosyl glyceride, glycolipids, 
carbohydrates, sterols and tocopherol etc. 

2.3 Physical and chemical properties 
2.3.1 Physical properties 
Pure phospholipid is a white solid at room temperature, odorless and colorless. The color of 
phospholipid may be from light yellow to brown due to refining methods, product 
categories and storage conditions etc. Non decolored, once decolored and twice decolored 
are three grades of phospholipid color which is determined by Gardner colorimeter (AOCS 
official method Td-La-64). The chromaticities are from 9 to 17. 
Soybean phospholipids are soluble in aliphatic hydrocarbons, aromatic hydrocarbons and 
halogenated hydrocarbons solvents, such as ether, benzene, chloroform and petroleum ether 
etc., and particularly soluble in aliphatic alcohol, for example ethanol. As other non-polar 
surfactants, soybean phospholipid is insoluble in polar solvent, for example methyl acetate, 
especially acetone (solubility less than 0.03g/L at 5 degrees Celsius). Phospholipids 
solubility in methyl acetate and acetone increases when there is a small amount of oil in the 
phospholipids. PC is soluble in ethanol while PI not. The soluble and insoluble portions of 
PE in ethanol are about equivalent. The differences of soybean phospholipids solubilities in 
the above solvents may provide references for isolation, purification and quantification of 
phospholipids. Soybean phospholipids are soluble in animal fat and vegetable oil, mineral 
oil and fatty acids, but insoluble in cold animal fat and vegetable oil actually. 
The hydrophilic phosphate group and alkaline and hydrophobic hydrocarbon keys in 
phospholipids molecules help to form a interface between water and oil which lowers the 
interfacial tension between water and oil and makes them stable colloidal. Soybean 
phospholipids exist in oil and have obvious hydrophilic colloid property. When mixed with 
suitable amount of water, phospholipids are isolated from oil. Particularly, in hot 
alkalescent water (pH>8) the phospholipids are more likely to absorb water and expand and 
then the colloidal solution is formed. Due to the above property, phospholipids are obtained 
from crude oil and are widely applied (Lu, 2004). 
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then the colloidal solution is formed. Due to the above property, phospholipids are obtained 
from crude oil and are widely applied (Lu, 2004). 
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Phospholipids consist of fluidic and plastic phospholipids. Fluidic phospholipids have the 
flow property of Newtonian fluid and the fluidity of plastic phospholipids increases with 
the addition of fatty acids. The viscosity of phospholipids is affected by such factors as AI 
(acetone insoluble) content, moisture, mineral content, acid value (AV) and various 
additives for example plant-based surfactant. Generally, high AI or water content results in 
high viscosity while high AV results in low viscosity. Some bivalent minerals for example 
Ca2+ affect viscosity too. 
N-hexane insolubles (HIs) make fluidic phospholipids turbid. The turbidness not only 
influence the appearance of the products, but also leads to precipitation in long-term 
storage. The phospholipids also get turbid when the water content is over 1% (Wu, 2001). 

2.3.2 Chemical properties 
Phospholipids are very unstable when exposed to the air or the sunshine, and color 
deepening and oxidative rancidity easily happen. However, phospholipids are stable in oil 
without water. So the oil in concentrated phospholipids can prevent oxidative rancidity and 
is conductive to the phospholipids storage. Phospholipids are unstable at high temperature. 
In oil and phospholipids processing, the color of the oil get deeper at 150 degrees Celsius 
and the odor of phospholipids get worse. Phospholipids decompose at over 150 degrees 
Celsius. 
Hydrolysis of phospholipids occurs upon exposure to strong acid at high temperature. 
Saponification of phospholipids happens when heated in alkaline ethanol or water solution, 
and soaps are produced. The salts of phosphoglycerol and inositol phosphate are further 
heated to be hydrolyzed into glycerol, inositol and phosphoric acid. Free fatty acids and free 
substances of the above compound are produced after acid hydrolysis or high pressure 
hydrolysis. 
Phospholipids can be hydrolyzed by enzymes. At least four kinds of lipases can cleave ester 
bonds formed by carboxylic acid and phosphoric acid attached to the glycerol molecule and 
some of them can only cleave unsaturated fatty acids from phospholipids and can't act on 
saturated fatty acids. These actions result in production of so called lysophospholipids 
which have strong effect of hemolysis. 
Phospholipids may be modified under certain conditions. The modification reactions 
include hydroxylation, acetylation, hydrogenation, sulfonation, hydroxyl acetylation and 
enzymatic modification etc. Modified phospholipids vary in their properties and functions 
(Lu, 2004). 
Phospholipids are regarded as the synergist of antioxidant, and they can synergize or 
prolong the antioxidation functioin of tocopherol. The synergism of phospholipids differs 
due to the differences of oil and phospholipids. Mixtures of PE, mixed tocopherol and 
synthetic antioxidant exhibit the highest antioxidant property (Wu, 2001). 

3. Soybean phospholipids processing 
3.1 Preparation of concentrated soybean phospholipids 
Concentrated soybean phospholipids are products obtained by drying and dehydrating 
hydrated soybean crude oil foot. Industrial methods preparing concentrated soybean 
phospholipids include continuous and batch processings. 
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3.1.1 Continuous processing 
The processing steps are as follows: The crude oil is heated to 80 degrees Celsius and then 
centrifuged and passed through the flowmeter followed by addition of 80 degrees Celsius 
water of 2% (w/w) of the oil. 
Degumming oil and oil foot sediments are produced and they can be separated by 
centrifugation. The hydrated oil foot should be concentrated immediately to avoid microbial 
rancidity due to the high moisture and neutral oil content. Oil foot (or mixed with hydrogen 
peroxide or fluidity agent in advance) is pumped into the agitated film dryer. Phospholipids 
film is formed under gravity or centrifugal force and the pressure of incoming production 
materials and flow to the bottom of the vessel while moisture evaporates under high 
temperature and vacuum conditions. The motionless fluid product is dried at vacuum (726 
mm Hg) and 100-110 degrees Celsius for 2 min and then cooled to obtain concentrated 
soybean phospholipids with less than 1% moisture content. The concentrating procedure 
should be operated under vacuum as phospholipids are thermosensitive (Ji & Li, 2005). 

3.1.2 Batch processing 
3.1.2.1 Preheating 

Mechanically pressing crude soybean oil is preheated to 80 degrees Celsius after removal of 
impurities by filtration. 

3.1.2.2 Hydration 
The amount of water added is determined by phospholipids content in the oil and the 
changes of phospholipids granules formed during heating and is normally 3.5 times (w/w) 
the content of phospholipids. The water added is usually boiling or 0.7% hot salt solution is 
used. The speed of adding water is determined by the water absorption velocity of 
phospholipids. The faster the latter the faster the former, and vice versa. When adding 
water, the stirring speed must be fast and is normally 80-100rpm at the beginning and is 
slowed down 20-30min later when large flocculent phospholipids granules are formed and 
the stirring is continued for another 20-30min. Then the liquid is left standing still to settle. 
The supernatant of the upper phase is dehydrated to produce refined oil while the oil foot of 
the lower phase need to be concentrated to obtain phospholipids products. 

3.1.2.3 Concentration 

The hydrated phospholipids oil foot is drawn into the concentrating tank by vacuum and 
subjected to temperature rising and stirring. Vacuum dehydration of phospholipids occurs 
at about 80 degrees Celsius. When there is slight silk flash while stirring the fluidic 
phospholipids the moisture content is consistent with the specification. The moisture 
content is about 5%. Phospholipids after concentration is a brown semisolid and can be used 
in food, medicine and industry. 
3.1.2.4 Decoloration 

Decoloration of concentrated phospholipids is needed for preparation of high quality 
phospholipids. The amount of 30% hydrogen peroxide added to the concentrating tank is 
2%-2.5% (w/w) of the concentrated phospholipids. The phospholipids are decolored in the 
closed tank for 1h at 50 degrees Celsius without vacuum. Then turn on the vacuum pump 
and heat the mixture to 70 degrees Celsius. Dehydrate until there is no water in the water 
knock vessel. The decolored phospholipids are light brown. 
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additives for example plant-based surfactant. Generally, high AI or water content results in 
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storage. The phospholipids also get turbid when the water content is over 1% (Wu, 2001). 

2.3.2 Chemical properties 
Phospholipids are very unstable when exposed to the air or the sunshine, and color 
deepening and oxidative rancidity easily happen. However, phospholipids are stable in oil 
without water. So the oil in concentrated phospholipids can prevent oxidative rancidity and 
is conductive to the phospholipids storage. Phospholipids are unstable at high temperature. 
In oil and phospholipids processing, the color of the oil get deeper at 150 degrees Celsius 
and the odor of phospholipids get worse. Phospholipids decompose at over 150 degrees 
Celsius. 
Hydrolysis of phospholipids occurs upon exposure to strong acid at high temperature. 
Saponification of phospholipids happens when heated in alkaline ethanol or water solution, 
and soaps are produced. The salts of phosphoglycerol and inositol phosphate are further 
heated to be hydrolyzed into glycerol, inositol and phosphoric acid. Free fatty acids and free 
substances of the above compound are produced after acid hydrolysis or high pressure 
hydrolysis. 
Phospholipids can be hydrolyzed by enzymes. At least four kinds of lipases can cleave ester 
bonds formed by carboxylic acid and phosphoric acid attached to the glycerol molecule and 
some of them can only cleave unsaturated fatty acids from phospholipids and can't act on 
saturated fatty acids. These actions result in production of so called lysophospholipids 
which have strong effect of hemolysis. 
Phospholipids may be modified under certain conditions. The modification reactions 
include hydroxylation, acetylation, hydrogenation, sulfonation, hydroxyl acetylation and 
enzymatic modification etc. Modified phospholipids vary in their properties and functions 
(Lu, 2004). 
Phospholipids are regarded as the synergist of antioxidant, and they can synergize or 
prolong the antioxidation functioin of tocopherol. The synergism of phospholipids differs 
due to the differences of oil and phospholipids. Mixtures of PE, mixed tocopherol and 
synthetic antioxidant exhibit the highest antioxidant property (Wu, 2001). 

3. Soybean phospholipids processing 
3.1 Preparation of concentrated soybean phospholipids 
Concentrated soybean phospholipids are products obtained by drying and dehydrating 
hydrated soybean crude oil foot. Industrial methods preparing concentrated soybean 
phospholipids include continuous and batch processings. 
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3.1.1 Continuous processing 
The processing steps are as follows: The crude oil is heated to 80 degrees Celsius and then 
centrifuged and passed through the flowmeter followed by addition of 80 degrees Celsius 
water of 2% (w/w) of the oil. 
Degumming oil and oil foot sediments are produced and they can be separated by 
centrifugation. The hydrated oil foot should be concentrated immediately to avoid microbial 
rancidity due to the high moisture and neutral oil content. Oil foot (or mixed with hydrogen 
peroxide or fluidity agent in advance) is pumped into the agitated film dryer. Phospholipids 
film is formed under gravity or centrifugal force and the pressure of incoming production 
materials and flow to the bottom of the vessel while moisture evaporates under high 
temperature and vacuum conditions. The motionless fluid product is dried at vacuum (726 
mm Hg) and 100-110 degrees Celsius for 2 min and then cooled to obtain concentrated 
soybean phospholipids with less than 1% moisture content. The concentrating procedure 
should be operated under vacuum as phospholipids are thermosensitive (Ji & Li, 2005). 

3.1.2 Batch processing 
3.1.2.1 Preheating 

Mechanically pressing crude soybean oil is preheated to 80 degrees Celsius after removal of 
impurities by filtration. 

3.1.2.2 Hydration 
The amount of water added is determined by phospholipids content in the oil and the 
changes of phospholipids granules formed during heating and is normally 3.5 times (w/w) 
the content of phospholipids. The water added is usually boiling or 0.7% hot salt solution is 
used. The speed of adding water is determined by the water absorption velocity of 
phospholipids. The faster the latter the faster the former, and vice versa. When adding 
water, the stirring speed must be fast and is normally 80-100rpm at the beginning and is 
slowed down 20-30min later when large flocculent phospholipids granules are formed and 
the stirring is continued for another 20-30min. Then the liquid is left standing still to settle. 
The supernatant of the upper phase is dehydrated to produce refined oil while the oil foot of 
the lower phase need to be concentrated to obtain phospholipids products. 

3.1.2.3 Concentration 

The hydrated phospholipids oil foot is drawn into the concentrating tank by vacuum and 
subjected to temperature rising and stirring. Vacuum dehydration of phospholipids occurs 
at about 80 degrees Celsius. When there is slight silk flash while stirring the fluidic 
phospholipids the moisture content is consistent with the specification. The moisture 
content is about 5%. Phospholipids after concentration is a brown semisolid and can be used 
in food, medicine and industry. 
3.1.2.4 Decoloration 

Decoloration of concentrated phospholipids is needed for preparation of high quality 
phospholipids. The amount of 30% hydrogen peroxide added to the concentrating tank is 
2%-2.5% (w/w) of the concentrated phospholipids. The phospholipids are decolored in the 
closed tank for 1h at 50 degrees Celsius without vacuum. Then turn on the vacuum pump 
and heat the mixture to 70 degrees Celsius. Dehydrate until there is no water in the water 
knock vessel. The decolored phospholipids are light brown. 
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Mixed fatty acids and mixed fatty acid ethyl ester are added as fluidity agents during the 
vacuum concentrating procedure to improve the fluidic property of concentrated 
phospholipids and prevent phospholipids separating with the oil and guarantee the stability 
of phospholipids products. 
The products obtained can flow freely at room temperature. If mixed fatty acids added is 
inadequate, it will not act as fluidity agent. On the contrary, excess addition of mixed fatty 
acids may raise the AV of phospholipids and get them rancid. The amount of mixed fatty 
acids added is usually 2.5%-3% (w/w) of the concentrated phospholipids. The addition of 
mixed fatty acid ethyl ester does not affect the AV and flavor of phospholipids and can gain 
high quality products but the cost is high. The amount is 3%-5% (w/w) of the concentrated 
phospholipids (Ji & Li, 2005). 

3.2 Preparation of powdery soybean phospholipids 
The applications of concentrated phospholipids are limited due to its high content of neutral 
oil, fatty acids and other substances and its low purity and off-flavor formation. Refining 
and purifying processings are needed to consistent the phospholipids products with the 
high purity and non off-flavor specifications of functional food material. 
Methods of producing high purity phospholipids from concentrated phospholipids include 
solvent extraction, ultrafiltration purification, supercritical carbon dioxide extraction etc. So 
far, acetone solvent extraction is the most widely used method in industry. 

3.2.1 Solvent extraction 
3.2.1.1 Preparation of powdery phospholipids of one kind of purity from one kind of 
materials 

The acetone solvent extraction theory is isolating phospholipids from oil by precipitation 
due to the fact that water and oil is soluble in acetone while phospholipids not. 
30% hydrogen peroxide is pumped into the closed agitated container with the amount of 
2%-3% (w/w) of the concentrated phospholipids. Concentrated phospholipids are pumped 
into the above container while stirring with the rotate speed of 30-40rpm. Decoloration 
occurs after the temperature reaches 60 degrees Celsius with a processing time of 6h. After 
that, the temperature is raised up to 70-75 degrees Celsius and decolor for 0.5h to 
decompose residual hydrogen peroxide into water. The decoloring procedure is optional 
due to the product requirements. 
Acetone with purity above 98% is pumped through a flowmeter into the closed agitated 
container. Concentrated phospholipids with acetone residues of the amount of 1:10 (w/w) 
are pumped into the above container. Stir for another 20-30min with the speed of 80rpm. 
After that, the liquid is statically sedimented for 0.5h and the upper acetone extract is 
discharged. The above procedure is repeated three more times with each time a 5:1 ratio 
(w/w) of acetone to concentrated phospholipids and prolonging sedimentation time. The 
total amount of acetone is 25 times (w/w) that of concentrated phospholipids. 
Phospholipids settle down at the fourth time is discharged and centrifuged. The diameter of 
the centrifuge rotor is 800mm and the rotate speed is 1200-1600rpm. Centrifuged 
phospholipids go directly into the lower closed agitated-container. Acetone of 2 times 
(w/w) the weight of the concentrated phospholipids is pumped into the same container 
while stirring (80rpm). The extraction procedure lasts 0.5h and then the liquid is discharged 
and centrifuged to produce phospholipids with 25%-50% (w/w) acetone. The phospholipids 
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are fed into the double conic dryer with the amount of 1/3-1/2 of the whole dryer volume. 
The drying parameters are as follows: drying temperature 50-55 degrees Celsius, rotate 
speed 10rpm, vacuum -0.083--0.09 MPa, time 4-6h. Then light yellow powdery 
phospholipids without acetone residue are obtained and weighed for packaging. 
The above method can be applied to prepare powdery phospholipids from such various raw 
materials as soybean, rapeseed, peanut and corn etc. as well as concentrated phospholipids 
prepared from hydrated oil foot and alkalized oil foot. The powdery phospholipids 
produced have a phospholipids content of 90%-98% due to the quality of the concentrated 
phospholipids (Liu & Yang et al., 2006; Liu & Feng et al., 2006; Liu, 2007). 

3.2.1.2 Preparation of powdery phospholipids of various purities from one kind of materials 

In acetone solvent extraction, the phospholipids purity increases with the increase of 
acetone amount and extraction times. The increase of phospholipids purity results in longer 
time needed to settle the whole phospholipids in acetone solution. 
If the purity of the powdery phospholipids obtained in 3.2.2.1 is 97%-98%, half of the 
phospholipids will be settled in 0.5-1h in the fourth extraction while the other half in 4h. The 
upper phospholipids solution of acetone is discharged when the time has passed 2.5-3h and 
centrifuged and dried. The purity of the phospholipids produced can reach up to over 99%. 
Acetone of 2 times the weight of concentrated phospholipids is added into the extraction 
tank with agitation. The extraction time is 0.5h and static settle time is 1.5-2h. The upper 
phospholipids solution of acetone is discharged and centrifuged and dried to obtain 
phospholipids product with purity of over 95%. 
The residual liquid is discharged, centrifuged and dried to produce phospholipids product 
with purity of about 90% (Liu & Ma, 2011). 
This method can produce phospholipids products with various purities due to the product 
purity obtained in 3.2.2.1 and discharging time to meet the market requirements, and make 
the best use of the materials. 

