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Preface

Sorption - From Fundamentals to Applications describes various aspects of the sorption
technique. Sorption is a physical and chemical process by which one substance becomes
attached to another. Specific cases of sorption include: (1) absorption, which is the
incorporation of a substance in one state into another of a different state (e.g., liquids
being absorbed by a solid or gases being absorbed by a liquid); (2) adsorption, which

is the physical adherence or bonding of ions and molecules onto the surface of another
phase (e.g., reagents adsorbed to a solid catalyst surface); and (3) ion-exchange, which
is an exchange of ions between two electrolytes or between an electrolyte solution and
a complex. At the beginning of the 21st century, separation processes presented a com-
prehensive application of the major operations performed by various industries, such
as chemical, food, environmental, and biotechnology industries. Sorption, which is one
of the preferred separation processes because of its effectiveness at different interfaces,
has attracted the attention of many scientists. This book presents a comprehensive
overview of sorption and its various applications, as well as discusses its functions and
importance in chemical and biochemical plants, including environmental treatment.

It is a useful reference for those who are interested in sorption techniques in various
industries.

I am grateful to all the authors who have contributed their tremendous expertise to
this project. I also wish to acknowledge IntechOpen publishing for their outstanding
support throughout the publication of this book.

George Z. Kyzas (MSc, PhD)
Professor,

Department of Chemistry,
International Hellenic University,
Kavala, Greece
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Chapter 1

Sorption of Pollutants in
Wastewater Solids

Rakesh Govind and Ankurman Shrestha

Abstract

Sorption in wastewater solids is an important removal mechanism for pollutants in
biological treatment systems. It is often an overlooked mechanism, since traditionally,
excess solids from biological treatment were land filled. However, with the emergence
of using wastewater solids as a potential fertilizer, pollutants sorbed into the solids can
re-emerge as soil pollutants, with potential uptake by crops, and even transported into
groundwater. This is especially applicable for hydrophobic chemicals, like alkyl fluo-
rinated compounds (PFAS, PFOS), which have recently received widespread atten-
tion as pollutants in water bodies across the globe. In this chapter, sorption of
pollutants in wastewater solids has been presented from both a thermodynamic anal-
ysis, involving equilibrium parameters, as well as a kinetic process involving transport
to the cell walls and permeation through the cell membranes. Based on experimental
data and models it is shown that biodegradation in wastewater systems is actually
mass transfer coefficient for diffusive transport across the microbial cell walls.

Keywords: sorption, biomass, cell, permeability, transport, pollutants

1. Introduction

Transport of pollutants into wastewater solids (biomass) can occur due to a variety
of mechanisms, some of which are surface related, while others involve absorption or
sorption into the biomass cells. Uptake of pollutants by the surface of the biomass is
defined as “adsorption” driven by several possible mechanisms which includes
hydrophobic-hydrophobic interaction, electrostatic interaction and hydrogen bond-
ing. The latter two mechanisms are dominant under basic and acidic conditions,
respectively, while hydrophobic-hydrophobic interaction occurs mainly under neutral
conditions [1].

Sorption or absorption in biomass involves the transport of the pollutants into the
cell, rather than adsorbed on the outside surface of the cells. Sorption in wastewater
solids is an important mechanism for removal of organic compounds in biological
wastewater treatment systems. Experimental results and theoretical developments
related to the sorption process have been reported in our previous work [2, 3]. During
isotherm measurements, biological activity in wastewater solids, especially in acti-
vated sludge, that contains a substantial amount of active biomass, must be controlled
to obtain accurate sorption isotherms. Measurements of varying aqueous phase
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concentrations could include the effect of biodegradation, resulting in apparent sorp-
tion capacities greater than actually achieved.

Sorption in Biomass can be analyzed as an equilibrium process, using isotherms, as
well as a kinetic process, involving transport to the biomass cell walls and permeation
through the cell membranes.

2. Analysis of equilibrium sorption: surface adsorption vs. partitioning

A dual-process mechanism [4] was postulated for the sorption of lindane and
hexachlorocyclohexane on five unidentified bacteria. In this mechanism, sorption was
viewed as a combination of rapid surface adsorption and diffusive penetration. A
similar mechanism was suggested [5] for the uptake of 2,4-dichlorophenoxyacetic
acid by Pseudomonas fluoresces. The result was a combination of the following steps:
adsorption onto the cell wall accompanied by passive diffusion into the cytoplasm.
Based on the comparable sorption results of organic compounds between live and
dead biomass in a Kraft mill generated lagoon, it was suggested that sorption on
biomass was mainly a passive diffusion of small molecules into the cell than active or
facilitated transport [6].

By comparing the sorption of chloroethanes on different types of microbial bio-
mass, it was speculated [7] that the sorption of organic molecules on microbial bio-
mass was related to the leachable organic carbon which was released from the cell
cytoplasm due to the rupture of cells. It was found that the more leachable organic
carbon the biomass contained, the higher the uptake capacity of the toxic organic
compound it had.

In order to better understand the sorption mechanism on microbial biomass, Bell
[8-11] examined the magnitude of the heats of sorption for diazinon and lindane. The
thermodynamic data strongly suggested a physical sorption instead of a chemical
sorption. By reviewing the sorption mechanism on biomass in the literature, Bell [9]
concluded that firm, general conclusions cannot be reached concerning the mecha-
nism of sorption on biomass. Indeed, the mechanisms may be specific to the particular
system of chemicals and biomass. It seems likely that a combination of adsorption and
absorption may be responsible for the sorption on biomass and that the relative
importance of each mechanism may vary from system to system [12].

Biological activity in wastewater solids, especially in activated sludge which con-
tains a substantial amount of active biomass, must be controlled in order to obtain
accurate sorption isotherms. Otherwise, measurements of changing aqueous phase
compound concentrations could include the effect of biodegradation, resulting in
apparent sorption capacities greater than actually achieved. Despite the difficulties
associated with the control of the biological activity in biomass, several attempts have
been reported.

In this chapter, sorption in biomass will be modeled as an adsorption partitioning
process, in which physical adsorption on the surface and partitioning into the biomass
cells occurs simultaneously. Wastewater solids contain high percentage (50-85%) of
organic matter, in a relatively loose physical form. It is generally believed that the
organic matter is a complex mixture of live and dead microorganisms, which are
primarily proteins, fats and carbohydrates, and other organic sediments. While the
organic matter is basically solid, it is certainly different from activated carbon. The
nature of the organic matter gives the sludge certain characteristics of an organic
solvent. Chiou et al. [13-15] described the sorption of toxic organic compounds on soil
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organic matter as a partitioning phenomenon. Using the Flory-Huggins theory, they
were able to derive an equation relating the partition coefficient of a toxic organic
compound between the aqueous phase and the soil organic matter to the molar water
solubility of the compound. Essentially, the uptake of toxic organic compounds by
sludge through dissolution into cells can be viewed as a partitioning process in which
the toxic organic compounds are distributed between two phases: the aqueous solution
and the organic matter of the cell.