3.2.2 Supercritical carbon dioxide extraction 
Extraction temperature, pressure and time are important technological parameters of 
supercritical carbon dioxide extraction. Extraction yield increases with the increase of one of 
the parameters in a certain range while the other two conditions remain unchanged. 
However, there are also problems of increased cost, power consumption and unsafe factors. 
Generally, the extracting effect is rather good at 50 degrees Celsius and 20MPa for 5h. 
Supercritical carbon dioxide extraction used to extract soybean phospholipids has 
significance for the industrial application and is an applicative technology with wide 
prospect as it has the advantages of simple, non solvent residue, safe and reliable and high 
purity product and it consists with the trend of current green chemical technology (Shi, 
2005). 

3.2.3 Ultrafiltration purification 
The crude phospholipids are subjected to derosination and dissolved in solvents and then 
passed through ultrafiltration film with certain pore size. Components of suitable sizes pass 
through the membrane and are isolated. 
Ultrafiltration lecithin introduced by ADM（Archer Daniels Midland Co.） which has the 
property of dry, easy to be mixed with other materials, high quality and high purity is 
produced by removing the glycerides in phospholipids by ultrafiltration. Ultrafiltration 
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are fed into the double conic dryer with the amount of 1/3-1/2 of the whole dryer volume. 
The drying parameters are as follows: drying temperature 50-55 degrees Celsius, rotate 
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the best use of the materials. 
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Generally, the extracting effect is rather good at 50 degrees Celsius and 20MPa for 5h. 
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prospect as it has the advantages of simple, non solvent residue, safe and reliable and high 
purity product and it consists with the trend of current green chemical technology (Shi, 
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passed through ultrafiltration film with certain pore size. Components of suitable sizes pass 
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lecithin can be precisely quantified and conveniently used. In certain situation which has 
strict requirements for flavor ultrafiltration lecithin is precious as it has good flavor (Shi, 
2005). 

3.3 Preparation of modified soybean phospholipids 
3.3.1 Chemical modification 
3.3.1.1 Hydrogenation 

After hydrogenation, the unsaturated double bonds of the phospholipids are saturated to 
improve the stability, oxidative stability, color and odor of the phospholipids. 
Hydrogenated phospholipids are mainly used in cosmetics, dyes and lubricants. 
Powdery soybean phospholipids are dissolved in the mixture of dichloromethane and 
ethanol (3:1, v/v) with a 1:6 (w/v) ratio in the stainless steel autoclave. A 5% 
palladium/carbon catalyst is added into the autoclave followed by leakage checking. Then 
the air in the autoclave is displaced by hydrogen for several times. The reacting parameters 
include a temperature of 50 degrees Celsius, a pressure of 0.6MPa, a stirring speed of 
300r/min, and a reacting time of 3h under constant temperature and pressure. After 
reaction, the temperature and pressure are reduced. The catalyst is removed and recycled by 
centrifuging the reaction product. 30% hydrogen peroxide with the amount of 5% (w/w) is 
added into the liquid portion to decolor and the solvent is removed by rotate evaporation at 
55 degrees Celsius. Light yellow solid hydrogenated soybean phospholipids are obtained 
after vacuum drying at 70 degrees Celsius for 8h. It may be better to use pure ethanol as 
solvent than the mixture of dichloromethane and ethanol when hydrogenating 
phospholipid that is soluble in ethanol such as PC (Huang et al., 2003). 

3.3.1.2 Acetylation 
PE is transformed into N-acylphosphatidylethanolamine after acetylation, and its 'zwitter 
ion' structure is modified to obtain improvements in Hydrophile-Lipophile Balance (HLB) 
value, thermostability, oil in water emulsifying ability and viscosity property. Meanwhile, 
N-acylphosphatidylethanolamine's large solubility in acetone facilitates isolation and 
purification of phospholipids. Acetylation with acetic anhydride is used to produce 
acetylated phospholipids in industry. 
Considering acetylated phospholipids are mainly applied in food processings, direct heating 
(noncatalytic) acetylation process is adopted to produce food grade acetylated soybean 
phospholipids. Acetic anhydride is added into crude phospholipids with the amount of 1%-
4% (v/w) due to the PE content in phospholipids and the amino conversion rate. The 
process requires temperatures of 60-70 degrees Celsius and stirring reacting time of 1h-1.5h. 
After acetylation, the mixture is neutralized with sodium hydroxide or potassium hydroxide 
of certain concentration and then dried under vacuum. The specifications of acetylated 
phospholipids are: free amino 0.7%-1.7%, pH 6.5-8, and HLB value 5-6 (Xu et al., 2008). 
3.3.1.3 Hydroxylation 
The hydroxylation theory is that two hydroxyls are introduced into the double bonds of the 
unsaturated fatty acids of phospholipids molecules, i.e., crude phospholipids react with 
hydrogen peroxide with the existence of organic weak acid such as lactic acid to hydroxylate 
the unsaturated bonds in phospholipids and oil. The ethanolamine group of PE is also 
modified. The obvious hydrophilic property makes modified phospholipids more easily 
disperse in cold water. The degree of hydroxylation modification is controlled by the 
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amount of hydrogen peroxide added and usually measured by the drop in iodine value (IV). 
The products with 10%-25% drops in IV have good water dispersibility and oil in water 
emulsifying property. The emulsifying property decreases and hydrophilic property 
increases with the increase of drop in IV, but the cost rises too. 
Phospholipids hydroxylation processes include such various methods as 'lactic acid + 
hydrogen peroxide + phospholipids', 'acetic acid + hydrogen peroxide + phospholipids', 
'peracetic acid + phospholipids' and 'basic potassium permanganate + phospholipids' etc., 
which belong to alkyleneortho-dihydroxylation and have various hydroxylation effects. In 
industrial production, the 'lactic acid + hydrogen peroxide + phospholipids' process is 
generally adopted as it's a mild method with no problems of the three wastes(waster gas, 
waster water and industrial residue) and meets the food grade requirements. 75% lactic acid 
and 30% hydrogen peroxide with the amount of 1%-3% and 5%-15% (v/w), respectively, are 
added into crude phospholipids. The reaction is carried out at 50-70 degrees Celsius with 
stirring for 1h-3h. The mixture is neutralized with sodium hydroxide of certain 
concentration and then dried under reduced pressure until a less than 1% moisture content 
is reached. The specifications of hydroxylated phospholipids include: drop in IV 10%-25%, 
pH 6.5-7.5, HLB value 9-10 (Xu et al., 2008). 
3.3.1.4 Acetyl-hydroxylation 
Acetyl-hydroxylation refers to acetylation of phospholipids followed by hydroxylation, i.e., 
double modification. Hydroxylation occurs between phospholipids and hydrogen peroxide 
with the help of acetic acid produced by acetylation. The procedures are as follows: acetic 
anhydride is added into the crude phospholipids with the amount of 1%-4% (v/w) due to 
the PE content in phospholipids and the amino conversion rate. The reaction is carried out 
at 60-70 degrees Celsius for 1h-1.5h with stirring. Then hydrogen peroxide of 5%-15% (v/w) 
is added. Temperatures of 60-75 degrees Celsius and stirring reacting time of 1h-3h are 
required. At last the mixture is neutralized with sodium hydroxide of certain concentration 
and then dried under reduced pressure until reach a less than 1% moisture content. The 
specifications of acetyl-hydroxylated phospholipids are drop in IV 10%, free amino no more 
than 1.65%, pH 7-8, HLB value 9-10 (Xu et al., 2008). 
3.3.1.5 Hydroxyl-chlorination 
100 portions of soybean phospholipids are dissolved in 300 portions of n-hexane. Sodium 
hypochlorite of 22.5% (w/w) of the total phospholipids is added and the pH is adjusted to 
4.5 with acetic acid. The reaction is carried out at 50 degrees Celsius for 1h with stirring. The 
mixture is washed 3 times with each time 100 portions of water is used. The upper 
phospholipids solution is evaporated to recycle solvent and obtain hydroxyl-chlorinated 
soybean phospholipids. The emulsion stability, dispersibility and wettability are improved 
enormously compared with that of non-modified phospholipids (Xu et al., 2008). 
3.3.1.6 Sulfonation 
The most likely positions for sulfonation are the double bonds of long chain unsaturated 
alkanes and α-carbon near ester bonds. When sulfonation of phospholipids including PC, 
PE, PA and PI etc. happens, the position which is most likely to be introduced with active 
group is hydroxyl of PI. That is to say, sulfonation occurs on double bonds while 
esterification (sulfation) occurs on hydroxyls. The double bonds in products will diminish or 
vanish if sulfonation occurs on double bonds totally or partly. The decrease in unsaturation 
of sulfonated soybean phospholipids results in the drop of IV. So we can determine whether 
sulfonation on double bonds happens or not by measuring IV. 
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lecithin can be precisely quantified and conveniently used. In certain situation which has 
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2005). 

3.3 Preparation of modified soybean phospholipids 
3.3.1 Chemical modification 
3.3.1.1 Hydrogenation 

After hydrogenation, the unsaturated double bonds of the phospholipids are saturated to 
improve the stability, oxidative stability, color and odor of the phospholipids. 
Hydrogenated phospholipids are mainly used in cosmetics, dyes and lubricants. 
Powdery soybean phospholipids are dissolved in the mixture of dichloromethane and 
ethanol (3:1, v/v) with a 1:6 (w/v) ratio in the stainless steel autoclave. A 5% 
palladium/carbon catalyst is added into the autoclave followed by leakage checking. Then 
the air in the autoclave is displaced by hydrogen for several times. The reacting parameters 
include a temperature of 50 degrees Celsius, a pressure of 0.6MPa, a stirring speed of 
300r/min, and a reacting time of 3h under constant temperature and pressure. After 
reaction, the temperature and pressure are reduced. The catalyst is removed and recycled by 
centrifuging the reaction product. 30% hydrogen peroxide with the amount of 5% (w/w) is 
added into the liquid portion to decolor and the solvent is removed by rotate evaporation at 
55 degrees Celsius. Light yellow solid hydrogenated soybean phospholipids are obtained 
after vacuum drying at 70 degrees Celsius for 8h. It may be better to use pure ethanol as 
solvent than the mixture of dichloromethane and ethanol when hydrogenating 
phospholipid that is soluble in ethanol such as PC (Huang et al., 2003). 

3.3.1.2 Acetylation 
PE is transformed into N-acylphosphatidylethanolamine after acetylation, and its 'zwitter 
ion' structure is modified to obtain improvements in Hydrophile-Lipophile Balance (HLB) 
value, thermostability, oil in water emulsifying ability and viscosity property. Meanwhile, 
N-acylphosphatidylethanolamine's large solubility in acetone facilitates isolation and 
purification of phospholipids. Acetylation with acetic anhydride is used to produce 
acetylated phospholipids in industry. 
Considering acetylated phospholipids are mainly applied in food processings, direct heating 
(noncatalytic) acetylation process is adopted to produce food grade acetylated soybean 
phospholipids. Acetic anhydride is added into crude phospholipids with the amount of 1%-
4% (v/w) due to the PE content in phospholipids and the amino conversion rate. The 
process requires temperatures of 60-70 degrees Celsius and stirring reacting time of 1h-1.5h. 
After acetylation, the mixture is neutralized with sodium hydroxide or potassium hydroxide 
of certain concentration and then dried under vacuum. The specifications of acetylated 
phospholipids are: free amino 0.7%-1.7%, pH 6.5-8, and HLB value 5-6 (Xu et al., 2008). 
3.3.1.3 Hydroxylation 
The hydroxylation theory is that two hydroxyls are introduced into the double bonds of the 
unsaturated fatty acids of phospholipids molecules, i.e., crude phospholipids react with 
hydrogen peroxide with the existence of organic weak acid such as lactic acid to hydroxylate 
the unsaturated bonds in phospholipids and oil. The ethanolamine group of PE is also 
modified. The obvious hydrophilic property makes modified phospholipids more easily 
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amount of hydrogen peroxide added and usually measured by the drop in iodine value (IV). 
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PE, PA and PI etc. happens, the position which is most likely to be introduced with active 
group is hydroxyl of PI. That is to say, sulfonation occurs on double bonds while 
esterification (sulfation) occurs on hydroxyls. The double bonds in products will diminish or 
vanish if sulfonation occurs on double bonds totally or partly. The decrease in unsaturation 
of sulfonated soybean phospholipids results in the drop of IV. So we can determine whether 
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There have been a lot of reports on sulfonation and sulfation of phospholipids, but maturer 
method is sulfur trioxide gas phase continuous film sulfonation which is developed in 
China. The film sulfonation pipe need heat preservation jacket. The parameters of the 
sulfonation process are a feed temperature of 40 degrees Celsius, a sulfur trioxide/air flow 
rate of 1.5m3/h and a protective wind flow rate of 0.25m3/h. Continuous sulfonation 
happens in film sulfonator followed by neutralization with alkali and decoloration with 5%-
20% hydrogen peroxide. The sulfonated phospholipids with a 4% sulfur trioxide binding 
amount and 6-8 pH exhibit such properties as light color, hydrophilic property, emulsifying 
property and good permeability. 
Sulfonation provides soybean phospholipids with special properties and raises the HLB 
value from 1-2 to 12-16. The physical and chemical properties of phospholipids are 
improved enormously to facilitate the wide applications of phospholipids as fatliquoring 
agent, flotation agent and emulsifying agent in leather, pharmacy and farm chemical etc. 
(Zhang et al., 2004). 
3.3.1.7 Alkoxylation 

Alkoxylation technology including ethoxylation and propoxylation etc. is a main technology 
producing nonionic surfactant. It is carried out by addition-condensation reaction of oxirane 
or epoxypropare with initiators (aliphatic alcohol and nonyl phenol etc.), and the initiator-
ethoxylation or initiator-propoxylation products are obtained. 
Alkoxylated phospholipids are obtained by addition-condensation reaction of alkoxylated 
reactant such as oxirane and phospholipids containing hydroxyl such as PE and PI. As 
hydrophilic oxethyl groups are introduced into the polar end of PE and PI molecules, the 
HLB value and hydrophilic property are increased and the oil-in-water emulsifying ability 
improved. As with sulfonation and hydrogenation, the alkoxylation process is very complex 
and the products are mainly used in non-food industry. 
There are not many manufacturers producing this kind of products. R & R551 is the 
representative ethoxylated soybean phospholipids of ADMC. The ethoxylated 
phospholipids have a 12.5 HLB value. 
According to patents that have been made public and reports related, the soybean 
phospholipids alkoxylation process is mainly as follows: addition reaction occurs between 
phospholipids (PE and PI) and alkoxylation reactant (oxirane, epoxypropare and glycidol 
etc.) and alkoxylated soybean phospholipids are produced. For example, 23.5 pounds of oil-
containing soybean phospholipids are dissolved in 15 pounds of dimethylbenzene. 4.5 
pounds of oxirane is added. The reaction is carried out at 100 degrees Celsius and 0MPa for 
3h followed by removal of solvents. The ethoxylated soybean phospholipids which are 
resinous, insoluble in dimethylbenzene and soluble in water are obtained (Xu et al., 2008). 

3.3.2 Enzymatic modification 
Chemical modification of phospholipids improves their emulsifying and hydrophilic 
properties, but damages natural structure of phospholipids as well. Enzymatic modification 
exhibits such advantages as no need for purifying the reactant, mild reacting conditions, 
fast, complete, less by-products, exact action position of enzymes and easy to obtain etc. 
Phospholipases including phospholipase A1, A2, C and D can catalyze various hydrolysis of 
phospholipids as well as esterification and interesterification reaction with the existence of 
certain acyl receptor and donor to change or modify the structure of phospholipids which 
will gain different structures and applications. Phospholipase A2 and D are used in 
industries while the other enzymes are on the experimental status (Gu et al., 1999). 
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3.3.2.1 Phospholipase A1 and number 1,3-position specific phospholipase 

Phospholipase A2 can specifically hydrolyze the acyl at number Sn-1 position of natural 
phospholipids. But acyl at number Sn-2 position can be easily transferred onto the 
thermodynamically stable number Sn-1 position and this results in producing of the same 
products as with phospholipase A2. The source of phospholipase A1 is very limited. 
Phospholipase with number 1,3-position specificity can selectively hydrolyze acyl at number 
Sn-1 position of phospholipids, and can replace phospholipase A1. Number 1,3-position 
specific phospholipase can directly catalyze interesterification of phospholipids and fatty 
acids or oleic acid in organic solvents to produce new phospholipids. For example, 
Lipozyme IM20 can catalyze the intersterification of PC and fish oil fatty acids with 45% 
eicosapentaenoic acid (EPA). The parameters are: enzyme amount 1.5% (w/w), the optimal 
ratio of phospholipids to fatty acids 1:2 and the optimal organic solvent n-hexane. The 
binding ratio of EPA at number Sn-1 position is 17.7%. Polyunsaturated fatty acids such as 
EPA and docosahexaenoic acid (DHA) which are good for cardiovascular and 
cerebrovascular health can be attached to phospholipids and obtain better digestion and 
absorption properties than that with triglyceride through this kind of reaction (Gu et al., 
1999). 
3.3.2.2 Phospholipase A2 
Phospholipase A2 (EC 3.1.1.4) specifically catalyzes the hydrolysis of acyl at number Sn-2 
position of phospholipids to produce lysophospholipids and fatty acids. Modified soybean 
phospholipids exhibit obviously improved hydrophilic and emulsifying properties. They 
can maintain good emulsifying property under conditions of high or low temperatures or 
low pH or various salt concentrations. Lysophospholipids are applied in bakery food. They 
form complexes with amylose and retard aging of breads effectively. Lysophospholipids are 
two times the price of ordinary phospholipids but they have the advantages of smaller 
dosage, better effect, oxidative stability and antibiotic property. They are industrially 
produced in Japan and America. The process is as follows: phospholipids are subjected to 
moisture content adjustion previously and then added into the solutions with 
phospholipase A2 of 0.02% (w/v) and calcium chloride of 0.3% (w/v) with stirring. The 
temperatures are 50-55 degrees Celsius and the reacting time is 7h-9h. The hydrolyzing 
degree reaches 35%-40% when the acid value (AV) is in the range of 33-30. The following 
procedures are required to obtain powdery lysophospholipids: concentration under reduced 
pressure, pressure filtration, washing with acetone, solvent removal under reduced pressure 
and vacuum drying (Song et al., 2007). 
3.3.2.3 Phospholipase C 
Phospholipase C acts on phospholipids to produce diglyceride, phosphoinositide, 
phosphocholine, phosphoethanolamine and phosphoric acid etc. Diglyceride is a bioactive 
substance which acts as the second messenger in cell signaling transmission and affects the 
cell metabolism. There are three kinds of specificities of microbial phospholipase C: the first 
one specifically hydrolyze PI into diglyceride and cyclic phosphoinositide; the second one 
specifically hydrolyze sphingomyelin and the third one has relatively wider specificity and 
takes PC as the optimal substrate (Song et al., 2007). 
3.3.2.4 Phospholipase D 

Phospholipase D (EC 3.1.4.4) can hydrolyze PC into phosphatidic acid and choline. In 
microwater system with alcohol, phospholipase D can catalyze transacylation which results 
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in exchange of primary or secondary hydroxyl of some molecules with ethanolamine or 
choline groups of phospholipids and formation of new phospholipids. This character is 
called phospholipids' transfer characteristic or base exchange reaction of phospholipase D 
(Song et al., 2007). 

4. Extraction and isolation of soybean phospholipids 
4.1 Soybean phosphatidylcholine (SPC) 
4.1.1 Organic solvent extraction 
Fractions in soybean phospholipids are isolated due to their solubilities' differences in 
organic solvents. PC exhibits large solubility in lower alcohol (C1-C4) whereas PE and PI 
have small solubilities. PC- and PI-enriched products can be obtained by their solubilities' 
difference. When treated with lower alcohol, PC in deoiled phospholipids is soluble in 
alcohol leaving insoluble matter consisting mainly of PE and PI. The ratio of PC to PE 
increases from 1:1 (w/w) in raw material to 3:1 (w/w), and even to 12:1 (61% PC, 5% PE). 
Better isolation effect on PC can be obtained by isopropanol. Mixtures of high-purity 
phospholipids and isopropanol with the ratios of 8:157-16:157 (12:157 is optimal) is added 
into the agitated- and refluxed-closed container. The extraction is conducted in thermostatic 
water bath or cryohydrate bath with isopropanol volume fraction of 95%-100% (100% is 
optimal) at -5-15 degrees Celsius (-5 degrees Celsius is optimal) for 5min-11min (5min is 
optimal). After the extraction, the mixture is filtered, evaporated to remove isopropanol and 
dried to obtain product with mass fraction of PC increased from 25.6% in raw material to 
66.8%. Isopropanol extraction is the most commonly employed step to obtain high PC-
containing phospholipids from deoiled phospholipids (An et al, 2001). 

4.1.2 Lower alcohol with salt or acid extraction 
It's also an effective method to fractionate phospholipids with the property that 
phospholipids can react with some salts or acids and precipitate. This method is more 
promising than organic solvent extraction as metal ions or acids can 'recognize' 
phospholipids molecules more effectively than solvents.  
100g of phospholipids containing 45% PC is dissolved in 1L ethanol of 95% before addition 
of 4.5g of zinc chloride. The light yellow phospholipid-zinc chloride compound precipitate 
formed is centrifuged, decomposed with 250ml freezed acetone under nitrogen to obtain 
36.7g of phospholipids containing 99.6% PC (Ni, 1995). 

4.1.3 Supercritical fluid extraction 
Supercritical fluid extraction (SFE) is a rapidly developed new technology in recent years. 
Supercritical fluids most commonly used are carbon dioxide, ammonia, ethylene, propylene 
and water etc. Carbon dioxide is most frequently used due to its following properties: 
critical temperature and pressure easy to get, stable chemical properties, non-toxic, odorless, 
non-corrosiveness and reusable. Supercritical carbon dioxide extraction (SCE) is a method 
with bright prospect as it can obtain high purity products with no solvent residues and 
maintain the nutritional and functional properties of the products and need simple process, 
single equipment and low cost (Guan et al., 2005). 
Tekerikler et al. (2001)obtained phospholipids containing 91% PC after SCE of deoiled 
phospholipids with 10% ethanol as entrainer at 17.2MPa and 60 degrees Celsius. Increasing 
the pressure to 20.7MPa increased the extraction yield and PC content (95%). Increasing the 
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temperature to 80 degrees Celsius decreased the extraction yield and PC content which was 
attributed to decrease of solubility and selectivity of solvents to PC as the solvents density 
decrease at high temperatures. 

4.2 Soybean phosphatidylinositol (SPI) 
PI causes concern as it is involved in the transmission of messages in the cell. PI plays and 
important role in maintaining normal physiological functions of central nervous system, 
especially in regulating calcium homeostasis. PI on cell membrane can be hydrolyzed by 
phospholipase C into 1,4,5-triphosphate inositol that goes into intracellular aqueous phase 
as the second messenger and 1,2-diacylglycerol that stays in the cell wall. These two 
substances synergetically induce cell reactions such as contraction, secretion, metabolism 
and proliferation etc. 
Soybean phospholipids are rich in PI. PI is a white amorphous solid with its sodium salt a 
crystal and is wet-sensitive. PI is soluble in water, chloroform and benzene, slightly soluble 
in methanol, diethyl ether and petroleum ether, insoluble in acetone, ethanol and water. It 
can be easily oxidized upon exposure to the air (Deng et al., 2003). 

4.2.1 Solvent method 
The solvent method is conducted to isolate and purify phospholipids and increase the 
content of a certain constituent with single or mixture of such solvents as methanol, ethanol, 
isopropyl ketone, acetone, n-hexane and chloroform etc. 
The deoiled soybean phospholipids are extracted with appropriate amount of ethanol. The 
induced ethanol-insoluble phase is vacuum dried to obtain a mixed phospholipids with 
more PI and less PC which are dissolved in n-hexane before adding 55% ethanol with 
sodium acetate. The mixture is put into the separating funnel, shaked, allowed to rest and 
layered. The same procedure is carried out again except that the 55% ethanol is sodium 
acetate free. The PI obtained is 40%-50% pure. If sodium acetate is replaced by aqueous 
ammonia with a 8.0 pH and the ethanol concentration increased to 90%, PI of 85% pure can 
be obtained with the same method. 
Purer PI can be obtained by some chemical reaction methods. Soybean phospholipids 
containing 40% mixed phospholipids are dissolved in such organic solvents as anhydrous 
pyridine, acetonitrile, dimethyl formamide (DMF) and dimethylsulphoxide (DMSO) etc. 
Chloride dimethyl tertiary butyl silicon, chloride trimethyl silicon or allyl bromide are 
added into the mixture to protect hydroxyls of PI by reacting with them. Then PI is isolated 
from the mixture with solvents such as acetone or ethanol-acetone and hydrolyzed by alkali 
or acid at room temperature to remove the blocking groups and recover the hydroxyls of PI. 
PI obtained this way is 98% pure and applied in treating of central nervous system disorder 
(Deng et al., 2003). 

4.2.2 Column chromatography 
The phospholipids mixture is dissolved in the mixture of chloroform and methanol in the 
1:1 (v/v) ratio before adding aluminium oxide. The eluate contains PC, lysophospholipids, 
neutral lipids and glycolipids etc. Residues are washed and extracted with the mixture of 
chloroform, methanol and 1% hydroxyl ammonium acetate in the 1:1:0.3 (v/v/v) ratio and 
the eluate is loaded on silica column of which the dimension is 30cm. Neutral lipids are 
eluted with chloroform; glycolipids and PE are sequentially eluted with chloroform and 
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water bath or cryohydrate bath with isopropanol volume fraction of 95%-100% (100% is 
optimal) at -5-15 degrees Celsius (-5 degrees Celsius is optimal) for 5min-11min (5min is 
optimal). After the extraction, the mixture is filtered, evaporated to remove isopropanol and 
dried to obtain product with mass fraction of PC increased from 25.6% in raw material to 
66.8%. Isopropanol extraction is the most commonly employed step to obtain high PC-
containing phospholipids from deoiled phospholipids (An et al, 2001). 

4.1.2 Lower alcohol with salt or acid extraction 
It's also an effective method to fractionate phospholipids with the property that 
phospholipids can react with some salts or acids and precipitate. This method is more 
promising than organic solvent extraction as metal ions or acids can 'recognize' 
phospholipids molecules more effectively than solvents.  
100g of phospholipids containing 45% PC is dissolved in 1L ethanol of 95% before addition 
of 4.5g of zinc chloride. The light yellow phospholipid-zinc chloride compound precipitate 
formed is centrifuged, decomposed with 250ml freezed acetone under nitrogen to obtain 
36.7g of phospholipids containing 99.6% PC (Ni, 1995). 

4.1.3 Supercritical fluid extraction 
Supercritical fluid extraction (SFE) is a rapidly developed new technology in recent years. 
Supercritical fluids most commonly used are carbon dioxide, ammonia, ethylene, propylene 
and water etc. Carbon dioxide is most frequently used due to its following properties: 
critical temperature and pressure easy to get, stable chemical properties, non-toxic, odorless, 
non-corrosiveness and reusable. Supercritical carbon dioxide extraction (SCE) is a method 
with bright prospect as it can obtain high purity products with no solvent residues and 
maintain the nutritional and functional properties of the products and need simple process, 
single equipment and low cost (Guan et al., 2005). 
Tekerikler et al. (2001)obtained phospholipids containing 91% PC after SCE of deoiled 
phospholipids with 10% ethanol as entrainer at 17.2MPa and 60 degrees Celsius. Increasing 
the pressure to 20.7MPa increased the extraction yield and PC content (95%). Increasing the 
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temperature to 80 degrees Celsius decreased the extraction yield and PC content which was 
attributed to decrease of solubility and selectivity of solvents to PC as the solvents density 
decrease at high temperatures. 

4.2 Soybean phosphatidylinositol (SPI) 
PI causes concern as it is involved in the transmission of messages in the cell. PI plays and 
important role in maintaining normal physiological functions of central nervous system, 
especially in regulating calcium homeostasis. PI on cell membrane can be hydrolyzed by 
phospholipase C into 1,4,5-triphosphate inositol that goes into intracellular aqueous phase 
as the second messenger and 1,2-diacylglycerol that stays in the cell wall. These two 
substances synergetically induce cell reactions such as contraction, secretion, metabolism 
and proliferation etc. 
Soybean phospholipids are rich in PI. PI is a white amorphous solid with its sodium salt a 
crystal and is wet-sensitive. PI is soluble in water, chloroform and benzene, slightly soluble 
in methanol, diethyl ether and petroleum ether, insoluble in acetone, ethanol and water. It 
can be easily oxidized upon exposure to the air (Deng et al., 2003). 

4.2.1 Solvent method 
The solvent method is conducted to isolate and purify phospholipids and increase the 
content of a certain constituent with single or mixture of such solvents as methanol, ethanol, 
isopropyl ketone, acetone, n-hexane and chloroform etc. 
The deoiled soybean phospholipids are extracted with appropriate amount of ethanol. The 
induced ethanol-insoluble phase is vacuum dried to obtain a mixed phospholipids with 
more PI and less PC which are dissolved in n-hexane before adding 55% ethanol with 
sodium acetate. The mixture is put into the separating funnel, shaked, allowed to rest and 
layered. The same procedure is carried out again except that the 55% ethanol is sodium 
acetate free. The PI obtained is 40%-50% pure. If sodium acetate is replaced by aqueous 
ammonia with a 8.0 pH and the ethanol concentration increased to 90%, PI of 85% pure can 
be obtained with the same method. 
Purer PI can be obtained by some chemical reaction methods. Soybean phospholipids 
containing 40% mixed phospholipids are dissolved in such organic solvents as anhydrous 
pyridine, acetonitrile, dimethyl formamide (DMF) and dimethylsulphoxide (DMSO) etc. 
Chloride dimethyl tertiary butyl silicon, chloride trimethyl silicon or allyl bromide are 
added into the mixture to protect hydroxyls of PI by reacting with them. Then PI is isolated 
from the mixture with solvents such as acetone or ethanol-acetone and hydrolyzed by alkali 
or acid at room temperature to remove the blocking groups and recover the hydroxyls of PI. 
PI obtained this way is 98% pure and applied in treating of central nervous system disorder 
(Deng et al., 2003). 

4.2.2 Column chromatography 
The phospholipids mixture is dissolved in the mixture of chloroform and methanol in the 
1:1 (v/v) ratio before adding aluminium oxide. The eluate contains PC, lysophospholipids, 
neutral lipids and glycolipids etc. Residues are washed and extracted with the mixture of 
chloroform, methanol and 1% hydroxyl ammonium acetate in the 1:1:0.3 (v/v/v) ratio and 
the eluate is loaded on silica column of which the dimension is 30cm. Neutral lipids are 
eluted with chloroform; glycolipids and PE are sequentially eluted with chloroform and 
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methanol in the 80:20 (v/v) ratio; PE is further removed with chloroform and methanol in 
the 20:80 (v/v) ratio; PI is finally eluted with chloroform, methanol and 25% ammonia in the 
80:20:5 (v/v/v) and 65:25:5 (v/v/v) ratios. The PI-containing fraction is evaporated and 
dried to obtain PI of no less than 98%-99% pure (Deng et al., 2003). 
Column chromatography can obtain high purity PI but the long time needed and the use of 
complex solvent mixture reduce its feasibility in the commercial world. 

4.2.3 Enzymatic method 
Phospholipids can be hydrolyzed by such phospholipase as phospholipase A1, A2, C and D. 
When treating the ethanol-treated phospholipids (containing minor PC), phospholipase 
selectively catalyze hydrolization of PE and PC but not PI. More special, alkaline or acid 
phospholipase catalyzes hydrolization of PA and some salts produced by PE hydrolization 
but doesn't act on PI, PC or PE. PI products used in various fields can be obtained by this 
method and the purity can reach up to 99%. Lypase can be used to purify PI as well, and the 
purifies are 60%-70% (Deng et al., 2003). 
Enzymatic method has wide application prospect as it is simpler, more convenient and 
environmental prospective compared with solvent method and column chromatography. 

4.2.4 Other methods 
Ion exchange resin may be applied to isolate PI from phospholipids mixture. The resin 
adsorbing PI include diethylaminoethylcellulose, diethylaminoethylagarse and 
quaternaryammoniumethylsephadex etc. (Deng et al., 2003). 

4.3 Soybean phosphatidylethanolamine (SPE) 
Solid-liquid extraction is performed using powdery soybean phospholipids and ethanol. 
The parameters are as follows: ratio of phospholipids to ethanol 30g/L, ethanol 
concentration 95%-100% (100% is optimal), extracting temperatures -15-50 degrees Celsius (-
15 degrees Celsius is optimal) and extracting time 5min-11min (8min is optimal). PE content 
increases from 19.8% in raw material to 62.8% (An et al., 2006). 
Phospholipids are dissolved in isopropanol below 65 degrees Celsius to reach a final 
concentration in the range of 1%-4% (w/v). The mixture is cooled to 26 degrees Celsius, 
allowed to rest and the precipitate is filtered and dried to obtain PE of 74.7%-79.9% pure (Ni, 
1995). 
Zhensheng Zhong et al. (2008) removed oil and fatty acids in powdery phospholipids with 
acetone first, and removed PC with repeated ethanol extraction due to PC has larger 
solubility in aliphatic alcohol than PE and PI, and finally enriched PE with petroleum ether 
extraction due to PE is soluble in ether while PI not. 
The powdery soybean phospholipids are extracted repeatedly with acetone to remove oil 
and refined phospholipids containing 35% PE are obtained. PC is removed by repeated 
absolute ethanol extraction with heating and stirring and alcohol insolubles are obtained. 
The alcohol insolubles are extracted 3 times with petroleum ether in the 1:3-1:6 (1:4 is 
optimal, v/v) ratios at 30-60 degrees Celsius (30 degrees Celsius is optimal). PE obtained 
this way is 93.5% pure and has a yield of 91.9% (Zhong & Wei, 2008). 

4.4 Soybean phosphatidylserine (SPS) 
Pure PS is a white waxy solid. It's soluble in most of the nonpolar solvents containing little 
water, insoluble in anhydrous acetone and can be extracted from histiocyte with chloroform 
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and methanol. When PS is dissolved in water, most of the insoluble lipids form micell while 
very few form true solution. PS has one positive and two negative charges, resulting in a net 
negative charge. PS can be hydrolyzed by weak base into metal salts of fatty acids and a 
remained portion, and by strong alkali into fatty acids, serine and glycerol phosphate. PS is 
ready to oxidize upon exposure to the air, and the color gets darker from white to yellow 
and finally black. Natural PS practically isn't affected by alcohol while saturated PS can form 
interwoven catenulated gel with alcohol and dipalmiloyl-phosphatidylserine can interact 
with 5% alcohol at room temperature to form regular gel. 
PC is dissolved in organic phase while the enzyme and serine are dissolved in aqueous 
phase. After preheating for a while, the two phases are combined, and reaction occurs at the 
interface under certain conditions. PS is obtained by isolating and extracting of the organic 
solvent phase and quantified by thin layer chromatography (TLC). The parameters are as 
follows: ratio of organic phase to aqueous phase 4:4 (v/v), PC concentration 75mg/ml, 
reacting temperature 40 degrees Celsius, pH of aqueous phase 4.0 and reacting time 12h. PS 
yield is 68.9% (Yang, 2010). 
Blokland et al. (1999) compared the effects of bovine cortex phosphatidylserine (BCPS), SPS 
and egg phosphatidylserine (EPS) on cognitive competence of middle aged rats. The dosage 
given to lab mice was 15mg/kg.d. Changes of emotional behavior and cognitive competence 
in open field experiment, Morris water maze and two-dimension active avoidance 
experiment were observed. Arjan Blokland discovered that SPS and BCPS exhibit similar 
cognitive competence-improving effects which were higher than that of EPS. SPS might be a 
substitute for BCPS. 