In the early stage of the sorption process, the cell is basically free of the toxic
organic compounds except for the amount adsorbed on the surface. The difference in
chemical potential causes the toxic organic compounds to transport from the bulk
liquid to the region close to the surface and to be adsorbed onto the surface. In the
meantime, the partitioning and subsequent penetration (diffusion) of the toxic
organic compounds into cells occurs in parallel with adsorption. When a molecule
approaches the site already occupied by another molecule in a process to form a
double layer on the sludge surface, unlike in the case of activated carbon adsorption in
which the penetration of the adsorbate into the solid wall of carbon normally does not
occur, the resulting higher chemical potential on this site is likely to cause the
adsorbed molecule to be dissolved in the organic matter of the cell.

To test this hypothesis, isotherm measurements were conducted for the first four
compounds in Table 1 using pasteurized sludge to eliminate biodegradation. For the
other compounds, listed in Table 1, untreated sludge was used, since these com-
pounds are non-biodegradable within the 6-hour equilibriation time period. The
model coefficients obtained for these compounds are also listed in Table 1, along with
the average percentage error between the calculated and experimental points. Table 2
lists the contribution of partitioning to the overall sorption amount (g,+/q) along with
the partition coefficient, ky; and the octanol-water partition coefficient (Kow).

For the last four compounds in Table 2, adsorption is negligible with over 90%
sorption occurring due to partitioning. This is also consistent with the Ko values for
these compounds, which is an indication of the compound’s hydrophobicity, and thus
has a higher tendency to partition with the organic matter of the biomass. This shows
that a compound’s equilibrium partitioning into biomass due to sorption is correlated

Pollutant Partition Maximum adsorption  Equilibrium adsorption %
coefficient (k) capacity (g,”) mg/g constant (k) I/mg Error
l/g
Methylene chloride 0.012 0.250 0.30 12.2
Chloroform 0.035 0.149 0.48 6.4
1,1-dichloroethylene 0.140 0.042 0.48 6.4
Carbon tetrachloride 0.210 0.100 1.40 215
Chlorobenzene 0.243 0.010 2.60 18.9
Tetrachloroethylene 0.653 0.012 5.29 9.7
Phenanthrene 6.8 0.020 1.29 25.0
Dibutyl phthalate 7.00 0.014 5.30 14.7
Table 1.

Best-fit parameters of the adsorption-partition (A-P) model for sorption of selected pollutants on activated sludge.
% error is the average error between the experimental value of pollutant uptake and calculated value.
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Pollutant Partition Octanol-water partition Total sorption  gp/q
coefficient (k) l/g coefficient (Kow) (q) mgl/g
Methylene chloride 0.012 18 0.07 0.172
Chloroform 0.035 93 0.083 0.420
1,1-dichloroethylene 0.140 134 0.156 0.899
Carbon tetrachloride 0.210 436 0.268 0.783
Chlorobenzene 0.243 690 0.250 0.971
Tetrachloroethylene 0.653 759 0.663 0.985
Phenanthrene 6.8 28,184 6.811 0.998
Dibutyl phthalate 7.00 158,489 7.012 0.998
Table 2.

Partition coefficient, octanol-water partition coefficient, Total sorption and ratio of amount partitioned to the
Total sorption amount for selected pollutants in activated sludge. Liquid phase concentration of each pollutant is
1 mg/l.

directly with its Kow value, and this correlation (correlation coefficient = 0.97) is
given as follows:

Logkp = 073L0g1<ow —2.64 (1)

Experimental studies were conducted to better understand the competition effects
in multicomponent systems. it was found that compounds which primarily adsorb on
the surface have a strong impact of competitive adsorption, with the adsorption
extent of one compound varying greatly with the concentration of the second com-
pound. This is due to the fact that the number of surface adsorption sites on biomass
are limited and adsorption of one compound will impact the adsorption capacity of the
second compound.

e
o

Methylens chloride (1) = 1,1=dichloroethylens (2)

0.08 -

BN -

0.06 -

0.04

0.02

M = 40 g/I
Ces = 0.1 — 1.5 mg/l

q Imeola) far Mathulana Chlaride

T L Ll T L} l ¥ E I3
00 02 04 06 08 1.0 1.2 1.4
C, (mg/L) for Methylene Chloride

0.00

Figure 1.
Effect of concentration of 1,1-dichlovoethylene as a competing species for sorption of methylene chlovide.
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However, for compounds which primarily undergo sorption instead of surface
adsorption, there is no competitive sorption between the compounds. The adsorption-
partitioning (A-P) model was used to fit the sorption of methylene chloride, chloro-
form and tetrachloroethylene in the presence of 1,1-dichloroethylene. According to
Table 2, the percentage of partitioning in the overall uptake for these compounds are
17.2%, 42% and 98.5%, respectively. Hence, the effect of competition would be most
significant for methylene chloride and least significant for tetrachloroethylene. The
simulation results are shown in Figures 1-3. For tetrachloroethylene, there is almost
no competition effect, as was the case where chlorobenzene was the competing

Figure 2.

0.10
1 Chiorform (1) = 1,1~dichlorosthylene (2) |
0.08 - 1 cﬂ =0
= 05 mg/l
MR HE
= LV m
< 0.06 - ’
s
B |
Q
S 0.04
B |
£
< 0.02 1 M= 40 g/
. Cy = 04 = 1.5 mg/l
0.00 T T

) T T T ]
00 02 04 06 08
C, (mg/L) for Chloroform

T
1.0

1.2

Effect of the concentration of 1,1-dichloroethylene as a competing species for sorption of chloroform.

q (mg/g) for Tetrachloroethylene

Figure 3.

1.00
11 cu=o0
os0] 3 20
| 4 Ca=2
0.60
0.40
. M= 1.0 g/I
0.20 — Cot = 0.1 = 1.5 mg/I
) Tetrachlorosthylene (1) = 1,1~dichlorosthylens (2)
0.00

0.0 02 04 06 0.8 1.0 1.2 1.4 1.6

C, (mg/L) for Tetrachloroethylene

Effect of the concentration of 1,1-dichlovoethylene as a competing species for sorption of tetrachloroethylene.
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Key pollutant Competing pollutants Competing Kow Reference
effect
Phenol (P) 2-chlorophenol (CP), 2-Nitrophenol Yes 29 [16]
(NP) Yes
2-Nitrophenol (NP) 2-chlorophenol (CP), Yes 57 [16]
Phenol (P) Yes
1,1,2-Trichloroethane 1,1,2,2-Tetrachloroethane (TCE-2) Yes 117 [7]
(TCE-1)
2-Chlorophenol (CP) Phenol Yes 148 [16]
Nitrophenol (NP) Yes
1,1,2,2-Tetrachloroethane TCE-1 Yes 363 [7]
(TEC-2)
Chlorobenzene (CB) Ethylbenzene (EB) Slight 690 [16]
Tetrachloroethylene CB No 759 [2]
(TCE)
Malathion (M) Diazinon (D) Yes 776 [9]
Diazinon (D) Lindane (L) No 1380 [9]
Lindane (L), Pentachlorophenol (PCP), No 1380 [9]
Malathion (M)
Ethylbenzene (EB) CB No 1412 [9]
Lindane (L) Pentachlorophenol (PCP) No 5248 [9]
Phenanthrene (PT) Dibutyl Phthalate (DP) No 28,000 [2]
Pentachlorophenol (PCP) L No 44,668 [9]
L,D,M No 44,668 [9]
Dibutyl Phthalate (DP) PT No 1.58 x 2]
10°
Table 3.