4.5 Preparation of phospholipids for injection 
1 portion of powdery soybean phospholipids is mixed with 12 portions of distilled water 
and stirred to form colloidal dispersion liquid in boiling water bath before 1.8 times the 
weight of raw material of anhydrous sodium sulfate is added. The saturated sodium sulfate 
solution is discarded after blocky phospholipids are precipitated. Then 5 portions of 
distilled water and 0.8 portions of anhydrous sodium sulfate are used to repeat the salting 
out procedure. The salting-out soybean phospholipids are dried at reduced pressure and 70 
degrees Celsius in water bath in vacuum drier, transferred into three-mouth bottle followed 
by addition of 8.7 times the weight of raw material of 95% ethanol and reflux extraction at 80 
degrees Celsius in water bath with stirring for 1h. After cooling, the ethanol solution 
containing phospholipids is poured out and stored in refrigerator overnight to precipitate 
PC. The ethanol solution containing soybean phospholipids is poured out, heated to about 
35 degrees Celsius in water bath before addition of activated aluminum oxide of 0.5 times 
the weight of raw material, stirred for 1h and filtered. The ratio of powdery phospholipids, 
ethanol and aluminum oxide is 1:8:0.5 (w/w/w). 
The above ethanol solution is poured out followed by addition of activated carbon of 0.22 
times the weight of raw material, stirring for 1h and filtration with sintered funnel. The 
filtrate is transferred into the distillation flask and subjected to reduced pressure distillation 
at 70 degrees Celsius in water bath under nitrogen to remove ethanol. Diethyl ether of 0.75 
times the weight of raw material is added into the distillation flask to dissolve the dried 
soybean phospholipids. The diethyl ether solution is bottled and the bottle is airtight after 
filling in nitrogen and stored in refrigerator overnight before ultrafiltration. The diethyl 
ether is removed by reduced pressure evaporation at 40 degrees Celsius in water bath under 
nitrogen in evaporator. Anhydrous acetone is added into the glutinous soybean 
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methanol in the 80:20 (v/v) ratio; PE is further removed with chloroform and methanol in 
the 20:80 (v/v) ratio; PI is finally eluted with chloroform, methanol and 25% ammonia in the 
80:20:5 (v/v/v) and 65:25:5 (v/v/v) ratios. The PI-containing fraction is evaporated and 
dried to obtain PI of no less than 98%-99% pure (Deng et al., 2003). 
Column chromatography can obtain high purity PI but the long time needed and the use of 
complex solvent mixture reduce its feasibility in the commercial world. 

4.2.3 Enzymatic method 
Phospholipids can be hydrolyzed by such phospholipase as phospholipase A1, A2, C and D. 
When treating the ethanol-treated phospholipids (containing minor PC), phospholipase 
selectively catalyze hydrolization of PE and PC but not PI. More special, alkaline or acid 
phospholipase catalyzes hydrolization of PA and some salts produced by PE hydrolization 
but doesn't act on PI, PC or PE. PI products used in various fields can be obtained by this 
method and the purity can reach up to 99%. Lypase can be used to purify PI as well, and the 
purifies are 60%-70% (Deng et al., 2003). 
Enzymatic method has wide application prospect as it is simpler, more convenient and 
environmental prospective compared with solvent method and column chromatography. 

4.2.4 Other methods 
Ion exchange resin may be applied to isolate PI from phospholipids mixture. The resin 
adsorbing PI include diethylaminoethylcellulose, diethylaminoethylagarse and 
quaternaryammoniumethylsephadex etc. (Deng et al., 2003). 

4.3 Soybean phosphatidylethanolamine (SPE) 
Solid-liquid extraction is performed using powdery soybean phospholipids and ethanol. 
The parameters are as follows: ratio of phospholipids to ethanol 30g/L, ethanol 
concentration 95%-100% (100% is optimal), extracting temperatures -15-50 degrees Celsius (-
15 degrees Celsius is optimal) and extracting time 5min-11min (8min is optimal). PE content 
increases from 19.8% in raw material to 62.8% (An et al., 2006). 
Phospholipids are dissolved in isopropanol below 65 degrees Celsius to reach a final 
concentration in the range of 1%-4% (w/v). The mixture is cooled to 26 degrees Celsius, 
allowed to rest and the precipitate is filtered and dried to obtain PE of 74.7%-79.9% pure (Ni, 
1995). 
Zhensheng Zhong et al. (2008) removed oil and fatty acids in powdery phospholipids with 
acetone first, and removed PC with repeated ethanol extraction due to PC has larger 
solubility in aliphatic alcohol than PE and PI, and finally enriched PE with petroleum ether 
extraction due to PE is soluble in ether while PI not. 
The powdery soybean phospholipids are extracted repeatedly with acetone to remove oil 
and refined phospholipids containing 35% PE are obtained. PC is removed by repeated 
absolute ethanol extraction with heating and stirring and alcohol insolubles are obtained. 
The alcohol insolubles are extracted 3 times with petroleum ether in the 1:3-1:6 (1:4 is 
optimal, v/v) ratios at 30-60 degrees Celsius (30 degrees Celsius is optimal). PE obtained 
this way is 93.5% pure and has a yield of 91.9% (Zhong & Wei, 2008). 

4.4 Soybean phosphatidylserine (SPS) 
Pure PS is a white waxy solid. It's soluble in most of the nonpolar solvents containing little 
water, insoluble in anhydrous acetone and can be extracted from histiocyte with chloroform 

 
Soybean Phospholipids 

 

497 

and methanol. When PS is dissolved in water, most of the insoluble lipids form micell while 
very few form true solution. PS has one positive and two negative charges, resulting in a net 
negative charge. PS can be hydrolyzed by weak base into metal salts of fatty acids and a 
remained portion, and by strong alkali into fatty acids, serine and glycerol phosphate. PS is 
ready to oxidize upon exposure to the air, and the color gets darker from white to yellow 
and finally black. Natural PS practically isn't affected by alcohol while saturated PS can form 
interwoven catenulated gel with alcohol and dipalmiloyl-phosphatidylserine can interact 
with 5% alcohol at room temperature to form regular gel. 
PC is dissolved in organic phase while the enzyme and serine are dissolved in aqueous 
phase. After preheating for a while, the two phases are combined, and reaction occurs at the 
interface under certain conditions. PS is obtained by isolating and extracting of the organic 
solvent phase and quantified by thin layer chromatography (TLC). The parameters are as 
follows: ratio of organic phase to aqueous phase 4:4 (v/v), PC concentration 75mg/ml, 
reacting temperature 40 degrees Celsius, pH of aqueous phase 4.0 and reacting time 12h. PS 
yield is 68.9% (Yang, 2010). 
Blokland et al. (1999) compared the effects of bovine cortex phosphatidylserine (BCPS), SPS 
and egg phosphatidylserine (EPS) on cognitive competence of middle aged rats. The dosage 
given to lab mice was 15mg/kg.d. Changes of emotional behavior and cognitive competence 
in open field experiment, Morris water maze and two-dimension active avoidance 
experiment were observed. Arjan Blokland discovered that SPS and BCPS exhibit similar 
cognitive competence-improving effects which were higher than that of EPS. SPS might be a 
substitute for BCPS. 

4.5 Preparation of phospholipids for injection 
1 portion of powdery soybean phospholipids is mixed with 12 portions of distilled water 
and stirred to form colloidal dispersion liquid in boiling water bath before 1.8 times the 
weight of raw material of anhydrous sodium sulfate is added. The saturated sodium sulfate 
solution is discarded after blocky phospholipids are precipitated. Then 5 portions of 
distilled water and 0.8 portions of anhydrous sodium sulfate are used to repeat the salting 
out procedure. The salting-out soybean phospholipids are dried at reduced pressure and 70 
degrees Celsius in water bath in vacuum drier, transferred into three-mouth bottle followed 
by addition of 8.7 times the weight of raw material of 95% ethanol and reflux extraction at 80 
degrees Celsius in water bath with stirring for 1h. After cooling, the ethanol solution 
containing phospholipids is poured out and stored in refrigerator overnight to precipitate 
PC. The ethanol solution containing soybean phospholipids is poured out, heated to about 
35 degrees Celsius in water bath before addition of activated aluminum oxide of 0.5 times 
the weight of raw material, stirred for 1h and filtered. The ratio of powdery phospholipids, 
ethanol and aluminum oxide is 1:8:0.5 (w/w/w). 
The above ethanol solution is poured out followed by addition of activated carbon of 0.22 
times the weight of raw material, stirring for 1h and filtration with sintered funnel. The 
filtrate is transferred into the distillation flask and subjected to reduced pressure distillation 
at 70 degrees Celsius in water bath under nitrogen to remove ethanol. Diethyl ether of 0.75 
times the weight of raw material is added into the distillation flask to dissolve the dried 
soybean phospholipids. The diethyl ether solution is bottled and the bottle is airtight after 
filling in nitrogen and stored in refrigerator overnight before ultrafiltration. The diethyl 
ether is removed by reduced pressure evaporation at 40 degrees Celsius in water bath under 
nitrogen in evaporator. Anhydrous acetone is added into the glutinous soybean 
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phospholipids in the evaporator. The mixture is pestled and embathed for several times to 
remove the residual oil and moisture. Then a powdery parenteral soybean phospholipids 
product is produced. It exhibits the following characteristics: AV 9.9, IV 91.29, nitrogen 
content 1.9%, phosphorus content 4.08% and AI 99.3% (PC content is 96.7%) (Shao et al., 
2000). 

5. Extraction and purification of individual molecular species of soybean 
phospholipids 
Extraction and purification of phosphatidic acid of C18 fatty acids 

Powdery soybean phospholipids containing 20% PA are extracted with five folds (by 
weight) of 95% ethanol at 45 degrees Celsius for 2h with stirring at the speed of 100rpm. 
After centrifugation at 700×g for 10min, the supernatant is discarded. The above extraction 
procedure is repeated four more times until the ethanol fraction is colorless. The solid 
fraction is extracted with 5 folds (by weight) of methanol with a stirring speed of 100rpm for 
12h at room temperature. The methanol fraction is obtained after centrifugation at 700×g for 
10min. The methanol extraction procedure is repeated three times in total. The methanol 
fractions are combined. If the methanol is removed by evaporation, the solid residue will 
contain about 50% PA. 
The pH of the methanol extract is adjusted to 8-9 by 1mol/L sodium hydroxide and obvious 
white precipitate is observed. The supernatant is obtained by centrifugation at 700×g for 
5min. If the methanol is removed, the solid residue will contain about 70% PA. The pH of 
the supernatant is adjusted to 5-6 by 1mol/L hydrochloric acid before n-hexane of four 
times the volume of the methanol solution is added and mixed. The n-hexane phase is 
obtained after extracting for 15min and being left standing still for 2h. The n-hexane is 
evaporated at 45 degrees Celsius and the residue is dissolved in methanol of ten times the 
volume of the n-hexane phase. 60% zinc chloride solution is added into the methanol 
solution until no more white precipitate is formed. The precipitate is obtained by 
centrifugation at 700×g for 10min, washed three times with acetone which is removed by 
filtration and dried under nitrogen gas steam. The solid obtained is PA of C18 fatty acids of 
about 98% pure. The yield is 1/60 of the raw materials (Liu et al., 2008). 

6. Applications of phospholipids 
Phospholipids are widely applied in pharmaceutical field, food, feed, agriculture, daily 
chemical industries and other chemical industries. 
Pharmaceutical field: Phospholipids exist in all of the biomembranes and play important 
roles in such various physiological processes as regulating of cell osmosis and membrane 
enzymes, transmitting of lipoids and sterols and metabolizing of cyanocobalamin, folic acid 
and methionine etc. Brain tissues contain 25% of phospholipids, and the metabolic 
abnormality of phospholipids may lead to such diseases as cancer and Alzheimer's Disease 
etc. High-dosage phospholipids can effectively treat neurological disorders and other 
diseases of nervous system. In recent years, almost 25% of the non-food application patents 
of phospholipids are about their applications in pharmaceutical field, especially the 
applications of liposomes. Phospholipids exhibit huge potential in health care products 
market. 
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Food industry: The amount of phospholipids used in food is usually 0.1%-2% of the fat in 
food. Phospholipids are used in margarines, shortenings, candies, soup bases, pot foods, 
instant foods (e.g. milk powder), bakery products (e.g. bread, cookie, dessert, biscuit and 
cracknel) and processed foods of meat and seafood etc. They are also used as coatings of 
can, soup packaging and casing of meat such as sausages etc. 
Feed industry: Phospholipids are applied in animal feed such as milk replacer for calf and 
feed of cattle, pig, poultry, hairy animals, pets and aquatic animal (e.g. fish and crustaceans) 
etc. Phospholipids are the essential additives of the eel feed as they decrease the diseases of 
the eel and improve their growth. 
Agriculture: Phospholipids can inhibit the growth of powdery mildew on cucumber, 
eggplant, green pepper and strawberry. The solution of 0.1% phospholipids-sodium 
carbonate can effectively inhibit orange green mold, cucumber powdery mildew and rice 
blights. Phospholipids are used as the coating components after harvesting of fruits and 
vegetables to improve the storage effect. Phospholipids are additives of pesticide formulae 
which can improve the adhesivity and permeability of pesticide and reduce their toxicity to 
plants. 
Daily chemical industries: Phospholipids are applied in such cosmetics as moisturizer, 
facial cleanser, sunblocking cream, soap, bath oil, shampoo, hair care agent, shaving cream, 
shave clean agent, nail polish, makeup powder, blush, rouge, eye shadow, lipstick and 
hairspray etc. Applying of phospholipids in detergent can improve the dirt-removing power 
of anionic detergents. 
Other chemical industries: Phospholipids are widely used in various paints, wax, shoes 
polish, wood preservatives, mold spray, tape coating, printing ink, ink, toner, additives of 
photographic materials and polyamide coating etc. as well as in papermaking and printing. 
They are also widely used in cement, pitch, tar shingle, surface sealant of linoleum and 
putty gum etc. 
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Food industry: The amount of phospholipids used in food is usually 0.1%-2% of the fat in 
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etc. Phospholipids are the essential additives of the eel feed as they decrease the diseases of 
the eel and improve their growth. 
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1. Introduction 
Soybean protein fibres (SPF) are manufactured fibres, produced from regenerated soya 
Glycine Max soybean proteins in combination with synthetic polymer (polyvinyl alcohol) as 
a predominant component. According to textile fibre labelling (FTC, 2010), textiles from SPF 
can be marked as azlons from soybean. Azlons are manufactured fibres in which the fibre-
forming substance is composed of regenerated naturally occurring proteins (FTC, 2011).  
The first commercially successful method for producing regenerated protein fibres was 
developed by the Italian chemist Antonio Ferretti in 1935 (Ferretti, 1944; White, 2008). In 
1936 Snia Viscosa (Milan) started with the production of the world’s first commercially 
produced protein fibres Lanital™ which were made from milk casein (Anon., 1937). 
Courtaulds in Great Britain (casein fibres Caslen, Fibrolan), Enka in Netherlands, Germany 
and United States of America (casein fibres Aralac, R-53) soon followed with their 
commercial productions. Fibres were treated with formaldehyde or aluminium salts, to 
create cross-links between proteins in the fibre and improve fibre‘s wet properties. In the 
year 1945 Snia Viscosa replaced Lanital™ fibres with Merinova™ casein fibres (Fig. 1), which 
had better properties than Lanital™ fibres.  
In the middle of the 20th century and until 1960, vegetable regenerated protein fibres from 
oilseed peanuts proteins (Ardil fibres, produced by British ICI Company) (Fig. 1) and from 
corn zein proteins (Vicara fibres produced by American Virginia-Carolina Corporation) 
were also produced among casein fibres. Fabrics made from regenerated protein fibres were 
soft, lustrous, resilient, with a good hand and thermal resistance. They were used as a wool 
or silk substitute by many European fashion designers.  
Rapid development of cheaper synthetic fibres with excellent mechanical properties in the 
early sixties had influence on the commercial production of regenerated protein fibres that 
was completely discontinued in the middle of the 1960s. 
Nowadays, increasing world population need additional quantities of textiles. The world 
fibre production increases from year to year and in 2010 there was globally produced 78 
million tons of fibres, including about one million tons of wool and 0.15 million tons of silk 
(Kanitkar, 2010). Wool and silk are still very expensive fibres, with selling prices of about 
14−23 €/kg and 28−40 €/kg, respectively (Reddy & Yang, 2007). 
Today’s fibre production strategy is redirected from crude oil to renewable raw materials, 
eco-friendly and sustainable fibres, that could be biodegraded or recycled. Important raw 
materials for future textile fibres production could be cheap and worldwide available 
agricultural by-products, like lignocellulose (from rice straw), wheat gluten (Yang et al.,  
2006), casein protein from milk after butterfat is removed, zein protein from corn after starch 
manufacture, and soybean protein after beans are pressed and oil is removed. 
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can be marked as azlons from soybean. Azlons are manufactured fibres in which the fibre-
forming substance is composed of regenerated naturally occurring proteins (FTC, 2011).  
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1936 Snia Viscosa (Milan) started with the production of the world’s first commercially 
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and United States of America (casein fibres Aralac, R-53) soon followed with their 
commercial productions. Fibres were treated with formaldehyde or aluminium salts, to 
create cross-links between proteins in the fibre and improve fibre‘s wet properties. In the 
year 1945 Snia Viscosa replaced Lanital™ fibres with Merinova™ casein fibres (Fig. 1), which 
had better properties than Lanital™ fibres.  
In the middle of the 20th century and until 1960, vegetable regenerated protein fibres from 
oilseed peanuts proteins (Ardil fibres, produced by British ICI Company) (Fig. 1) and from 
corn zein proteins (Vicara fibres produced by American Virginia-Carolina Corporation) 
were also produced among casein fibres. Fabrics made from regenerated protein fibres were 
soft, lustrous, resilient, with a good hand and thermal resistance. They were used as a wool 
or silk substitute by many European fashion designers.  
Rapid development of cheaper synthetic fibres with excellent mechanical properties in the 
early sixties had influence on the commercial production of regenerated protein fibres that 
was completely discontinued in the middle of the 1960s. 
Nowadays, increasing world population need additional quantities of textiles. The world 
fibre production increases from year to year and in 2010 there was globally produced 78 
million tons of fibres, including about one million tons of wool and 0.15 million tons of silk 
(Kanitkar, 2010). Wool and silk are still very expensive fibres, with selling prices of about 
14−23 €/kg and 28−40 €/kg, respectively (Reddy & Yang, 2007). 
Today’s fibre production strategy is redirected from crude oil to renewable raw materials, 
eco-friendly and sustainable fibres, that could be biodegraded or recycled. Important raw 
materials for future textile fibres production could be cheap and worldwide available 
agricultural by-products, like lignocellulose (from rice straw), wheat gluten (Yang et al.,  
2006), casein protein from milk after butterfat is removed, zein protein from corn after starch 
manufacture, and soybean protein after beans are pressed and oil is removed. 
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Merinova casein fibres (Snia Viscose) 

 

Protilon casein fibres (Les Textiles Nouveaux S. A.) 

 

Ardil fibres from peanuts proteins (ICI Company) 
 

 

Fig. 1. Scanning electron microscope views and comparative FT-IR/ATR spectra of pure 
protein fibres with typical absorption peaks at 1658 cm-1 (amide I) and 1538 cm-1 (amide II). 
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First protein fibres had low tensile properties, especially in wet state. In order to improve 
mechanical properties of protein fibres, proteins were combined with synthetic polymers 
such as acrylonitrile or vinyl alcohol by graft copolymerization or polyblending. First such 
fibres, made on the patent basis of Morimoto (Morimoto et al., 1962), were produced by the 
Japanese Toyobo in 1969. The copolymer fibres Chinon® were made from 30% casein and 
70% acrylonitrile. Acrylonitrile was grafted on protein with the addition of minor amounts 
of vinyl or vinylidene chloride for flame retardation. Fibre's density was 1.22 g/cm3, tensile 
stress in dry state 3.5-4.5 cN/dtex and moisture regain 4.5−5.5%. 
Combining natural proteins and synthetic polymers to get fibres with good moisture 
absorbency and high tenacity led to new researches in the field of fibres at the beginning of 
the 21st century. 
New fibres from casein proteins have been commercialized as milk protein fibres in China 
by Shanghai Zhengjia Milkfiber Sci& Tech Co., Ltd., under the brand name ZhengJia®. In the 
year 2005 a Chinese patent for producing the fibres was granted (Shanghai Z., 2011). Milk 
fibres are chemical casein acrylic fibres made from graft copolymer of casein and 
acrylonitrile. Fibres contain about 25−30% of milk proteins and 70−75% of acrylic 
component. The process is ecological (in 2004 it passed the Oeko-Tex Standard 100 green 
certification) with no formaldehyde content. Milk fibres with about 55% crystallinity have 
round cross section with many irregular vertical trenches and pockmarks on the surface 
(Wang et al., 2009). The fibres with linear density 2.22 dtex have breaking tenacity 2.5 
cN/dtex and higher, breaking elongation 35.5%, elastic recovery 76.5%, moisture regain 
4−5% and bacteria resistance ≥80% (Shanghai Z., 2011). Milk fibres could be dyed with 
reactive and acid dyes and after treated with crease-resist finishing and softening agents 
(Arslan, A., 2007, 2008, 2009). 
New viscose filament yarn Lunacel, produced by Kurabo Industries Ltd. (Osaka, Japan), has 
combined properties of vegetable and animal fibres. The fibres are made from cellulose 
cotton linter pulp that is cross-linked with water-soluble food protein (Kurabo, 2007). 
Using animal proteins as raw material for spinning fibres is very expensive. New soybean 
protein fibres (SPF) from soybean proteins and polyvinyl alcohol were developed in China 
by G. Li at Huakang R&D Center (Li, 2003, 2007). The fibres are first manufactured fibres, 
invented by China. The production process for new fibres was laboratory established in 
1993 and commercially promoted in 2000. In 2001 the fibres were standardised and in 2003 
they were launched. 
The objective of this study was to investigate the contemporary SPF biodegradation in soil at 
controlled laboratory conditions. 

2. Soybean protein fibres 
2.1 Fibre forming soybean proteins 
Soybeans are very reach with proteins (about 37−42% of dry bean) (Krishnan et al., 2007) in 
comparison to milk (3.2%), corn (10%) and peanuts (25%). Soybean proteins are used for 
food and feed and in many industries as adhesives, emulsions, cleansing materials, 
pharmaceuticals, inks, plastics and also textile fibres. Raw material for spinning textile fibres 
is obtained from soybean remaining flakes after the extraction of oils and other fatty 
substances (Li, 2004). 
Amino acids content of soybean proteins is given in Fig. 2. Soybean proteins contain 18 
different amino acids. There are about 23% of acidic amino acids (glutamic acid and aspartic 
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amino acid), about 25% of alkaline amino acids (serine, arginine, lysine, tyrosine, threonine, 
tryptophan) and about 30% of neutral amino acids (leucine, phenylalanine, valine, alanine, 
isoleucine, proline, glycine). Sulphur containing amino acids are present also in soy 
proteins: about 1.0% of cysteine and 0.35% of methionine. 
 

 
Fig. 2. Amino acids content in soybean proteins, wool keratin and silk fibroin (Brooks, 2005). 

Soybean proteins consist of various groups of polypeptides with a broad range of molecular 
size: about 90% are salt-soluble globulins (soluble in dilute salt solutions) and the remainder 
is water-soluble albumins (Zhang, 2008). Very important as raw material for producing 
textile fibres are storage globulins with predominant β-conglycinin (30−50% of the total seed 
proteins) and glycinin (ca. 30% of the total seed proteins). β-conglycinin is a heterogeneous 
glycoprotein composed of three subunits (α', α, β) contained asparagine, glutamine, arginine 
and leucine amino acids. Subunits are non-covalently associated into trimeric proteins by 
hydrophobic interactions and hydrogen bonding without any disulphide bonds. Glycinin is 
a large hexamer, composed from acidic and basic polypeptides linked together by 
disulphide bonds (Zhang, 2008). On the basis of the sedimentation coefficient, a typical 
ultracentrifuge pattern of soybean proteins has four major fractions: 2S, 7S, 11S, and 15S 
(Zhang, 2008). 
Globular proteins are composed of segments of polypeptides connected with hydrogen 
bonds, electrostatic interactions, disulphide bonds and hydrophobic interactions. 
Conformational changes of unfolding globular proteins through denaturation process 
(Zhang & Zeng, 2008) and reducing the inclination of denaturated proteins to form 
aggregates are important for spinnability of a spinning dope with proper relative viscosity. 
It is also important for later drawing of fibres and crystallization of proteins in fibres. 
Denaturation (Fig. 3) is modification of the secondary, tertiary, and quaternary structure of 
protein. Exposure of soybean proteins to strong alkali/acids, heat, organic solvents, 
detergents and urea causes the denaturation of native globular proteins, i.e. converting into 
unfolded polypeptide chains, which are connected with interchanging of disulphyde bonds. 
Extruded fibres coagulate in a precipitation acid bath and new disulphide bonds are formed. 
The structure of soybean proteins and changes at converting globular proteins into fibre 
forming proteins are given in Fig 3. 
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Fig. 3. Protein levels and conversion of globular proteins into fibre forming proteins (Zhang 
& Zeng, 2008; Kelly & Pressley, 1996). 

Oils extraction with solvents used in the mid-twentieth century, was critical for the whole 
spinning process of soybean fibres, because the chosen temperatures, pH, urea, salts, 
organic solvents (hexane) and reducing agents influence on the degree of denaturation of 
proteins, degradation of proteins and changing of proteins colour. Protein degradation is 
detrimental to the production of high-strength protein fibres. Modern method of modifying 
soybean globular proteins is biochemical with using enzymes and auxiliary agent (Swicofil, 
2011). 

2.2 Pure soybean protein fibres from the mid-twentieth century 
First researches for developing fibres from soybean proteins were made by the Japanese. In 
the year 1940 the first US patent was granted to Japanese Toshiji Kajita and Ryohei Inoue 
(Kajita & Inoue, 1940). The oil-free protein substance was extracted with dilute alkaline 
solution and precipitated by adding metallic salts. The protein was then washed in water 
and added by tartaric acid when the precipitate was wet. Then it was again dissolved in 
alkaline solution to form a spinning dope. Fibres were spun in an acid bath with organic 
coagulating agent (alcohol, formaldehyde, acetone etc.), where filaments hardened (Kajita & 
Inoue, 1946). The fibres had natural white to light tan colour. They were crimped, with high 
resiliency, warmth and soft feel. In comparison to wool they had lower tensile strength, 
especially in wet state, and lower moisture absorbency. 
Patents for spinning fibres from soybean proteins were granted to the American Oscar 
Huppert from Glidden Company (Huppert, 1945) and Robert A. Boyer from Ford Motor 
Company (Boyer et al., 1945). In 1939 the American Ford Motor Company produced 
soybean protein fibres for their car's upholstery and seats fillings. The fibres, which have 
never been commercialized, had about 80% the strength of wool, higher elongation in dry 
and wet state than wool and didn’t wet so easily as wool or casein fibres (Boyer, 1940). 
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isoleucine, proline, glycine). Sulphur containing amino acids are present also in soy 
proteins: about 1.0% of cysteine and 0.35% of methionine. 
 

 
Fig. 2. Amino acids content in soybean proteins, wool keratin and silk fibroin (Brooks, 2005). 
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Fig. 3. Protein levels and conversion of globular proteins into fibre forming proteins (Zhang 
& Zeng, 2008; Kelly & Pressley, 1996). 
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Chemical and dyeing properties of pure regenerated soybean protein fibres were similar to 
wool. 
Soybean protein fibres were also produced in Japan under the name Silkool (Myers, 1993). 
In 1939 the fibre production reached about 450−1,200 tons. 
Low tensile strength of soybean protein fibres in wet state limited their commercial 
application. Fibres were used predominantly in blends with wool, cotton or synthetic fibres 
in woven and knitted fabrics for apparel and in upholstery, also in cars, despite of lower 
abrasion resistance than wool (Fletcher, 1942). The production of the mid-twentieth soybean 
protein fibres was ceased at the end of the World War II. 

2.3 Researches on soybean protein fibres in the early twenty-first century 
Huang et al. (1995) have made experimentally the textile fibres from soybean protein by re-
examining the wet spinning method, described in the literature (Croston et al., 1945). The 
properties of the fibres made by wet spinning method from alkaline solution of soybean 
protein isolate and coagulated in acid bath were compared with the fibres made by dry 
spinning method of water solution of soybean protein isolate. Tensile properties of treated 
fibres were 0.77 cN/dtex at 11% relative humidity (r.h.), 0.75 cN/dtex at 65% r.h. and only 
0.08 cN/dtex in wet state. They were lower than those of wool in most conditions (Huang et 
al., 1995). They found out that dry spinning was a suitable method for spinning soybean 
protein fibres because of their good solubility in water and glycerol. In the next 
experimental step they tried to increase tensile properties by decreasing the moisture 
absorption of soybean protein fibres. They used relatively nonpolar zein proteins (20, 30 and 
40%), which were added to soybean protein into the spinning dope. Fibres were made by 
dry spinning method. The optimum soy protein-zein blended fibre was made from a 
suspension containing 80% of soybean protein and 20% of zein in glycerol (Zhang et al., 
1997), but the tenacity was only 0.20 cN/dtex. 
Another idea to improve low tensile strength and decrease shrinkage in boiling water was 
using water-soluble polymer, such as polyvinyl alcohol (PVA). PVA fibres are produced in 
similar conditions as phytoprotein fibres. Zhang (Zhang et al., 1999) experimented with 
bicomponent fibres from soybean protein and PVA. Fibres with a side-by-side configuration 
were not successful because of splitting of the components. The reason was in too large 
difference in swelling of the components in water. The next experiment of spinning sheath-
core bicomponent fibres, with PVA component in the sheath and soybean proteins in the 
core, showed brittle core that couldn’t be drawn. „The degradation of the soybean protein 
and the existing microgels in the protein spinning solution were thought to be the causes for 
the poor fibre drawability“ (Zhang et al., 1999). 
After ten years of intensive researches the Chinese scientists with Guanqi Li succeeded in 
producing high-tenacity soybean protein fibres from soybean protein and polyvinyl alcohol  
(Li, 2007). The process and fibre’s properties are presented in section 2.4. Polyvinyl alcohol 
adds strength and acceptable wearability characteristics to the new SPF. 
Biconstituent fibres from a biocompatible soy protein isolate and cellulose were produced 
experimentally from new aqueous solution NaOH/thiourea/urea. Strong hydrogen bonds 
between hydroxyl groups of cellulose and amid groups of protein were formed. Fibres with 
linear density of 6.2 dtex were produced with tensile strength of 1.86 cN/dtex and breaking 
elongation of 10.3% (Zhang et al., 2009). 
High-wet strength fibres containing 5–23% of a soybean protein isolate from oiled soybean 
cake and 77-95% of polyvinyl alcohol were developed by scientists with Guanqi Li at 
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Huakang R&D Center in China (Li, 2003, 2007). A soybean protein isolate is treated with an 
auxiliary agent and biological enzymes to modify the structure of globular proteins. 
Additives break the disulphide bonds in globular proteins and convert them into linear 
molecules, which are stable in temperature range 55−90 °C (Mathur & Hira, 2004). 
Fibres are wet spun from deaerated spinning dope composed of a soybean protein and 
polyvinyl alcohol dissolved in distilled water, followed by adding of borax or boric acid and 
mixing at temperature between 40 and 98 °C. After coagulation in a water bath with salt and 
alkali, as spun fibres are wet drawn, then dried, pre-heat set, heat-set at 170-185 ºC, cooled, 
winded, stabilised by acetalysing, washed, oiled, crimped and cut into staple fibres. 
Production process doesn't pollute the environment. Most added agents in the process can 
be recovered from semi-finished fibres and used again. 
The molecules of protein are laterally bonded with molecules of polyvinyl alcohol in the 
fibres. This enables during additional extension, orientation and crystallisation of proteins in 
the fibres during drawing. The morphological structure of SPF consists of less oriented 
sheath and well oriented microfibrilar core. The fibres have about 10% of hydrophilic 
groups in amorphous regions (Mathur & Hira, 2004). 
Properties of soybean protein fibres taken from yarn SoySilkTM and milk protein fibres taken 
from yarn SilkLatte® are given in Table 1 (Brinsko, K. M., 2010). 
 

Yarns soybean protein fibres milk protein fibres 

available from Southwest Trading 
Company 

Southwest Trading 
Company, Tempe, AZ 

cross-section and 
longitudinal view 

bean-shaped with 
pronounced and elongated 

micro-pores inclusions 

bean-shaped with small 
micro-pores inclusions 

birefringence 0.021−0.027 0.016−0.024 
melting point 250−260 235−245 
chloroform, AcOH, 
acetone, DMF insoluble insoluble 

formic acid swell swell 
conc. H2SO4, conc. HNO3 partially soluble soluble, gels 
characteristic peaks on 
FT-IR spectrum 

amide I at 1640 cm-1 
amide II at 1530 cm-1 

amide I at 1640 cm-1 
amide II at 1530 cm-1 

Table 1. Properties of soybean protein fibres taken from yarn SoySilkTM and milk protein 
fibres taken from yarn SilkLatte® (Brinsko, K. M., 2010). 

Adding some metallic salts into spinning dope, endows soybean fibre with far-infrared, 
negative ion and anti-bacterial functions. Only 3% of such fibres added into yarn can give 
stable and permanent antibacterial effect. Another technology from the same university is 
adopting ZnSO4 as the dehydrating agent for soybean fibre spinning. In the course of after-
processing, ZnSO4 reacts with NaOH, forming ZnOH, which after drying is deoxidized into 
nanograde ZnO that can form covalent bond with fibre itself, taking a strong screen effect to 
ultraviolet radiation (Yang, 2011). 

2.4 Commercial soybean protein fibres in the early twenty-first century 
SPF based on the Li Guanqi patent (Li, 2007) are the first industrially produced fibres from 
soybean proteins in the world and they are the only soybean protein fibres present on the 
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market today. These fibres are also the first manufactured fibres, developed by China. The 
production process of the new SPF was laboratory established in 1993 and commercially 
promoted in 2000. In 2001 the fibres were standardised and in 2003 launched. 
About 1,500 tons of the fibres per year are produced under the brand name Winshow by 
Shanghai Winshow Soybean Fibre Industry Co., Ltd. Six manufacturing bases were 
established in four provinces in China for producing SPF (Shanghai, 2011). Zhejiang Jiali 
Protein Fiber Co., Ltd. is the owner of the soybean protein fiber international intellectual 
property rights and production line. 
The Chinese manufacturer of soybean protein fibres Harvest SPF Textile Co., Ltd. 
(www.spftex.com) is a Chinese-foreign joint venture co-incorporated by China Harvest 
International Industry Ltd. and Zhejiang Jiali Protein Fiber Co. Ltd. (Shanghai, 2011). They 
are specialized in the research and development of new textile fibre raw material application 
technologies and application of the new-type textile materials from SPF. Fibres and yarns 
from soybean protein fibres are also available from Swicofil AG Textile Service (Anon, 2011), 
South West Traiding Company with yarn SoySilk™ (SWTC, 2011). 
Since SPF resemble in their softness and shine to silk and cashmere, producers market them 
as "artificial cashmere", "vegetable cashmere" or "soy silk" fibres to partially decrease needs 
for natural silk and cashmere fibres. Cashmere goats cause damages to lands, so reducing 
their number has ecological benefits. 
Physical and chemical properties of soybean protein fibres are given in Table 2. 
 