Relationship between Koy, and the competition effect in multicomponent sorption of toxic organic pollutants on
wastewater solids.

compound. For both methylene chloride and chloroform, the higher the concentration
of 1,1-dichloroethylene, the more reduction in total uptake of the key component.

Based on the correlation given by Eq. (1), the degree of domination by either
partitioning or surface adsorption depends on the values of Kovw. Table 3 compares
the Kow values and the competition effect in several binary and multicomponent
systems, for uptake of compounds by wastewater solids. It is clearly seen that the Kow
value can be qualitatively divided into three ranges: (1) Kow < 500, there is a clear
effect of the presence of a competing compound; (2) 500 < Kow < 1000, the
competition effect is smaller, and depends on the specific compounds being studied;
and (3) Kow > 1000, when competitive surface adsorption can be ignored.

3. Analysis of sorption kinetics

The rate of partitioning of compounds into biomass depends on the rate of mass
transfer of the compound into the cells, and this can be described as occurring in three
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steps: (1) mass transfer from the bulk water to the surface of the biomass cells; (2)
transport through the cell walls; and (3) bonding with the active inter-cellular
enzymes followed by biodegradation of the compound within the cell. In this section,
these three steps will be quantified and experimental data on biodegradation rates will
be used to analyze the extent of each step’s contribution.

Cell membrane permeability has been shown to play an important role in the
biodegradation process, when the membrane permeability is increased [17, 18]. The
permeability of bilipid membranes can be estimated from the octanol-water partition
coefficient and the molecular weight of the compound [13],

Kow

where K, is the octanol-water partition coefficient and MW is the molecular weight
of the organic compound. The permeability coefficient can also be written as [19],

_ kamean

p
A

(3)

Where kp is the partition coefficient, Dy is the average diffusion coefficient of
the compound through the cell wall membrane, and 1 is the thickness of the cell wall
membrane. As discussed in the earlier section, the partition coefficient can be deter-
mined from the compound’s Kow value.

The dependance of a compound’s diffusivity through the cell wall, Dy,em, on molec-
ular size, represented by molecular volume, is given by the following correlation:

LogDmem = LogDV=0 — myV 4)

mem

where DY=0 is the compound’s diffusion coefficient for a theoretical molecule of
infinitely small size, through the membrane. This correlation gives a slope of

my = —0.0013 molecules/cm’. From Eq. (3) we get the following result:
pPV=0 =10""P (5)

where PV = ? is the cell wall permeability for a molecule of infinitely small size and
this limiting permeability values gives a good correlation with the octanol-water
partition coefficient, Kow, as shown in Figure 4.

According to FicK’s first law of diffusion, the flux (J;,) of a compound from bulk
liquid to the outside cell wall surface is given by the following equation:

]b = kb(Cb - Ccm) (6)

where ky, is the mass transfer coefficient from the bulk to the cell surface, Cy, and
Cem are concentrations of compound in the bulk liquid and at the cell membrane
outside surface, respectively.

Flux (Jom) through the cell membrane can be written as follows:

]cm = P(CCm - Cl) (7)

where P is the compound’s permeability through the cell membrane, C,, is the
compound concentration on the outside surface of the cell membrane and C; is the
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4.0 s
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Figure 4.
Plot of Log(PY = °) versus LogKow. PV = © is the cell wall permeability for a molecule of infinitely small size.

intracellular compound concentration. Assuming that the Monod kinetics apply, the
rate of substrate biodegradation inside the cell can be given by,

ﬂmaxci 14
= - 8
S =Rt G (A) ®)

where J; is the mass of substrate consumed per unit time per unit surface area of
the cell, 705 K; are the maximum growth rate and half saturation constants, respec-
tively, V is the volume of a cell and A is the surface area of the cell. For first order
Monod kinetics, Ky > C; so Eq. (8) can be written as:

\%4
Ji = kiG; <A> (C)]

where k; =fimay/K; is the first order biodegradation rate constant. Egs. (6), (7), and
(9) can be combined to give the following equation for the flux of the compound into
the cell:

Ji = Jom :Jb:1:< G (10)

1,1, A
WP W)
The flux of the compound into the cell can also be written as.
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J = ktoal(Cp — Ci) <%> (11)

where ki, is the overall mass transfer coefficient. The active intercellular
enzymes will significantly reduce the intracellular concentration so that C; = 0
Combining Egs. (10) and (11) we get the following result:

1 1/V 1/V 1
Fom oy (A) *p <A) T (12)

The ratio (V/A) can be determined from the biomass concentration, X, in water,
density of mixture of p;, using the following equation, assuming all biomass cells are
spherical, with an average diameter of d;.

LA ; ¢

Substituting Eq. (13) into Eq. (12) we get the following result (Figure 5).

1 1 1 1
Foa " PR 4

0.0
RZ=1.00

*

-1.0

Log(k;.:,;) Calculated

0.0 1.0 2.0 3.0 40 5.0
Log(a/P)

Figure 5.
Plot of calculated Log(Keoa1) vs. Log(o/P) showing that the overall biodegradation vate constant is actually
diffusional resistance acvoss the cell membrane for 50 randomly selected toxic ovganic compounds which were not

used in the analysis.
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Values for the overall mass transfer coefficient, ka1, Were taken from an EPA report
[20], the mass transfer coefficient from the bulk water to the outside cell surface, ky,
was estimated from the diffusivity of the compound in water assuming a boundary
layer thickness of 4 micrometers [20], the cell permeability, P, was calculated using
Eq. (2) assuming a biomass concentration, X, of 2.5 kg/m3 [21], and a liquid density, p;,
as 1000 kg/m3 and an average cell diameter, d; of 1 micrometer [16, 22, 23].

Table 4 shows the calculated values of the bulk phase mass transfer coefficient, k,
the cell wall permeability, P, calculated from Eq. (2), and the biodegradation kinetic

S. No Compound name Reotal (h*l) ’% (h*l) e (h*l) k; (h*l)
1 Diisodecyl Pthalate 3.7659 765.8182  3.8827 1495.8965
2 Di-n-Octyl Phthalate 2.5381 706.9091 25780 2132.1180
3 Dibenzopyrenel,2,7,8 1.0573 981.8182  1.0727 799.1360
4 Bromacil 1.0087 1060.3636 1.0245 696.2582
5 Indeno (1,2,3-cd)-Pyrene 0.6596 1119.2727 0.6722 364.3080
6 Dimethyl Benz(A)ANT 7,12 0.5522 1197.8182  0.5634 284.7684
7 Dimethylbenz(A)Anthracene (7,12) 0.5522 981.8182  0.5628 300.4840
8 Methyl Cholanthrene 3 0.5394  1060.3636 0.5501 285.2126
9 PPCB’s (Aroclors) 0.4850  1570.9091 0.4955 231.9249
10 Dieldrin 0.3411 9229091 0.3483 167.9746
11 Benzo(B)Fluoranthene 0.3227 1099.6364 0.3298 153.2084
12 Benzo(K)Fluoranthene 0.3219 1099.6364 0.3289 152.7507
13 Toluene Diisocyanate (2,4) 0.3118 1217.4545 0.3187 145.4517
14 Tetra Chlorodibenzo-p-Dioxin 0.2702 1138.9091 0.2762 124.9391
(2,3,7,8)
15 Methoxychlor 0.2546 883.6364 0.2601 120.5382
16 DDT 0.1823 981.8182  0.1864  82.3114
17 ChloroBenzilate 0.1790 1138.9091 0.1831 79.8019
18 Dichlorobenzophenone P,P 0.1608 13352727 0.1646  70.5525
19 Benzo(A)Pyrene 0.1517 1767.2727 0.1553  65.5411
20 Pentachlorobenzene 0.1499  1237.0909 0.1534  65.7798
21 Dimethyl Trisulfide 0.1329 1629.8182 0.1361  57.3433
22 Dibenzofurans 0.1183 1178.1818  0.1211  51.4321
23 DDE, p,p’ - 0.1177 1158.5455 0.1205 51.2012
24 Aldrin 0.1156 962.1818  0.1183  50.6902
25 Pentachloronitrobenzene 0.1132 1197.8182  0.1159  49.1063
26 Benzo(A)Anthracene 0.1097 1767.2727 0.1124  46.9333
27 Endrin 0.1088 9229091 0.1113  47.6631
28 Hexachlorobenzene 0.0971 1158.5455 0.0994 41.9121
29 Tributyl Tin Acetate 0.0965 1138.9091 0.0988  41.6854
30 Tributyl Phosphate 0.0938  1021.0909 0.0960 40.6475
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S. No Compound name Frotal (1{1) ’% (hfl) P (]{1) ks (1{1)
31 Warfarin 0.0903  1060.3636 0.0925 39.0118
32 ChloroBenzylate 0.0891 903.2727 0.0912 38.7346
33 Trifluralin 0.0878 981.8182  0.0899  37.9977
34 Dodecane 0.0860  1158.5455 0.0881 36.9834
35 Triisobutylene 0.0839 1374.5455 0.0859  35.8866
36 Tetrachlorobenzene (1,2,3,4) 0.0771  1453.0909 0.0789  32.8341
37 Tetrachlorobenzene (1,2,3,5) 0.0771 1453.0909 0.0789  32.8330
38 Acifluorfen 0.0674 864.0000 0.0690 29.0357
39 Heptachlor 0.0672 1119.2727 0.0688  28.7305
40 ChloroazoBenzene 0.0659  1453.0909 0.0675 27.9799
41 Triisopropylamine 0.0624  1296.0000 0.0639 26.5454
42 Diisopropyl Benzene (Para) 0.0605  1413.8182 0.0619  25.6515
43 Methylene-Bis (2-Chloroaniline) 4,4  0.0590 1138.9091 0.0604  25.1252
44 Tributyl Phosphorotrithioate SSS 0.0542 9229091 0.0555 23.1364
45 Diphenylmethane 0.0539 1531.6364 0.0552  22.8083
46 TetrachloroPhenol (2,3,4,6) 0.0523  1394.1818 0.0535 22.1228
47 TetrachloroPhenol (2,3,5,6) 0.0523 1394.1818 0.0535  22.1223
48 Bisphenol(A) 0.0474 1119.2727 0.0486 20.1181
49 Benzophenone 0.0425  1296.0000 0.0435 17.9528
50 Tetrachlorobenzene (1,2,4,5) 0.0419  1728.0000 0.0429 17.6434
51 Trichlorobenzene 1,2,3 0.0396 1610.1818 0.0406 16.6779
52 Trichlorobenzene 1,3,5 0.0396 1610.1818 0.0406 16.6769
53 Diethylthiophosphatebenzo M Ethyl ~ 0.0357  1080.0000 0.0366 15.0790
Pether
54 BIS(1,1,2,2 - Tetrachloropropyl) 0.0356 1040.7273 0.0364 15.0343
Ether
55 Biphenyl 0.0339 1610.1818 0.0347  14.2359
56 HexaFluoroacetone 0.0324  1394.1818 0.0331 13.6190
57 ChloroBenzophenone (PARA) 0.0322 1453.0909 0.0330 13.5492
58 Dimethylbenezidine 3,3 0.0311 1217.4545 0.0319 13.1076
59 Cymene, para 0.0308  1433.4545 0.0316  12.9555
60 Diethylbenzene P 0.0308  1590.5455 0.0316 12.9429
61 Methyl Napthalene (1-) 0.0301 1531.6364 0.0308 12.6524
62 Methyl Napthalene (2-) 0.0301 1531.6364 0.0308 12.6527
63 Chloronapthalene, 2- 0.0298 1728.0000 0.0305 12.5058
64 Silvex 0.0286 1138.9091 0.0293  12.0378
65 Chlorophazine 0.0257 12763636  0.0263  10.7930
66 Nitrobiphenyl, 4- 0.0256  1374.5455 0.0262 10.7449
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Sorption - From Fundamentals to Applications