PROPERTIES SPF Cotton Viscose Silk Wool 
Breaking strength 
(cN/dtex) in dry state 3.8−4.0 1.9−3.1 1.5−2.0 2.6−3.5 0.9−1.6 

Breaking strength 
(cN/dtex) in wet state 2.5−3.0 2.2−3.1 0.7−1.1 1.9−2.5 0.7−1.3 

Breaking elongation (%)  
in dry state 18−21 7−10 18−24 14−25 25-35 

Initial Modulus (kg/mm2) 700−1300 850−1200 850−1150 650−1250  
Loop strength (%) 75−85 70 30−65 60−80  
Knot strength (%) 85 92−100 45−60 80−85  
Moisture regain (%) 8.6 9.0 13.0 11.0 14−16 
Density (g/cm3) 1.29 1.50−1.54 1.46−1.52 1.34−1.38 1.33 

Heat resistance 

Yellowing 
and 

tackifing 
at about 
120 °C 
(Bad) 

Becoming 
brown after 
long time 

processing at 
150 °C 

(Excellent) 

Strength 
down 
after 

longtime 
processing 
at 150 °C 
(Good) 

Keep stable 
when 

temperature 
<=148 °C 
(Good) 

(Good) 

Alkali resistance 
At 

general 
level 

Excellent Excellent Good Bad 

Acid resistance Excellent Bad Bad Excellent Excellent 

Ultraviolet resistance Good At the general 
level Bad Bad Bad 

Table 2. Comparison of physical and chemical properties of soybean protein fibres (SPF) in 
comparison to cotton, viscose, silk and wool (Swicofil, 2011). 
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A raw SPF has light yellow colour, like silk oak. Before dyeing into light colours they should 
be bleached with hydrogen peroxide or reduction bleached. SPF fibres can be dyed at 
temperatures lower than 100 °C with weak-acid dyes and substantive dyes for very few 
colours, because the dyeing fastness is poor. As SPF are less sensitive to high pH, they could 
be also dyed with reactive dyes (Mathur & Hira, 2004). SPF fibres have good light fastness 
and good resistance to ultraviolet radiation, which is better than that of cotton, viscose and 
silk. They are stable to washing even at higher temperatures, but they yellow at dry heat at 
120−160°C (Anon., 2003). 
Likewise regenerated cellulose bamboo fibres, SPF fibres are promoted on the market as 
biocompatible and health giving with natural antibacterial properties. The Chinese herbal 
medicine with sterilising and anti-inflammatory properties can be bonded on side chains of 
the proteins during the production of SPF (Yi-you, 2004) due to the bacterial resistance of 
SPF fibres to Styphalococcus aureuses, coli bacillus and Candica albicans (Swicofil, 2011). Mathur 
has mentioned that SPF resistance to golden and yellow Styphalococcus aureuses is more than 
5.8 and hence they are inherently anti-bacterial fibres (Mathur & Hira, 2004). 
Beside in yarns from 100% of SPF, the SPF cotton type fibres could be used in yarn mixtures 
with cotton, polyester, viscose and bamboo viscose. The wool type SPF should be mixed 
with cashmere (80/20 SPF/cashmere), lyocell, silk or wool (50/50 SPF/wool).  Smooth 
surface of SPF has influence on low spinnability because of low friction coefficient and low 
cohesion force, and on pilling. 
Fabrics with SPF should not be mercerised because SPF are not resistant to strong caustic 
soda. Woven and knitted fabrics can be used for apparel (personal underwear, T-shirts, 
pullovers, sweaters, evening dresses, children’s clothing and sportswear) and home textiles 
(towels, bed linen, blankets, bathrobes, pyjamas). Since the fibres have lower abrasion 
resistance than wool they can be used as upholstery in automobile textiles. 
A cloth made of SPF fibres exhibits good wiping properties (Reek, 2008). At least 10% of 
Winshow SPF of linear density 1.5 dtex and 38 mm length from Shanghai Winshow 
Soybeanfibre Industry Co., Ltd. of Shanghai, China is used in combination with viscose 
and/or other textile fibres in thermo-bonded nonwoven fibrous material. 

2.5 Biodegradation of contemporary SPF 
Biodegradable fibres degrade relatively quickly through biological process, which depends 
on many factors, such as chemical and morphological structure, temperature, pH, relative 
humidity and remains of auxiliary agents, which are accumulated (brought) on fibres 
during manufacturing and are not completely washed after finishing process (Simončič & 
Tomšič, 2010). 
The chemical structure has influence on biodegradability with its hydrophilic nature 
(wettability), crystallinity of the polymer, chemical linkages in the polymer backbone, 
pendant groups, end groups and molecular weight distribution. Peptide bonds are 
susceptible to enzymatic degradation. Additional polymers may (interaction with other 
polymers) act as barriers to prevent migration of microorganisms, enzymes, moisture or 
oxygen into the polymer domain of interest (Zee, 2005). 
The biodegradation process of proteins is initiated through exposure to water. Long 
macromolecules under hydrolytic process convert into many small molecules, which are 
more proper for the metabolism of microorganisms. 
The mid-twentieth pure soybean protein fibres mildewed less easily than natural and casein 
fibres but more easily than synthetic fibres (Fletcher, 1942). Mid-twenty century soybean 
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A cloth made of SPF fibres exhibits good wiping properties (Reek, 2008). At least 10% of 
Winshow SPF of linear density 1.5 dtex and 38 mm length from Shanghai Winshow 
Soybeanfibre Industry Co., Ltd. of Shanghai, China is used in combination with viscose 
and/or other textile fibres in thermo-bonded nonwoven fibrous material. 

2.5 Biodegradation of contemporary SPF 
Biodegradable fibres degrade relatively quickly through biological process, which depends 
on many factors, such as chemical and morphological structure, temperature, pH, relative 
humidity and remains of auxiliary agents, which are accumulated (brought) on fibres 
during manufacturing and are not completely washed after finishing process (Simončič & 
Tomšič, 2010). 
The chemical structure has influence on biodegradability with its hydrophilic nature 
(wettability), crystallinity of the polymer, chemical linkages in the polymer backbone, 
pendant groups, end groups and molecular weight distribution. Peptide bonds are 
susceptible to enzymatic degradation. Additional polymers may (interaction with other 
polymers) act as barriers to prevent migration of microorganisms, enzymes, moisture or 
oxygen into the polymer domain of interest (Zee, 2005). 
The biodegradation process of proteins is initiated through exposure to water. Long 
macromolecules under hydrolytic process convert into many small molecules, which are 
more proper for the metabolism of microorganisms. 
The mid-twentieth pure soybean protein fibres mildewed less easily than natural and casein 
fibres but more easily than synthetic fibres (Fletcher, 1942). Mid-twenty century soybean 
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protein fibres were susceptible to microbiological growth. Casein fibres were readily 
damaged by mildew, they quickly mildewing especially in damp conditions. Changing 
protein molecules by chemicals and tanning (hardening) has influence on lower 
biodegradability of fibres (Wormell, 1954). 
Very little data is yet available about biodegradability of contemporary soybean protein 
fibres. The fibres are promoted as biodegradable fibres in landfill (Mathur & Hira, 2004; 
Swicofil, 2011). Fibres from water-soluble polyvinyl alcohol are biodegradable in soil. 
Considering the chemical structure of SPF (Fig. 2), the soybean proteins susceptibility to 
biodegradation should be similar to wool and not to silk. Wool contains 80% of keratin, the 
rest are no-keratin proteins. Degradation of wool is mostly caused by fungus and less by 
bacteria. Ideal conditions for growth of microorganisms on wool fibres are temperature 
30°C, relative humidity of 95% and pH from 6,5 to 8,5 (Edwards & Vigo, 2001). In the initial 
stage, of biodegradation of wool is hard to be noticed. When the growth of microorganisms 
increases, unpleasant odour appears, coloured spots can be seen on fabrics and tensile 
strength as result of defibrillation decreases (Edwards & Vigo, 2001, Szostak-Kotowa, 2004). 

3. Experimental part 
3.1 Materials 
Ring spun yarns and twill 2/2 woven fabrics were used in our experiments of 
biodegradation of contemporary soybean protein fibres:  
- 100% soybean protein yarn with linear density of 15 tex (SPF yarn) and 100% cotton 

yarn with linear density of 19 tex for comparison; 
- a fabric with yarn from soybean protein fibres in weft direction and cotton yarn in warp 

direction (SPF/CO) and a 100% cotton fabric with cotton yarn in warp and weft 
direction for comparison (CO).  

The same cotton yarn with linear density of 28 tex were used for warp and SPF yarn with 
linear density of 15 tex were used for weft for all woven fabrics. The density of fabrics was 
30 ends/cm and 28 picks/cm for SPF/CO and 100% cotton fabrics. 

3.2 Methods 
3.2.1 Method of controlled biodegradation in soil 
A laboratory experiment of biodegradation (Fig. 4) of yarns and woven fabrics was made in 
accordance with the standardised method SIST EN ISO 11721-1.  Commercial humus, rich in 
microorganisms, was used as a soil. During experiment the soil humidity was 60±5%, which 
was regularly measured by a hygrometer and maintained by spraying the soil with tap 
water. The temperature of the soil was 25−30 0C. Samples of yarns and woven fabrics were 
buried in the soil for 2, 7, 11, 16 and 21 days. After that, the samples were washed out in tap 
water, then immersed into ethanol for 30 minutes to stop the activity of microorganisms, 
and dried in the air. 
Tensile properties of samples were measured on dynamometer Instron 5567 in accordance 
with the standard SIST EN ISO 2062 for yarns and SIST EN ISO 13934 for fabrics. For 
measuring tensile properties in wet state, the yarns were immersed into distilled water with 
detergent at room temperature for an hour. Tensile properties of yarns were analysed with 
the DINARA program (Bukošek, 1988). Tensile properties of fabrics were measured only in 
weft direction. 
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Fig. 4. Experiments of biodegradation were made in a wooden box surrounded with a foil 
and filled with humus soil. 

3.2.2 Other methods 
Fourier transform infrared spectra (FTIR/ATR) were obtained on the Spectrum GX (Perkin 
Elmer) with the Michelson interferometer and Spectrum 5.01 software using 16 scans at a 
resolution of 4 cm−1 in a range of wavenumber from 4000 to 500 cm−1. Microphotographs 
were made with the Jeol JSM 6060 LV scanning electron microscope and the Nikon SMZ 800 
stereomicroscope. 

4. Results and discussion 
4.1 Fibres properties 
The SPF yarn was made from cotton type soybean fibres of 1.27 dtex with an average length 
of 39.5 cm. Fibres were thermoplastic with melting point at 224ºC. Dry fibres absorbed 2.47% 
of moisture when exposed for 48 hours to the air of relative humidity 50% and temperature 
of 23 °C. 
The cross-section shape of used soybean protein fibres was bean-shaped with diameter of 
11-20 µm in longer axle and 6-7 µm in shorter axle (Fig. 5). A very smooth surface of fibres 
imparted high lustre to fibres. On the longitudinal view irregular grooves and wrinkles can 
be seen. These grooves can help to transport moisture along fibres. On the optical 
microscope photograph a nonhomogeneous structure with many voids is seen. 
 

 

Fig. 5. Scanning electron microscope view of soybean protein fibre: top: longitudinal view at 
magnification of 4.000 and bottom: cross-section at magnification of 3.000. Right: optical 
microscope longitudinal view of soybean protein fibre. 
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Soybean protein fibres are composed of a mixture of two polymers, soybean proteins and 
polyvinyl alcohol. Protein and polyvinyl alcohol macromolecules are connected by 
intermolecular interactions like hydrogen bonds (Fig. 3) and van der Waals hydrophilic and 
hydrophobic forces. 
The soybean protein fibres, used in experiment, consisted of polyvinyl alcohol and soybean 
proteins. The SPF FT-IR spectrum (Fig. 6) has very intensive peaks at 3301 cm-1, which is 
typical for stretching O-H bonds, and at 1408 cm-1 and 1327 cm-1, which corresponds to N-H 
stretching in amide III. FT-IR absorption spectrum of SPF is different to FT-IR spectrum of 
PVA fibres at peaks 1644 cm-1 and 1535.32 cm-1. 
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Fig. 6. FT-IR/ATR absorption spectra of soybean protein fibres (SPF) and PVA Kuralon®. 

Pure soybean protein isolate has typical infrared absorption bands at 1636-1680 cm-1 and 
1533-1559 cm-1 that are attributable to the –NH- bonds of amide I at 1640 cm-1 and at 1550 
cm-1 for amide II in peptide bonds forming primary backbone of proteins. The absorption 
peak at 3294 cm-1 refers to the hydrogen-bond association between protein chains and 
moisture in protein. The absorption band at 1241–1472 cm-1 is attributable to the (C)O-O and 
C-N stretching and N-H bending (amide III) vibrations (Su et al., 2008). 
At room temperature pure polyvinyl alcohol powder with –OH groups on carbon chains 
has a typical infrared absorption band at 2918-3565 cm-1, which corresponds to –OH 
absorption (Su et al., 2008). 

4.2 Yarns properties 
4.2.1 Tensile properties of SPF yarn in dry and wet state 
Water has a significant influence on tensile properties of the SPF yarn (Fig. 7, Tab. 3). After 
an hour in distilled water, the yarn lost its specific breaking stress for almost one third. Wet 
yarn had lower modulus then dry yarn in the whole deformation range and attained by 
11.4% higher breaking elongation than dry yarn. 

4.2.2 Biodegradation of SPF yarns 
Biodegradation of SPF yarn was studied after the yarn had been buried for 2, 7, 11, 16 and 21 
days in the soil with temperature about 30 ºC and 65% relative humidity (Fig. 8). For the 
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Fig. 7. Stress-elongation curves of dry and wet SPF yarns  

 
Properties of 
yarns from SPF DRY WET 

Δ 
(%) 

Specific breaking 
stress (cN/dtex) 2.16 1.58 -26.9 

Breaking 
elongation (%) 37.75 42.05 +11.4

Initial modulus 
(GPa) 5.08 3.25 -36.0 

Specific work of 
rupture (mJ/kg) 39.81 22.71 -43.0 

Table 3. Tensile properties of dry and wet SPF yarns and relative differences between  
them (Δ). 

purpose of comparison, cotton yarn was buried at the same time in the soil. After 7 days 
cotton yarn degraded very intensively and only small remains of yarn were left in the soil. 
Tensile properties of biodegraded cotton yarn could be measured only after 2 days. 
Biodegradation of cotton showed that microorganisms in the soil were active during the 
experiment. 
The microphotographs of SPF yarns in Fig. 8 show that the quantity of bacteria and fungus, 
present on the surface of soybean protein fibres, increased with time of biodegradation. 
After 21 days in the soil, it is hard to say that there are any physical degradations of the 
fibre’s surface because the fibres have natural irregular grooves and wrinkles (0 days).  
Soybean protein fibres in comparison to the mid-twentieth century protein fibres (Fig. 1) 
have essentially smoother surface and relatively lower quantity of surface grooves that 
could enable bacteria to penetrate into the fibres. 
Specific tensile stress-elongation curves of biodegraded cotton yarns (Fig. 9 and 10) show a 
significant decrease of breaking force and breaking elongation after 2 days, while for the 
yarns from soya protein fibres, they didn’t change essentially. 
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Fig. 8. SEM microphotographs of SPF yarns after having been buried for 0, 2, 7, 11, 16 and 21 
days in the soil (at magnification 2500-x). 
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Fig. 9. Stress-elongation curves of cotton yarns after having been buried for 0 (CO 0) and 2 
(CO 2) days in the soil. 

 

 
Fig. 10. Stress-elongation curves of cotton yarns after having been buried for 0 (SPF 0) to 21 
(SPF 21) days in the soil. 

4.3 Biodegradation of fabrics with SPF yarns in weft direction 
Woven fabrics were buried at the same time as yarns into the soil at temperature 30°C and 
relative humidity 65% for 2, 7, 11, 16 and 21 days. Fabric samples (Fig. 11) changed the 
colour and became browner with many colour spots on the surface, which confirmed the 
existence of fungus. 
Pure cotton fabrics degraded in one weak to such degree that they broke up into pieces 
when we tried to dig them out of the soil. After 21 days only very little remains were found 
in the soil. Fabrics with yarns from soybean protein fibres in weft direction were more 
compact in weft direction than pure cotton fabrics. But in warp direction from cotton yarns 
the fabrics lost their strength and were easily torn (Fig. 11). 
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Fig. 12 shows that after 21 days in the soil the cotton cuticle was destroyed. On the soybean 
protein fibres the quantity of fungus and bacteria increased, but the surface of fibres was not 
damaged. 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 11. Fabric samples after having been buried in the soil for 0 to 21 days. (Photo: Marica 
Starešinič) 

The longer was the time of being buried in the soil, the greater was the loss of tensile 
strength of cotton fabrics: by 12% after 2 days and by 62% after 7 days of being buried in the 
soil. Breaking elongation decreased also rapidly: from 23% of the unburied fabric to only 8% 
after 7 days of being buried in the soil (Fig. 13). 
Degradation of cotton yarns in warp direction affected tensile strength of SPF/CO fabrics in 
weft direction (Fig. 14). Fabrics buried in the soil for 7 days lost 12% of their tensile force, 
but after 21 days of being buried in the soil their breaking force decreased by additional 13% 
in comparison to unburied fabrics. Breaking elongation in weft direction of SPF/CO fabrics 
did not change significantly. 
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cotton - 0 days cotton - 21 days 

 

soybean protein fibres - 0 days soybean protein fibres - 21 days 

 

Fig. 12. SEM microphotographs of CO fabrics and SPF/CO woven fabrics (magnification 
1500-x). 

 

 
Fig. 13. Stress-elongation curves for cotton woven fabrics. 
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Fig. 14. Stress-elongation curves for woven fabrics with SPF yarn in weft. 

5. Conclusion 
The mid-twentieth century regenerated soybean protein fibres were made from pure soy 
proteins treated with formaldehyde or aluminium salts. Because of low tensile strength in 
wet state they were, like all other mid-twentieth protein fibres, noncompetitive to synthetic 
fibres in the 1970th. 
Due to increasing prices of petroleum and a growing concern about the environmental 
damage arising from a slow degradation and poor biodegradability of synthetic fibres, 
researchers began to search for new possibilities of developing fibres from renewable raw 
materials, also from soybean proteins. 
The fact that proteins are renewable and biodegradable materials has attracted considerable 
attention of many researchers in the area of textile fibres in the last two decades to re-
examine the production of fibres from soybean proteins and casein. Soybean proteins have a 
greater potential for use as textile fibres because of their lower cost than casein proteins 
derived from milk. 
In all experiments made until now, a soybean protein isolate (SPI) has been used, which is a 
highly purified protein (>90% w/w), obtained after extracting oils and fats from protein 
cakes. The residues after purification of protein for producing fibres can be also used as 
foodstuff (Yi-you, 2004). 
In the last two decades researches have focused on different spinning methods (Huang et 
al., 1995), on new fibres from soybean proteins and polyvinyl alcohol (Zhang et. al., 1999, Li, 
2007) or zein proteins (Zhang et al., 1997), on new economical biochemical processes that 
modify physical structure of soya proteins, and on new solvents (Zhang et al., 2009). 
The experimental soybean protein fibres were made from two macromolecular components 
combined together into: 
- biconstituent fibres, where a spinning dope was prepared from a homogeneous mixture 

of two solutions – a soybean protein water solution and a water solution of synthetic 

 
Soybean Protein Fibres (SPF) 

 

519 

polymer polyvinyl alcohol or cellulose or zein proteins. Single fibres made from such 
spinning dopes had homogenous structure. 

- bicomponent fibres, where the fibre’s core was made from a soybean protein and the 
fibre’s sheath from polyvinyl alcohol. 