S. No Compound name Frotal (1{1) ’% (hfl) P (]{1) ks (1{1)
67 Pinene (alpha-) 0.0254 1433.4545 0.0260 10.6626
68 Acenapthene 0.0250 1512.0000 0.0256 10.4963
69 Phenylphenol P 0.0230 13352727 0.0235  9.6402
70 Diazinon 0.0229 962.1818  0.0235  9.6582
71 Ethylhexylacrylate 2- 0.0220 1197.8182  0.0225 9.2396
72 Ethyl Toluene, 4 0.0220 1531.6364 0.0225 9.2213
73 Tetralin 0.0218 1590.5455 0.0223  9.1447
74 Dichlorobenzonitrile,2,6- 0.0216 1492.3636  0.0221  9.0648
75 Hexachlorobutadiene 0.0214  1217.4545 0.0219  8.9730
76 Dipropylbutral 0.0212  1433.4545 0.0217  8.8953
77 Anthraquinone 0.0212 1492.3636  0.0217 8.8772
78 Phenylcyclohexanone 4 0.0205  1315.6364 0.0210  8.6025
79 Pentachloropheol 0.0204  1197.8182 0.0209  8.5610
80 Diisobutylene 0.0201 1433.4545 0.0206  8.4367
81 Dichlorophenol (2,4) 0.0198  1728.0000 0.0203  8.3269
82 Aminobiphenyl, 4- 0.0190 1492.3636  0.0195  7.9636
83 Octane 0.0188 1394.1818 0.0193  7.8944
84 Propyl (—n) Benzene 0.0188 1531.6364 0.0193  7.8850
85 Dimethyl Phthalate 0.0186 1237.0909 0.0190 8.0786
86 TrimethylPentane 2,2,4 0.0184 1472.7273  0.0188 7.6955
87 Diethyl (N,N) Aniline 0.0183 1158.5455 0.0187  7.6749
88 Endosulfan 0.0181 903.2727 0.0185  7.6105
89 Chlorotoluene-4 0.0179 1708.3636  0.0183  7.4858
90 Bromotoluene 4 0.0179  1669.0909 0.0183  7.4864
91 Dimethyl Amino Azobenzene, 4- 0.0176 1296.0000 0.0181 7.3979
92 Dazomet 0.0176 141.8182 0.0180  7.3761
93 DichloroBenzidine, 3,3'- 0.0175 1315.6364 0.0179  7.3261
94 Cumene 0.0173 1394.1818 0.0177  7.2422
95 Acetylaminofluorene, 2- 0.0170 1178.1818  0.0175 7.1539
96 Alpha Methyl Styrene 0.0168  2238.5455 0.0172  7.0159
97 Methylstyrene (—4) 0.0168 1728.0000 0.0172  7.0224
98 Hexachloroethane 0.0167 13352727 0.0171  6.9875
29 Trichloro-1,2,2,- Trifluoroethane, 0.0167  1590.5455 0.0171  6.9805
1,1,2-
100 Acenapthlyene 0.0162 14727273 0.0166  6.7824
101 Dimethyl Disulfide 0.0160 1983.2727 0.0164  6.6994
102 Carbendazim 0.0156 1276.3636  0.0160  6.5580
103 Methylene Diphenylamine (MDA) 0.0156 1256.7273  0.0160  6.5331
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S. No Compound name Frotal (1{1) ’% (hfl) P (]{1) ks (1{1)
104 Methylene Diphenyl Diisocyanate 0.0146  1217.4545 0.0150  6.1368
105 Toxaphene 0.0145 844.3636 0.0149 6.1114
106 Toluene 0.0144 16887273 0.0148  6.0352
107 Chlorambucil 0.0142 1178.1818 0.0146  5.9616
108 Dichlorophenol (2,6) 0.0138 1728.0000 0.0141  5.7780
108 Dichlorophenol 0.0138  1394.1818 0.0141  5.7826
110 Dichlorophenol 2,5 0.0138 1394.1818 0.0141 5.7841
111 Dichloroethane (1,1) 0.0138 2061.8182 0.0141  5.9160
ethylidenedichloride
112 Nitrobenzene 0.0138 1688.7273  0.0141 5.9137
113 DichloroBenzene (1,4) (—p) 0.0138 1551.2727  0.0141 5.7758
114 Bromobenzene 0.0137  1826.1818 0.0140  5.7183
115 Xylene(—m) 0.0133 1531.6364 0.0136 5.5749
116 Anthracene 0.0132  1512.0000 0.0135 5.5204
117 Terpinenol, Alpha 0.0131  1453.0909 0.0134  5.4917
118 Heptane ISO 0.0129 1394.1818 0.0132 5.3957
119 Heptane (—n) 0.0129  1492.3636  0.0132  5.3896
120 Dimethoxy-(3,3')-Benzidine 0.0128  1080.0000 0.0131  5.3488
121 Xylene(—p) 0.0127  1649.4545 0.0131  5.3348
122 EthylBenzene 0.0126 1527.7091 0.0129 5.2726
123 Nonanol, n 0.0120 13549091 0.0123  5.0072
124 Naphthol, alpha 0.0120  1492.3636 0.0122  5.0034
125 Nitro m Xylene, 2 0.0119  1570.9091 0.0121  4.9607
126 Parathion 0.0117 1138.9091 0.0120  4.9201
127 DiphenylHydrazine (1,2) 0.0115 1453.0909 0.0118  4.8052
128 DiChloroAniline 2,3 0.0114  1413.8182 0.0117  4.7824
129 DichloroAniline(2,3) 0.0114 1413.8182 0.0117  4.7832
130 Methyl Cyclohexane 0.0108 1669.0909 0.0111 4.5316
131 Xylene 0.0108  1826.1818 0.0111  4.5150
132 Xylene(—o) 0.0108 1963.6364 0.0111 4.5154
133 Diethylene Glycol Diethyl Ether 0.0106 1335.2727 0.0108  4.4195
134 Captan 0.0105 962.1818  0.0107  4.3904
135 Isodecanol 0.0104  1453.0909 0.0107 4.3643
136 Benzotrichloride 0.0104  1531.6364 0.0107 4.3649
137 Tetrafluoromethane 0.0102  1826.1818 0.0104  4.2524
138 2,4,5 Trichlorophenoxyacetic acid 0.0098 1315.6364 0.0101  4.1248
139 Dinitro-o-Cresol (4,6) 0.0098 1354.9091 0.0100 4.1089
140 Methyl Isocyanate 0.0098  2847.2727 0.0100 4.0764