Polyvinyl alcohol was used, because it is a water-soluble polymer, it dissolves at similar 
conditions as proteins and when added to proteins, it increases the fibre’s strength. 
Polyvinyl alcohol is also biodegradable in the soil (Brooks, 2005). 
The combination of cotton yarns and the yarns from soybean proteins in woven fabrics 
imparts comfort, soft hand and good moisture absorption properties to undergarments, 
outerwear, infants’ wear, towels and beddings. Biodegradation of contemporary soybean 
protein fibres in early phase, up to 21 days in the soil at 30 ºC and 65% relative humidity, is a 
slow, hardly perceivable process. 
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Fig. 14. Stress-elongation curves for woven fabrics with SPF yarn in weft. 

5. Conclusion 
The mid-twentieth century regenerated soybean protein fibres were made from pure soy 
proteins treated with formaldehyde or aluminium salts. Because of low tensile strength in 
wet state they were, like all other mid-twentieth protein fibres, noncompetitive to synthetic 
fibres in the 1970th. 
Due to increasing prices of petroleum and a growing concern about the environmental 
damage arising from a slow degradation and poor biodegradability of synthetic fibres, 
researchers began to search for new possibilities of developing fibres from renewable raw 
materials, also from soybean proteins. 
The fact that proteins are renewable and biodegradable materials has attracted considerable 
attention of many researchers in the area of textile fibres in the last two decades to re-
examine the production of fibres from soybean proteins and casein. Soybean proteins have a 
greater potential for use as textile fibres because of their lower cost than casein proteins 
derived from milk. 
In all experiments made until now, a soybean protein isolate (SPI) has been used, which is a 
highly purified protein (>90% w/w), obtained after extracting oils and fats from protein 
cakes. The residues after purification of protein for producing fibres can be also used as 
foodstuff (Yi-you, 2004). 
In the last two decades researches have focused on different spinning methods (Huang et 
al., 1995), on new fibres from soybean proteins and polyvinyl alcohol (Zhang et. al., 1999, Li, 
2007) or zein proteins (Zhang et al., 1997), on new economical biochemical processes that 
modify physical structure of soya proteins, and on new solvents (Zhang et al., 2009). 
The experimental soybean protein fibres were made from two macromolecular components 
combined together into: 
- biconstituent fibres, where a spinning dope was prepared from a homogeneous mixture 

of two solutions – a soybean protein water solution and a water solution of synthetic 
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polymer polyvinyl alcohol or cellulose or zein proteins. Single fibres made from such 
spinning dopes had homogenous structure. 

- bicomponent fibres, where the fibre’s core was made from a soybean protein and the 
fibre’s sheath from polyvinyl alcohol. 

Polyvinyl alcohol was used, because it is a water-soluble polymer, it dissolves at similar 
conditions as proteins and when added to proteins, it increases the fibre’s strength. 
Polyvinyl alcohol is also biodegradable in the soil (Brooks, 2005). 
The combination of cotton yarns and the yarns from soybean proteins in woven fabrics 
imparts comfort, soft hand and good moisture absorption properties to undergarments, 
outerwear, infants’ wear, towels and beddings. Biodegradation of contemporary soybean 
protein fibres in early phase, up to 21 days in the soil at 30 ºC and 65% relative humidity, is a 
slow, hardly perceivable process. 
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1. Introduction 
Soybean curd residue is a residue of soy milk processing in which most soluble nutrients of 
soybean are extracted to liquid phase, and thus major carbon sources of the residue are 
insoluble fibers (O’tool, 1999) which amount to 40.2- 43.6 % on a dry matter basis (Van der 
Riet et al.,1989). Approximately 700,000 tons of the soybean curd residue were produced 
annually as a byproduct of tofu manufacturing in Japan and most of them is incinerated as 
an industrial waste. We re-utilized the soybean curd residue as a solid substrate of solid-
state fermentation (SSF) using Bacillus subtilis (Mizumoto et al., 2006).  
The insoluble fibers of soybean consist of cellulose, hemicellulose and lignin. Cellulose is the 
most abundant biological polymer on earth and is the major constituent of the plant cell 
wall. This lineal polymer is composed of D-glucose subunits linked by β-1,4 glycosidic 
bonds forming cellobiose molecules and the long chains are linked together by hydrogen 
bonds and van der Waals forces (Perez et al., 2002). Hemicellulose is a complex of polymeric 
carbohydrates which contains xylan, xyloglucan, (heteropolymer of D-xylose and D-
glucose), glucomannan (heteropolymer of D-glucose and D-mannose), galactoglucomannan 
(heteropolymer of D-galactose, D-glucose and D-mannose) and arabinogalactan 
(heteropolymer of D-galactose, D-glucose and arabinose). Among them, xylan, a complex 
polysaccharide comprising a backbone of xylose residues linked by β-1,4-glycosidic bonds, 
is the major component. Xylan is the second most abundant polysaccharide in nature, 
accounting for approximately one-third of all renewable organic carbon on earth (Collins et 
al., 2005).  Lignin is an amorphous non-water soluble and optically inactive heteropolymer. 
It consists of phenylpropane units joined together by different types of linkages (Perez et al., 
2002) Although lignin is the most abundant polymer in wood fiber along with cellulose, its 
content in non-wood fiber such as straw, grass and seed hull is low (Sun & Cheng, 2002). 
The lignin content in the soybean seed coat is reported to be low (Krzyzanowski et al., 2001), 
and thus it is speculated that the soybean curd residue contains relatively small amount of 
lignin. 
B. subtilis has ability to produce several antibiotics with a variety of structures, especially 
peptides that are either ribosomally or non-ribosomally synthesized (Leclere et al., 2005; 
Ongena et al., 2005; Stein, 2005). We previously isolated several strains of B. subtilis and the 
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wild strains and their derivatives suppressed 26 types of plant pathogen in vitro (Phae et al., 
1990) and a fungal disease in vivo (Asaka & Shoda, 1996) by producing three lipopeptide 
antibiotics, iturin A, surfactin and plipastatin (Asaka & Shoda, 1996; Hiraoka et al., 1992; 
Tsuge et al., 1996, 1999). The suppressive effect of one of the isolates, B. subtilis RB14, was 
mainly associated with the cyclolipopeptide antibiotic iturin A, which contains seven -
amino acids and one -amino acid. B. subtilis RB14-CS, a derivative of the original strain 
RB14 and a sole producer of iturin A, produced iturin A in SSF using the soybean curd 
residue 3-fold higher than in submerged fermentation (SmF) (Mizumoto et al., 2006). This 
suggests that RB14-CS could degrade some kinds of insoluble fibers in soybean curd residue 
and utilize them as carbon sources during SSF. In this chapter, insoluble fibers in soybean 
curd residue that RB14-CS could degrade during SSF were clarified and the fiber-degrading 
enzymes were purified and characterized. 

2. Materials and methods 
2.1 Strain 
B. subtilis RB14-CS which is a spontaneous mutant derived from RB14-C is a single iturin A 
producer. B. subtilis RB14-C is a streptomycin-resistant mutant from a parent strain RB14 
and is a co-producer of the antibiotics iturin A and surfactin (Asaka & Shoda, 1996).  

2.2 Solid-state fermentation (SSF) 
The detail of SSF was described in the previous paper (Mizumoto et al., 2006). The L 
medium used for the growth of the bacterium contained 10 g of Polypepton (Nippon 
Pharmaceutical Co., Tokyo, Japan), 5 g of yeast extract and 5 g of NaCl (per liter). One ml of 
L medium culture broth after 24 h cultivation at 30°C was inoculated into 100 ml of number 
3S (no. 3S) medium consisting of 30 g of Polypepton S (Nippon Pharmaceutical Co., Tokyo), 
10 g of glucose, 1 g of KH2PO4, and 0.5 g of MgSO4･7H2O (per liter) (pH 6.8), and the culture 
was incubated at 120 strokes per minute (spm) at 30°C for 24 h in a shaking flask and used 
as a seed for SSF.  
The soybean curd residue was supplied from a tofu company in Tokyo and stored at - 20°C. 
Each of fifteen grams of thawed soybean curd residue was placed in a 100-ml conical flask 
and autoclaved twice at 120°C for 20 min at an interval of 8-12 h to kill spore-forming 
microorganisms inhabiting the material. After cooling to room temperature, the following 
solutions were added as nutrient supplements for every 15 g of soybean curd residue and 
moisture content was adjusted to 79%: 833 L of 0.45 g glucose /ml, 75 L of 1 M KH2PO4, 
150 L of 1 M MgSO4·7H2O and 367 L of deionized distilled water.  Then, 3 mL of an RB14-
CS culture grown in no. 3S medium was added to 15 g of soybean curd residue and mixed 
with a stainless steel spatula. All flasks were incubated statically in a water incubator at 
25°C, and at a specified time, one flask was taken and the whole soybean curd residue in a 
flask was used as a sample for analysis. 

2.3 Preparation of samples for acid and neutral detergent fiber analysis 
After 5 days of SSF by B. subtilis RB14-CS, the whole solid culture was dried by microwave 
and ground by using a pestle and a mortar. Raw soybean curd residue was used as a 
control. 
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2.4 Acid and neutral detergent fiber analysis 
2.4.1 Acid detergent fiber 
The content of acid detergent fiber, which contains mainly cellulose and lignin, was 
analyzed in the following manner (Van Soest, 1963). In a 150 mL-flat bottom flask, 0.45 – 
0.55 g of ground sample was weighed using micro-balance and 50 mL of acid detergent 
solution (20 g/L cetyl trimethylammonium bromide in 0.5 M sulfuric acid) was mixed. The 
flask was placed in an oil bath under the cold water condenser and boiled within 5-10 min. 
Sample was refluxed for 60 min from onset of boil. After approximately 30 min, the inside of 
flask was washed with minimal amount of acid detergent solution. After refluxed, sample 
was filtrated under reduced pressure with a tared Gooch crucible. The crucible was washed 
twice with hot water, then twice with acetone and was dried at 105°C overnight. After 
cooled to room temperature in a desiccator, the weight of the crucible was measured. 

2.4.2 Neutral detergent fiber 
The content of neutral detergent fiber which contained mainly cellulose, lignin, and 
hemicellulose was analyzed in the following manner (Van Soest, et al., 1991). In a 300 mL-
round bottom flask, 0.45 – 0.55 g of ground sample, 50 mL of neutral detergent solution (13.5 
g of sodium dodecyl sulfate, 8.38 g of EDTA disodium salt, 3.07 g of NaB4O7･10H2O, 5.18 g 
of Na2HPO4･12H2O and 4.5 mL of tryethylene glycol per 450 mL) and 0.5 g of sodium sulfite 
were mixed. The flask was placed in an oil bath under the cold water condenser and boiled 
for 5 min. After 5 min of boiling, 2 mL of α-amylase solution, which consists of heat-stable 
α-amylase (Kleistase T10S; Daiwa Kasei, Shiga, Japan) and 50 mM sodium phosphate buffer 
(pH 6.0) (1:39 [vol/vol]), were mixed. Then, the sample was refluxed for 60 min. After 
approximately 30 min, the inside of flask was washed down with minimal amount of 
neutral detergent solution. After refluxed, the sample was filtrated under reduced pressure 
with a tared Gooch crucible. The crucible was filled with 2 mL of α-amylase solution and hot 
water, and incubated for at least 2 min. Then, the crucible was washed twice with hot water, 
and then twice with acetone. The crucible was dried at 105°C overnight. After cooled to 
room temperature in a desiccator, the weight of the crucible was measured. 

2.4.3 Calculation of content of insoluble fibers 
As the amount of acid detergent fiber was regarded as total amount of cellulose and lignin, 
the amount of the neutral detergent fiber minus the amount of acid detergent fiber was 
regarded as the content of hemicellulose.  

2.5 Iturin A production in liquid culture using insoluble fibers 
In a 200-mL conical flask, 40 mL of liquid medium consisting of 10 g of fibrous carbon 
sources, 10 g of Polypepton S, 1 g of KH2PO4 and 0.5 g of MgSO4･7H2O (per liter) (pH 6.8) 
was prepared. As fibrous carbon sources, xylan (Tokyo Chemical Industry, Tokyo, Japan), 
avicel, carboxymethyl cellulose, and pectin were used. As a control carbon source, glucose 
was used. Four hundreds μL of a seeding culture was inoculated into the medium and the 
flasks were incubated at 30°C at 120 spm. 
For measurement of iturin A concentration, 1 mL of culture broth was acidified to pH 2.0 
with 12 N HCl. Iturin A was collected by centrifugation at 18,000 ×g, at 4°C for 10 min, and 
extracted with 1 mL of methanol. The extract was injected into a high-performance liquid 
chromatography (HPLC) with a column (Chromolith Performance RP-18eb 4.6 mm 
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diameter× 100 mm height,  Merck, Germany) to determine iturin A concentrations. The 
HPCL system was operated at a flow rate of 2.0 mL/min with acetonitrile-10 mM 
ammonium acetate (65:35 [vol/vol]) at a column temperature of 40°C. The elution was 
monitored at 205 nm by a UV detector (880-UV, Intelligent UV/VIS Detector, Jasco, Tokyo, 
Japan). 
Although iturin A has 8 homologues with different side-chain structures (Asaka & Shoda, 
1996), the concentration of iturin A was defined as the total amount of five major 
homologues. The correlation between the peak heights and the concentration of pure iturin 
A (Sigma-Aldorich, Tokyo, Japan) was used for quantification. Iturin A concentration was 
expressed as μg/ g initial wet soybean curd residue. 

2.6 Xylanase activity assay 
Dinitrosalicylic acid (DNS) solution was prepared in the following manner. Solution A was 
prepared by mixing 300 mL of 4.5 % NaOH, 880 mL of 1 % 3,5- DNS and 225 g of potassium 
sodium (+)-tartrate tetrahydrate. For the preparation of solution B, 22 mL of 10 % NaOH 
and 10 g of phenol was mixed and filled up to 100 mL. To 69 mL of the mixture, 6.9 g of 
NaHCO3 was added. Solutions A and B were mixed thoroughly and placed at room 
temperature for 2 days. After filtration, the mixture was used as DNS solution. 
Xylanase activity was determined by measuring the amount of reducing sugar released 
from xylan. One hundred μL of enzyme sample was added to 1 mL of 1 % xylan in 100 mM 
sodium phosphate buffer (pH 6.5) in a test tube (15 mmΦ × 10.5 cm) and incubated statically 
at 50°C for 5 min. Two mL of DNS solution was added and cooled immediately in an ice 
bath. Then the test tubes were boiled for 5 min and cooled in an ice bath. After 
centrifugation at 18,000×g at 4°C for 5 min, absorbance of the supernatant at 540 nm was 
measured by spectrophotometer (UV2400; Shimadzu, Kyoto, Japan). Xylose was used as the 
standard. One unit (U) of xylanase activity was defined as the amount of enzyme that 
liberates 1 μmol of reducing sugars (xylose equivalent) per min. 

2.7 Measurement of xylanase activity during SSF 
SSF was carried out as described in Section 2.2 without addition of glucose. One gram of 
solid culture sample and 9 ml of sterile distilled water were mixed in a sterile 18-mm-
diameter test tube, the test tube was vortexed thoroughly and shaken at 150 spm for 5 min at 
room temperature. The suspension was centrifuged at 18,000 ×g at 4 °C for 10 min and the 
supernatant obtained was used for xylanase assay. 

2.8 Measurement of concentration of protein 
Protein concentrations were determined by the Bradford method (Bradford, 1976) with the 
Protein Assay Kit II (Bio-Rad, Tokyo, Japan) with bovine serum albumin as the standard 
protein. 

2.9 Purification of xylanase 
Solid cultures (90 g) incubated for 5 days in SSF were mixed with 900 mL of distilled water 
and stirred for 10 min. The suspension was centrifuged at 6,500×g at 4°C for 20 min and the 
supernatant was frozen at -20°C and then thawed. The sample was centrifuged for removal 
of polysaccharides under the same condition. Ammonium sulfate was added to the 
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supernatant to 30 % saturation, and the precipitate was removed by centrifugation. Then, 
ammonium sulfate was added to 70 % saturation. The precipitate was recovered by 
centrifugation, suspended in 50 mM MES buffer (pH 6.0) and dialyzed overnight against the 
same buffer. Then the sample was concentrated by ultrafiltration with YM10 (molecular 
mass cut-off 10 kDa; Advantec, Tokyo, Japan).  
The concentrate was applied to a CM-Toyopearl column (1.3 cm Φ×8.3 cm; Tosoh, Tokyo, 
Japan) pre-equilibrated with buffer A (50 mM MES buffer, pH 6.0), and fractions were 
eluted with a continuous linear gradient of 0-0.5 M NaCl in buffer A (total volume 120 mL). 
The flow speed and the volume of one fraction were 4 mL/min and 8 mL, respectively. In 
this process, xylanase activity was detected in two fractions, one of which was trapped in 
the column (Fraction I) and the other was not trapped in the column but passed through 
(Fraction II). These fractions were subjected to further purification processes. 
Fraction I was concentrated using Centriprep YM-10 (molecular mass cut-off 10 kDa; 
Millipore, Tokyo, Japan), diluted with buffer A and applied to a RESOURCES column (0.6 
cm Φ×3.0 cm; Pharmacia Biotech, Uppsala, Sweden) pre-equilibrated with buffer A. 
Fractions were eluted with a continuous linear gradient of 0-0.15 M NaCl in buffer A (total 
volume 30 mL). The flow speed and the volume of one fraction were 1 mL/min and 1 mL, 
respectively. The xylanase active fractions were concentrated with Centriprep YM-10 and 
applied to a Superdex 75 column (1.6Φ×60 cm; Amersham Bioscience, Tokyo, Japan) pre-
equilibrated with buffer A containing 0.2 M NaCl. The elution was carried at a flow rate of 1 
mL/min and a volume of one fraction was 2 mL. 
The pH of the Fraction II was adjusted to 9.5 by adding NaOH and applied to a QAE-
Toyopearl (1.6Φ×3.7 cm; Tosoh) pre-equilibrated with buffer B (25 mM piperazine buffer, 
pH 9.5), and fractions were eluted with a continuous linear gradient of 0-0.5 M NaCl in 
buffer B (total volume 120 mL). The flow speed and the volume of one fraction were 4 
mL/min and 8 mL, respectively. The xylanase active fractions were concentrated with 
Centriprep YM-10, and fractions were diluted with buffer B and applied to a QAE column. 
Step elution was performed with 0.07 M NaCl (total elution volume 96 mL). The flow speed 
and the volume of one fraction were 4 mL/min and 8 mL, respectively. 
The xylanase active fractions were supplied to the subsequent Butyl-Toyopearl 
chromatography. A column of Butyl-Toyopearl (1.6Φ×4.5 cm; Tosoh) pre-equilibrated with 
25 mM piperazine buffer containing 1 M ammonium sulfate was used. Ammonium sulfate 
was added to the active fractions and its concentration was adjusted to 1 M. This solution 
was then applied to the column and the elution was carried out with a linear gradient of 1-0 
M ammonium sulfate in 25 mM Piperazine buffer (total volume 180 mL). The flow speed 
and the volume of one fraction were 4.5 mL/min and 9 mL, respectively. 