15



Sorption - From Fundamentals to Applications

S. No Compound name Frotal (1{1) ’% (hfl) P (]{1) ks (1{1)
141 Naphthol, beta- 0.0097 14923636 0.0100  4.0679
142 Dichlorophenoxyacetic Acid (2,4) 0.0093 1276.3636  0.0095 3.9000
143 Chlordane 0.0092  864.0000 0.0094 3.8742
144 Carbon Tetrachloride 0.0090  1728.0000 0.0092  3.7650
145 Dichloropropylene 1,2,-(Cis) 0.0089  2160.0000 0.0091 3.7104
146 Hexane(—n) 0.0088  1531.6364 0.0090  3.6858
147 Xylidine Dimethylaniline 0.0088  1649.4545 0.0090  3.6854
148 Pentachloroethane 0.0087 1433.4545 0.0090  3.6556
149 Guthion 0.0087 942.5455 0.0089  3.6368
150 Trifluoroethane (1,1,1) 0.0086 2552.7273 0.0088  3.6057
151 Benzene 0.0084 1924.3636 0.0086  3.5278
152 Dichloropropane 1,2 0.0084  1708.3636 0.0086  3.5210
153 Chrysene 0.0084  1217.4545 0.0086  3.5101
154 Methyl 1-Pentene 2 0.0083 1767.2727 0.0085  3.4883
155 Propyl Ether Iso 0.0083  1826.1818 0.0085  3.4528
156 Styrene Oxide 0.0082  1747.6364 0.0084  3.4277
157 Ehtyl(2)Hexanol 0.0082 1433.4545 0.0084  3.4257
158 Octanol 3 0.0082 1433.4545 0.0084  3.4257
159 Octanol 2 0.0082  1433.4545 0.0084  3.4257
160 Octanol 4 0.0082 1433.4545 0.0084  3.4257
161 Octanol 1 0.0082  1433.4545 0.0084  3.4237
162 MethyleneDianiline 4,4 0.0081 1472.7273 0.0083 3.3975
163 Benzofuran 2,3 0.0081 1767.2727 0.0083  3.3710
164 ChloroNitrobenzene, p 0.0079 1845.8182 0.0081  3.3086
165 Chloronitrobenzene (—o) 0.0079 1845.8182 0.0081  3.3082
166 Chloroacetophnone, 2- 0.0078 1708.3636 0.0080  3.2837
167 Freon 11, Fluorotrichloromethane 0.0077 1963.6364 0.0079  3.2307
168 Dichloropropylene 1,2,- (Trans) 0.0077 2160.0000 0.0079 3.2068
169 ChloroBenzotriFluoride, P 0.0076 1688.7273 0.0078 3.1867
170 ButyllsoButyrate 0.0074  1728.0000 0.0076  3.1139
171 Trichlorofluoromethane 0.0074  1904.7273 0.0076  3.1019
172 Cyclohexane 0.0074  1786.9091 0.0076  3.0974
173 Dimethyl Benzylamine N,N 0.0074 1708.3636 0.0076  3.0938
174 Allyl Ether, diallyl ether 0.0073  1669.0909 0.0075  3.0718
175 Chlorophenol-4 0.0071  1904.7273  0.0073  2.9702
176 Nitrotoluene, o 0.0069 1708.3636  0.0071  2.9057
177 Nitrotoluene, p 0.0069 1688.7273 0.0071  2.9055
178 Nitrotoluene, m 0.0069 1610.1818 0.0071  2.9068
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S. No Compound name Frotal (1{1) ’% (hfl) P (]{1) ks (1{1)
179 ChloroButadiene, 1 0.0069  1963.6364 0.0071  2.9022
180 ChloroBenzyl Alcohol - (m) 0.0068 1865.4545 0.0070  2.8579
181 Triethylene Glycol Dimethyl Ether 0.0068  1315.6364 0.0070  2.8445
182 Freon 12, Dichlorodifluoromethane 0.0066  1669.0909 0.0068 2.7746
183 Ethylphenol,3- 0.0066 1845.8182 0.0068  2.7671
184 Tetraethyl Lead 0.0066  1256.7273 0.0067  2.7591
185 Methyl Benzyl Alcohol 4 0.0065  1688.7273 0.0067  2.7345
186 Carbaryl Sevin 0.0064 1394.1818 0.0065  2.6771
187 Triethylamine 0.0064  1551.2727 0.0065  2.6720
188 Phosphine 0.0063  3573.8182 0.0065  2.6302
189 Proporur (Baygon) 0.0062 1315.6364 0.0063  2.5915
190 Cumeme Hydroperoxide 0.0061  1492.3636 0.0063  2.5584
191 Paraldehyde 0.0061  1570.9091 0.0062  2.5471
192 Bromoform 0.0061 2022.5455 0.0062  2.5417
193 Benzyl Chloride 0.0061  1531.6364 0.0063  2.5349
194 Dibromo-4-HydroxyBenzonitrile,3,5  0.0060 981.8182 0.0062  2.5341
195 Dichloroethane (1,2) 0.0059 1944.0000 0.0060  2.5085
196 Naphthylamine, beta - 0.0058 1649.4545 0.0059  2.4275
197 Acetylmethylphthalate 4 0.0057  1099.6364 0.0058  2.3825
198 Naphthylamine, alpha - 0.0057 1649.4545 0.0058  2.3676
199 Diisopropylamine 0.0056  1531.6364 0.0057 2.3488
200 Dichloroethylene (1,2) Cis 0.0056 2218.9091 0.0057  2.3285
201 Diethylene Glycol Monobutyl Ether ~ 0.0056  1374.5455 0.0057  2.3317
202 Butyl Carbitol 0.0056  1374.5455 0.0057  2.3310
203 TolueneSulfonyl Chloride 0.0055  1276.3636 0.0056  2.3096
204 Thiourea, 1-(o-Chlorophenyl)- 0.0054 1413.8182 0.0055  2.2656
205 Carbon Disulfide 0.0054  1963.6364 0.0055  2.2452
206 Freon 12 Dichlorodifluoromethane 0.0054  2061.8182 0.0055  2.2469
207 Benzal Chloride 0.0053  1865.4545 0.0055  2.2321
208 Chlorophenol-2 0.0053 1865.4545 0.0054  2.2282
209 Trichloroethylene 0.0053  1786.9091 0.0054  2.2093
210 TriPropylene Glycol 0.0052  1413.8182 0.0053  2.1848
211 Toluidine (—0) 0.0052 1786.9091 0.0053  2.1607
212 Toluidine m 0.0052  1806.5455 0.0053  2.1613
213 Dipropylamine 0.0051  2022.5455 0.0053  2.1505
214 Butyl Acrylate 0.0051 1512.0000 0.0052  2.1430
215 Toluic Acid (para-) 0.0051 1531.6364 0.0052  2.1441
216 Pentadiene 1,2 0.0050  2022.5455 0.0051  2.0718
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Sorption - From Fundamentals to Applications

S. No Compound name Frorar () ’% mt I (™) ki(h™)
217 Dinitro Toluene 2,6 0.0049 1433.4545 0.0050 2.0460
218 Benzonitrile 0.0049  2002.9091 0.0050 2.0319
219 Methyl Parathion 0.0048 1158.5455 0.0049  2.0302
220 Quinoline 0.0048 1629.8182 0.0049 2.0086
221 Cyclopentadiene 0.0048  2140.3636 0.0049  1.9997
222 DinitroToluene (2,4) 0.0047 1394.1818 0.0048 1.9766
223 Cyclohexylamine 0.0047  2042.1818 0.0048 1.9466
224 Bromoxynil 0.0046  1021.0909 0.0047 1.9477
225 Chloropropylene-2 0.0046  2709.8182 0.0047  1.9276
226 Dichloropropene (1,3) 0.0046  1963.6364 0.0047  1.9226
227 Acrylonitrile 0.0045 2631.2727 0.0046 1.9706
228 Benzoyl Chloride 0.0045  2140.3636 0.0046  1.8869
229 Trichloroethane 1,1,1, Methyl 0.0044  1728.0000 0.0045 1.8555
Chloroform
230 Trichloroethane 1,1,2 0.0044  1728.0000 0.0045 1.8590
231 Ethyl Morpholine, Ethyl Diethylene 0.0044 1728.0000 0.0045 1.8341
Oxime
232 Methyl Chloride 0.0043 1276.3636  0.0045  1.8212
233 Nitrophenol,4- 0.0043  1885.0909 0.0044 1.8103
234 Methyl-Tertiary-Butyl Ether 0.0043 2061.8182 0.0044  1.7926
235 Ethylene Glycol MonoPhenyl Ether 0.0042  1649.4545 0.0043 17791
236 Bromodichloromethane 0.0042  2081.4545 0.0043 1.7656
237 Butadiene - (1,3) 0.0042 2120.7273 0.0043  1.7449
238 Butene 0.0041  2002.9091 0.0042 1.7362
239 Benzoic Acid 0.0041  1570.9091 0.0042  1.7335
240 Butane 0.0041 2199.2727 0.0042  1.7281
241 Furan 0.0041  2395.6364 0.0042  1.7190
242 Tetrachloroethene 0.0041  1610.1818 0.0042 1.7043
243 Tetrachloroethane (1,1,2,2) 0.0041  1551.2727 0.0042 1.7049
244 Dichloromonofluoromethane 0.0040  2258.1818 0.0041  1.6878
245 Benzidine 0.0039 2945.4545 0.0040 1.6619
246 Isobutylene 0.0039  2002.9091 0.0040 1.6351
247 Butyl Acetate (—n) 0.0039 1590.5455 0.0040 1.6334
248 Nitrophenol,2- 0.0039  1669.0909 0.0040 1.6288
249 Diethylene Glycol Dimethyl Ether 0.0039 1354.9091 0.0039 1.6204
250 Hexanol-1 0.0038 1472.7273  0.0039  1.6080
251 Dinitrophenol 2,4 0.0037  1786.9091 0.0038  1.5741
252 Amyl Acetate (—n) 0.0036 235.6364 0.0037  1.5311
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S. No Compound name Frotal (1{1) ’% (hfl) P (]{1) ks (1{1)
253 Dimethyl Sulfide 0.0036  2866.9091 0.0037 15114
254 Isophorone 0.0036 1335.2727 0.0037  1.5106
255 Methyl Iodide 0.0036  2042.1818 0.0036  1.4961
256 Benzyl Alcohol 0.0035 1767.2727 0.0036  1.4764
257 Adiponitrile 0.0035 1747.6364 0.0036  1.4764
258 DichloroBenzene (1,2) (—o) 0.0035 1551.2727 0.0036  1.4545
259 Tetraethyldithiopyrophosphate 0.0035 1080.0000 0.0035 1.4628
260 Trichloropropane (1,1,2) 0.0034 1826.1818 0.0035  1.4545
261 Vinyl Acetylene 0.0034 27687273 0.0035  1.4435
262 Ethyl Vinyl Ether 0.0034  1924.3636 0.0035 1.4363
263 Diethyl Ether 0.0034 1688.7273  0.0035  1.4284
264 Ethyl Ether 0.0034  1826.1818 0.0035  1.4281
265 Anisidine, o- 0.0033  1747.6364 0.0034  1.3925
266 Ethlene Dibromide 0.0033 2336.7273 0.0034  1.3862
267 Chloramben 0.0033  1669.0909 0.0033  1.3778
268 Hexanoic Acid 0.0033  1649.4545 0.0033  1.3734
269 Acetophenone 0.0032 1708.3636  0.0033 1.3597
270 Bis(2-Chloroethyl) Ether 0.0032 1472.7273 0.0033  1.3628
271 Furfural 0.0032  2042.1818 0.0033  1.3564
272 Cyclohexanol 0.0032 1629.8182 0.0033  1.3543
273 Ethylene Glycol Monobutyl Ether 0.0032  1610.1818 0.0032  1.3295
274 Butyl Cellosolve 0.0032  1590.5455 0.0032  1.3305
275 Dinitrobenzene M 0.0031 1492.3636 0.0031  1.2970
276 Ethyl Acrylate 0.0030  1688.7273 0.0031  1.2703
277 Chloral 0.0030  1904.7273 0.0031  1.2573
278 Ethylene Glycol Monobutyl Ether 0.0030 13352727 0.0030  1.2618
Acetate
279 Dichloroethene 1,2 trans 0.0030 2336.7273 0.0030  1.2462
280 Benzaldehyde 0.0030  1786.9091 0.0030  1.2472
281 TolueneDiamine (2,6) 0.0029 1806.5455 0.0030  1.2216
282 TolueneDiamine (3,4) 0.0029  1806.5455 0.0030 1.2214
283 Toluene Diamine (2,4) 0.0029  1786.9091 0.0030  1.2225
284 Epoxybutane 1,2 0.0029 2022.5455 0.0029  1.2047
285 tetrahydrofuran 0.0029  2061.8182 0.0029  1.2050
286 Propylene 0.0028  2670.5455 0.0029 1.1914
287 Propene 0.0028 2336.7273 0.0029  1.1923
288 Chloroethane (Ethyl Chloride) 0.0028  2258.1818 0.0029  1.1920
289 Trichloropropane (1,2,2) 0.0028 1826.1818 0.0029  1.1964
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Sorption - From Fundamentals to Applications