2.10 Molecular mass determination 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed 
with a 12.5 % gel in accordance with the Laemmli method (Laemmli, 1970). M. W. Marker 
“Daiichi” II (Daiichi Pure Chemicals, Tokyo, Japan) was used as a molecular mass marker. 
After electrophoresis, the gel was stained with Coomassie brilliant blue R-250 (CBB). 

2.11 N-terminal sequence analysis 
SDS-PAGE of xylanases was performed according to the above-described method and then 
the xylanases on the gel were electroblotted to a commercial membrane (Immobilon-P; 
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Step elution was performed with 0.07 M NaCl (total elution volume 96 mL). The flow speed 
and the volume of one fraction were 4 mL/min and 8 mL, respectively. 
The xylanase active fractions were supplied to the subsequent Butyl-Toyopearl 
chromatography. A column of Butyl-Toyopearl (1.6Φ×4.5 cm; Tosoh) pre-equilibrated with 
25 mM piperazine buffer containing 1 M ammonium sulfate was used. Ammonium sulfate 
was added to the active fractions and its concentration was adjusted to 1 M. This solution 
was then applied to the column and the elution was carried out with a linear gradient of 1-0 
M ammonium sulfate in 25 mM Piperazine buffer (total volume 180 mL). The flow speed 
and the volume of one fraction were 4.5 mL/min and 9 mL, respectively. 

2.10 Molecular mass determination 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed 
with a 12.5 % gel in accordance with the Laemmli method (Laemmli, 1970). M. W. Marker 
“Daiichi” II (Daiichi Pure Chemicals, Tokyo, Japan) was used as a molecular mass marker. 
After electrophoresis, the gel was stained with Coomassie brilliant blue R-250 (CBB). 

2.11 N-terminal sequence analysis 
SDS-PAGE of xylanases was performed according to the above-described method and then 
the xylanases on the gel were electroblotted to a commercial membrane (Immobilon-P; 
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Millipore, Tokyo, Japan) with a horizontal blotting apparatus (ATTO, Tokyo, Japan). For the 
blotting of pure enzyme of Fraction II, 0.01 % of SDS was added to transfer buffer to 
improve protein transfer efficacy. Parts of the membrane blotted with xylanases were cut 
out and then amino acid sequencing analysis was performed with an amino acid sequencing 
apparatus (PPSQ-21; Shimadzu, Kyoto, Japan) according to the standard method (Edman, 
1949). 
Searches for homologous amino acid sequences were performed by a B. subtilis database 
BSORF (http://bacillus.genome.jp/) and the nonredundant database at The National Center 
for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) with the BLASTP. 

2.12 pH and temperature profiles and thermostability of xylanases 
Xylanase activity was examined in pH range of 3.0 to 11.0. For pH from 3.0 to 4.0, 100 mM 
sodium citrate buffer was used. For pH from 4.0 to 6.0, 100 mM sodium acetate buffer was 
used. For pH from 6.0 to 8.0, 100 mM sodium phosphate buffer was used. For pH from 8.0 to 
9.0, 100 mM Tris-HCl buffer was used. For pH from 9.0 to 11.0, 100 mM glycine-NaOH 
buffer was used. To investigate the effect of temperature, the xylanase activity was 
measured at 20-70°C at pH 6.5. Xylanase thermostability was measured at 50, 55 and 60°C. 

2.13 Thin layer chromatography (TLC) analysis of the digestion products 
The digestion products of xylan and xylooligosaccharides (Wako Pure Chemical Industries, 
Osaka, Japan) by xylanase were analyzed by thin layer chromatography (TLC) according to 
the method previously reported (Kiyohara et al., 2005) with some modifications. 
As a substrate solution, 0.5 % xylan or 0.5 % xylooligosaccharides in 100 mM sodium 
phosphate buffer (pH 6.5) was used. In a test tube (15 mmΦ × 10.5 cm), 0.5 mL of substrate 
solution and 0.5 mL of enzyme solution containing 0.5 U of xylanase in 100 mM sodium 
phosphate buffer (pH 6.5) were mixed and the reaction mixture was incubated at 120 spm at 
37°C. After 1, 3, and 16 h of incubation, 100 μL of reaction mixture was sampled to 
microtube, and mixed with 200 μL of ethanol. Then, the mixture was centrifuged at 18,000×g 
for 10 min and the supernatant obtained was evaporated with a centrifugal concentrator 
(VC-36N; Taitec, Saitama, Japan). The dried material was dissolved in distilled water and 
spotted on a Silica Gel 60 TLC plate (Merck, Tokyo, Japan), which was then developed with 
n-butanol/acetic acid/ water (10:5:1, by vol.). After development, the TLC plate was 
sprayed with aniline hydrogen phthalate reagent. The reagent consisted of 0.93 g of aniline, 
1.48 g of phthalic anhydride, 84.5 mL of n-butanol and 15.5 mL of distilled water (Partridge, 
1949), and heated at 100°C to visualize the digestion products. 

3. Results 
3.1 Degradation of insoluble fibers in soybean curd residue by B. subtilis RB14-CS in 
SSF 
To evaluate the ability of B. subtilis RB14-CS to degrade insoluble fibers in soybean curd 
residue, residual fibers after SSF were analyzed by acid and neutral detergent fiber methods. 
The same analyses were repeated three times. The average values of three samples are 
shown in Figure 1. After SSF of RB14-CS, no change in content of cellulose and lignin was 
observed. On the other hand, the content of hemicellulose decreased to 15 % of initial one, 
indicating that RB14-CS degraded hemicellulose in soybean curd residue. 
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Fig. 1. Analysis of insoluble fiber contents in raw soybean curd residue and soybean curd 
residue cultured with B. subtilis RB14-CS (N=3). Gray bars, hemicellulose; Open bars, 
cellulose and lignin. 

3.2 Iturin A production by B. subtilis RB14-CS using insoluble fibers in submerged 
fermentation 
To investigate the effect of insoluble fibers on iturin A production of RB14-CS, each of 
insoluble fibers was added to a liquid medium as a carbon source and RB14-CS was 
cultivated in the medium. Results are shown in Figure 2. Xylan exhibited iturin A 
production at the same level with glucose which has been used as a carbon source for iturin 
A production in the previous reports (Asaka & Shoda, 1996; Tsuge et al., 2001). Other 
insoluble fibers, avicel and carboxymethyl cellulose, showed the similar level of iturin A 
production with control where no additional carbon was added. Pectin, a hardly-soluble or 
sometimes insoluble fiber which is contained in soybean curd residue (Kasai et al., 2004) did 
not enhance the iturin A production. 
 

 
Fig. 2. Iturin A production during submerged fermentation in liquid medium containing 
fibers (N=3). Symbols: open circles, no additional carbon sources (control 1); open triangles, 
glucose (control 2); solid circles, pectin; solid triangles, xylan; solid squares, avicel; solid 
diamonds, carboxymethyl cellulose. 
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3.3 Xylanase activity of B. subtilis RB14-CS during SSF 
As RB14-CS degraded xylan, a major hemicellulose in plant cell wall (Beg et al., 2001), in 
submerged fermentation, xylanase activity was measured during SSF, in which glucose was 
not added as medium component. Results are shown in Figure 3. The culture of RB14-CS 
exhibited xylanase activity in SSF. The activity increased after 12 h of incubation, reached 
the maximum value of approximately 50 U/g wet soybean curd residue at 3 d, and 
maintained the level during fermentation. When xylanase activity was detected, almost no 
reducing sugars were detected (data not shown), indicating that RB14-CS immediately 
utilized the saccharides released from hemicellulose as carbon sources. Changes in cell 
number and pH were similar to those in SSF of RB14-CS using soybean curd residue 
previously reported (Mizumoto et al., 2006). 
 

 
Fig. 3. Xylanase activity of B. subtilis RB14-CS during SSF. 
Symbols: circles, xylanase activity; squares, pH; triangles, viable cell number. 

3.4 Purification of xylanases produced by B. subtilis RB14-CS in SSF 
Xylanases were purified as described in materials and methods. When the crude enzyme 
solution was applied to a cation exchange CM-Toyopearl column, xylanase activity was 
found in both the trapped fraction (Fraction I) and non-trapped fraction (Fraction II). 
From these fractions, two enzymes were purified and the two enzymes are homogeneous 
and have different sizes because each single protein band on SDS-PAGE was observed 
(Figure 4). This indicates that RB14-CS produces two different xylanases. Purified 
enzymes of Fraction I and II were designated as Xyl-I and Xyl-II, respectively. The 
molecular masses of the Xyl-I and Xyl-II estimated from SDS-PAGE were 24 and 58 kDa, 
respectively. 
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Fig. 4. SDS-PAGE of purified xylanases.(A) Xyl-I, (B) Xyl-II 
Lanes: M, molecular mass standards; I, Xyl-I; II, Xyl-II. 

3.5 Physicochemical properties of xylanases 
Effects of temperature and pH on xylanase activity and thermal stability of the two enzymes 
are shown in Figure 5. The optimal temperature and optimal pH of Xyl-I were 50-60°C and 
6-7, respectively.  At 50°C, approximately 30 % of the initial activity of Xyl-I remained after 3 
h. At 55 and 60°C, Xyl-I was completely inactivated within 2 and 3 h and the half lives were 
approximately 18 and 8 min, respectively.  The optimal temperature of Xyl-II was 70°C or 
higher and the optimum pH was 5.5-6. At 50°C, approximately 80 % of the initial activity of 
Xyl-II remained after 3 h. At 60°C, Xyl-II was inactivated within 3 h and the half life was 
approximately 40 min. 

3.6 Analysis of hydrolytic products 
The hydrolysis products released from xylan or xylooligosaccharides by Xyl-I and Xyl-II 
were analyzed by TLC. From hydrolysis of xylan by both Xyl-I and Xyl-II xylotriose was 
liberated, but neither xylose nor xylobiose was released. This indicats that these xylanases 
were not β-D-xylosidase. 

3.7 Identification of xylanases by N-terminal sequencing and database matching 
The N-terminal sequences of Xyl-I and Xyl-II were determined by automated Edman 
degradation and compared with databases. Results are summarized in Table 1. Xyl-I 
displayed 90 % amino acid identity with endo-1,4-β-xylanase (XynA) of B. subtilis 168, a 
standard strain whose complete genome has been sequenced (Kunst et al., 1997). The 
molecular mass estimated by SDS-PAGE was similar to the database value. Moreover, pI 
value (9.64) of database was identical to that of purified Xyl-I. 
Xyl-II has exactly the same N-terminal sequence as α-amylase (AmyE) secreted by B. subtilis 
X-23 (Ohdan et al., 1999). Actually, Xyl-II exhibited α-amylase activity because reducing 
sugar was increased when soluble starch was treated with Xyl-II (data not shown). It is 
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Fig. 5. Effects of pH and temperature on xylanase activities of Xyl-I and Xyl-II. Effects of pH 
on Xyl-I (A) and -II (B), respectively; Effects of temperature on Xyl-I (C) and -II (D), 
respectively; Thermal stability of Xyl-I (E) and -II (F), respectively. Symbols in (E) and (F): 
circles, 50°C; triangles, 55°C; squares, 60°C. 

assumed that 45 amino acid residues prior to these sequenced residues deduced from the 
nucleotide sequence of the B. subtilis X-23 are the signal peptide that is removed during the 
secretion process. Xyl-II also displayed 80 % amino acid identity with α-amylase of B. subtilis 
168 (Kunst et al., 1997). Although the molecular mass of Xyl-II estimated from SDS-PAGE 
was different from those in the previous reports, the C-terminal structures of α-amylase of 
B. subtilis were reported to be variable (Ohdan, et al., 1999). The pI value of α-amylase of B. 
subtilis 168 (5.85) was identical with the value of purified Xyl-II. This also reflected in that 
Xyl-II was trapped in anion exchange chromatography when piperazine buffer of pH 9.5 
was used for elution. 
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 This work   Database      

 Sequence Size 
(kDa)

 Sequence Gene Protein  
identity 

Size 
(kDa) pI References 

Xyl-I AGTDYWQNWT24  ASTDYWQNWTxynA endo-1,4- 
-xylanase 23 9.64 Kunst et al. 

Xyl-II SVKNGTILHA 58  SVKNGTILHA amyE -amylase 47, 67 - Ohdan et 
al.  

    SIKSGTILHA amyE -amylase 73 5.85 Kunst et al. 

Table 1. N-terminal amino acid sequences of purified xylanases. 

4. Discussion 
B. subtilis RB14-CS degraded xylan in soybean curd residue and utilized it as a carbon 
source during SSF by producing xylanases. Xylanases are produced from xylan by fungi, 
yeast and bacteria, including Bacillus sp. (Beg et al., 2001; Blanco et al.,1995; Gallardo et al., 
2004;Heck et al., 2005; Sa-Pereira et al., 2003) and physicochemical properties, structures and 
specific activities of these xylanases were diverse. 
In this study, two xylanase-active enzymes were isolated. One of them (Xyl-I)was endo-1,4-
β-xylanase (XynA), which has been found in many strains of Bacillus sp.( Blanco et al., 1995; 
Gallardo et al., 2004; Nishomoto et al., 2002). Characteristics of the Xyl-I obtained in this 
work are similar to those previously reported in that there is β-D-glucosidase activity and 
the values of optimum pH and temperature of Xyl-I are similar to those in other xylanases 
(Table 2). Another xylanase-active enzyme obtained (Xyl-II) was identified as α-amylase. As 
shown in Table 2, physicochemical properties of Xyl-II except for molecular mass were 
similar to those reported previously. Distribution of α-amylase is wide from common 
mesophilic bacteria to hyperthermophilic archaeon Pyrococcus furiosus (Jorgensen et al., 
1997). Alpha-amylase of B. subtilis is used commercially in various categories such as starch 
hydrolysis in starch liquefaction process and additives to detergents for both washing 
machines and automated dish-washers because of its high thermo-stable activity (Nielsen & 
Borchert, 2000). As α-amylase, which catalyzes the hydrolysis and transglycosylation at α-
1,4- and α-1,6-glycosidic linkages, it doesn’t seem to be responsible for degradation of xylan. 
However, it has been shown that, due to the heterogeneity and structural complexity of 
xylan, the complete hydrolysis of xylan requires a large variety of cooperatively acting 
enzymes; such as endo-1,4-β-D-xylanases, β-D-xylosidase, α-L-arabinofuranosidases, α-D-
glucuronidases, acetylxylan esterases, ferulic acid esterases and p-coumaric acid esterases 
(Collins et al., 2005). Thus, α-amylase of RB14-CS which hydrolyzed α-1,4- or 1,6-glucoside 
linkage in the reagent grade xylan used in this study may act as the cooperatively acting 
enzymes to release reducing sugars from xylan. 
Two enzymes isolated in this work liberated xylooligosaccharides but not xylose from xylan. 
However, almost no reducing sugars were detected when xylanase activity was detected in 
SSF. This indicates that RB14-CS degraded xylooligosaccharides into xylose and utilized it 
as a carbon source. RB14-CS may produce other enzymes such as β-D-xylosidase for this 
reaction. 
In recent years, biomass containing hemicellulose, such as agricultural and forestry residues, 
waste paper, and industrial wastes, has been recognized as inexpensive and abundantly 
available sources of sugar (Katahira et al., 2004). Since the production of iturin A by RB14-
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subtilis 168 (5.85) was identical with the value of purified Xyl-II. This also reflected in that 
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Recent Trends for Enhancing the Diversity and Quality of Soybean Products 

 

534 

CS in soybean curd residue was almost equivalent to that when glucose was used as carbon 
source, the utilization of soybean curd residue will be one possible nutrient in peptide 
production. 
 
 This work References  
  Gallardo et al.  Blanco et al.  
Molecular mass 24 kDa 24 kDa 32 kDa 
Optimum pH 6-7 6 5.5 
Optimum temperature 50-60°C 60°C 50°C 

Thermal stability 

Decreased to 30 %  
at 50°C after 3 h. 
Deactivated within  
1 h at 60°C. 

Remained stable at 50°C  
for at least 3 h. 
Deactivated within  
1 h at 60°C. 

- 

(A) Xyl-I 
 
 This work Reference (Ohdan et al.) 
  Ba-S Ba-L 
Molecular mass 58 kDa 47 kDa 67 kDa 
Optimum pH 5.5-6.0 5.5 5.5 
Optimum temperature 70°C 65°C 65°C 

Thermal stability 

80 % was retained  
after 3 h at 50°C. 
Deactivated within 
 2 h at 60°C. 

60 % was retained  
after 10 min at 65°C 

30 % was retained  
after 10 min at 65°C 

(B) Xyl-II 

Table 2. Comparison of characteristics of purified xylanases with previous reports. 

5. Conclusion  
Soybean curd residue which is the residue of Tofu production was used for nutrients for 
production of a lipopeptide antibiotic, iturin A in solid state fermentation(SSF) using Bacillus 
subtilis. As the main carbon sources of soybean curd residue were insoluble fiber, we 
expected that B. subtilis produced the soybean curd residue-degrading enzymes. Among 
insoluble fibers in soybean curd residue, hemicellulose was mainly degraded by B. subtilis 
during SSF. Xylan, a major hemicellulose in plant cell wall was degraded by B. subtilis, and 
two enzymes which showed xylanase activity were purified and identified as endo-1,4-β-
xylanase and α-amylase. As productivity of iturin A in soybean curd residue was almost 
equivalent to that in glucose medium, this study gave a possible way to use soybean curd 
residue in higher and economical production of lipopeptides. 
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