S. No Compound name Frotal (1{1) ’% (hfl) P (]{1) ks (1{1)
290 Propane 0.0028  2592.0000 0.0029  1.1847
291 Chlorophenol-3 0.0028 1845.8182 0.0028  1.1693
292 Toluidine p 0.0027  1845.8182 0.0028  1.1537
293 Methyl Isobutyl Ketone 0.0027  1531.6364 0.0028  1.1408
294 Trinitrotoluene (2,4,6) 0.0027 1256.7273  0.0027  2.0189
295 Propyl Acetate Iso 0.0027  1708.3636 0.0027  1.1239
296 Propyl (—n) Acetate 0.0027  1728.0000 0.0027  1.1234
297 Methyl Morpholine 0.0027 1767.2727 0.0027  1.1224
298 Chloro 2 Butene, 1 Trans 0.0026 1904.7273 0.0027 1.1134
299 Hexen-2-ONE 5 0.0026  1728.0000 0.0027  1.1083
300 Diethylene Glycol Monoethyl Ether 0.0026 1570.9091 0.0027  1.1035
301 Diethylene Glycol Monoethyl Ether ~ 0.0025  1983.2727 0.0026  1.0507
302 Nitropropane 2 0.0025 1413.8182 0.0025 1.0446
303 HexaMethylene 1,6 Diisocyanate 0.0025  1276.3636 0.0025  1.0482
304 Diethylene Glycol Monoethyl Ether ~ 0.0024  2454.5455 0.0025 1.0167
Acetate
305 Diethyl Amine 0.0024 2297.4545 0.0025  1.0155
306 Methylene Chloride, 0.0024  2002.9091 0.0024  0.9926
Dichloromethane

307 Dioxane (1,4) 0.0023 1158.5455 0.0024  0.9923
308 Ametryn 0.0023  1688.7273 0.0023  0.9700
309 Nitroaniline P 0.0023  216.0000 0.0023  0.9720
310 Phosgene (decomposes) 0.0023 3161.4545 0.0023  0.9536
311 Hydrogen Sulfide 0.0023  2906.1818 0.0023  0.9527
312 Methyl Mercaptan 0.0022  1590.5455 0.0022  0.9365
313Dibromoethane- 0.0022 1845.8182 0.0022 0.9275

1,2

314 Ethylene Glycol Dimethyl Ether 0.0022 1983.2727 0.0022  0.9208
315 Butyraldehyde ISO 0.0022  2395.6364 0.0022  0.9204
316 Dimethylethylamine 0.0022  2238.5455 0.0022  0.9202
317 Butyraldehyde 0.0022 2395.6364 0.0022 1.1617
318 Acrolein 0.0022 1826.1818 0.0022  0.9194
319 Ethylene Glycol MonoPropyl Ether 0.0021  2376.0000 0.0022  0.9018
320 Bromomethane 0.0021 20029091 0.0022 0.8841
321 Crotonaldehyde 0.0052  1786.9091 0.0053  2.1607
322 Vinyl Bromide 0.0021  2317.0909 0.0021  0.8773
323 Chloropropane-2 0.0020 1983.2727 0.0021  0.8609
324 Dimethyl Carbamoyl Chloride 0.0020 1963.6364 0.0021 0.8621
325 Quinone 0.0020  2101.0909 0.0020  0.8445
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S. No Compound name Frotal (1{1) ’% (hfl) P (]{1) ks (1{1)
326 Ethane 0.0019  3279.2727 0.0020 0.8140
327 Bromochloromethane 0.0019 1963.6364 0.0019  0.8134
328 Allyl Chloride 0.0019  2120.7273 0.0019  0.7973
329 Chloropropene-3 0.0019  2729.4545 0.0019  0.7952
330 Chloropropane-1 0.0019 2022.5455 0.0019  0.7908
331 Catechol 0.0018  1806.5455 0.0019  0.7854
332 Hexachloroxyclohexane (Gamma 0.0018  1433.4545 0.0019 0.7904
Isomer)
333 Lindane Hexachlorocyclohexane 0.0018  1217.4545 0.0019  0.7945
334 Dichlorvos 0.0018 1433.4545 0.0019  0.7938
335 Vinyl Acetate 0.0018  1806.5455 0.0019  0.7799
336 EthylAcetate 0.0018  1904.7273 0.0019  0.7758
337 Methyl Isopropyl Ketone 0.0018  1806.5455 0.0018  0.7624
338 Diethylene Glycol Monomethyl Ether ~ 0.0018  1688.7273 0.0018  0.7647
339 Propyl Amine Iso 0.0018  2061.8182 0.0018  0.7534
340 ButylAmine 0.0017  1885.0909 0.0018  0.7466
341 Dichloro-2-Butene, 1,2 0.0017 2022.5455 0.0018  0.7464
342 Dichloro-2-Butene, (1,4) 0.0017 1590.5455 0.0018  0.7465
343 Dichloro-2-Butene, 1,4 0.0017  1826.1818 0.0018  0.7502
344 Thiourea 0.0017 2709.8182 0.0018  0.7349
345 Phenylene Diamine (—o) 0.0017 1944.0000 0.0017 0.7272
346 Phenylene Diamine (—p) 0.0017  1944.0000 0.0017  0.7272
347 Phenylene Diamine (—m) 0.0017  1944.0000 0.0017  0.7251
348 Phthalimide 0.0017 1629.8182 0.0017  0.7302
349 Phthalic Acid 0.0017 13352727 0.0017  0.7152
350 Terephthalic Acid 0.0017  1394.1818 0.0017  0.7192
351 Caprolactam 0.0017 1767.2727 0.0017  0.7144
352 Cyclohexanone 0.0016  1688.7273 0.0017  0.7094
353 Cyanogen 0.0016  2690.1818 0.0017  0.7009
354 Acrylamide 0.0016 2081.4545 0.0017 0.6970
355 Resorcinol 0.0016  1708.3636 0.0017  0.6960
356 Butyric Acid 0.0015  1983.2727 0.0016  0.6611
357 Formaldehyde 0.0015  3888.0000 0.0015 0.6257
358 Dibromomethane 0.0015  1649.4545 0.0015 0.6528
359 Propionaldehyde 0.0015  2238.5455 0.0015  0.6351
360 Ethoxyethanol-2 0.0015 1885.0909 0.0015 0.6364
361 Dichloroethyl Ether 0.0015  1865.4545 0.0015  0.6432
362 Methacrylic Acid 0.0014  2061.8182 0.0015 0.6241
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S. No Compound name Frotal (1{1) ’% (hfl) P (]{1) ks (1{1)
363 Pyridine 0.0014 14923636 0.0015 0.6139
364 Nitroglycerin 0.0014 1531.6364 0.0015  0.6355
365 Methyl Ether Dimethyl Ether 0.0014  2925.8182 0.0014 0.6034
366 Chloroethylene 0.0014  3024.0000 0.0014 0.6030
367 Diethylhydrazine N,N 0.0014 2022.5455 0.0014 0.6022
368 Ethylene Glycol Monoethyl Ether 0.0014  1492.3636 0.0014  0.6138
Acetate
369 Propylenimine 1,22 Methyl Aziridine ~ 0.0014 2847.2727 0.0014  0.5962
370 Methyl Aziridine 2 0.0014 2847.2727 0.0014  0.5946
371 Dimethyl Hydrazine (1,1) 0.0014  2140.3636 0.0014  0.5858
372 Hydroquinone 0.0014  1767.2727 0.0014  0.5909
373 Aminophenol (—o) 0.0013  1688.7273 0.0014  0.5867
374 Aminophenol (—p) 0.0013 471.2727 0.0014  0.5874
375 Chloroprene 0.0013  1963.6364 0.0014  0.5756
376 Tamaron (Methamidiphos) 0.0013 1531.6364 0.0013  0.5692
377 Propanol 0.0012 2238.5455 0.0013  0.5397
378 Propiolactone b 0.0012  2238.5455 0.0013  0.5356
379 Tetranitromethane 0.0012  1374.5455 0.0013  0.5583
380 Methanol 0.0012  3220.3636 0.0012  0.8385
381 Methyl Ethyl Ketone, 2 Butanone 0.0012 1924.3636 0.0012  0.5352
382 Urethane 0.0012 2081.4545 0.0012  0.5202
383 Acetaldehyde 0.0012  2768.7273 0.0012  0.5096
384 Piperazine 0.0012 2042.1818 0.0012  0.5174
385 Chloropropionitrile,3- 0.0012 2454.5455 0.0012  0.5161
386 Chloroallyl Alcohol 2 0.0011 2415.2727 0.0011  0.4933
387 DimethylSulfoxide 0.0011 2179.6364 0.0011  0.4872
388 Neopentyl Glycol 0.0011  1806.5455 0.0011  0.4925
389 Butanedinitrile 0.0011  2317.0909 0.0011  0.4828
390 Dimethyl Sulfate 0.0011  1885.0909 0.0011 0.4803
391 Acrylic Acid 0.0011 2081.4545 0.0011 0.4682
392 Propanoic Acid 0.0010 2199.2727 0.0011  0.4606
393 Aminopyridine, 4- 0.0010 2120.7273  0.0011  0.4630
394 Propyn-1-Ol 2(Proparlgyl) 0.0010  2611.6364 0.0010  0.4468
395 Ethylene Glycol MonoMethyl Ether ~ 0.0010  2199.2727 0.0010  0.4463
396 Ethylene Glycol Monoethyl Ether 0.0010 19243636 0.0010  0.4505
Cellosol
397 Propylene Oxide 0.0010  1963.6364 0.0010 0.4366
398 Trichloropropane (1,2,3) 0.0010 1552.2727 0.0010  0.4409
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S. No Compound name Frotal (1{1) ’% (hfl) P (]{1) ks (1{1)
399 Trichloropropane 1,1,1 0.0010 1551.2727 0.0010 0.4342
400 Dibromo-3-Chloropropane,1,2 0.0010 1374.5455 0.0010  0.4542
401 Nitroso-N-Methylurea N 0.0010  2002.9091 0.0010 0.4248
402 Ethylene Glycol MonoMethyl Ether ~ 0.0010  1570.9091 0.0010  0.4406
Acetate
403 Ethylamine 0.0009  3298.9091 0.0010  0.4190
404 Aziridine ethylene imine 0.0009 3102.5455 0.0010 0.4144
405 Acetaldol 0.0009 2120.7273 0.0010  0.4232
406 Allyl Alcohol 0.0009  2238.5455 0.0010  0.4118
407 Dipropylene Glycol 0.0009  1512.0000 0.0010 0.4185
408 Tetraethylene Pentamine 0.0009  1276.3636 0.0009  0.4169
409 Xylenol(3,4) 0.0009  1629.8182 0.0009  0.4092
410 Methyl Formate 0.0009 2493.8182 0.0009  0.3950
411 Nitromethane 0.0009  2749.0909 0.0009 0.3849
412 Vinyl Chloride 0.0009  2415.2727 0.0009  0.3870
413 Dimethyl Amine 0.0008 3279.2727 0.0009  0.3783
414 DimethylAcetamide 0.0008 24152727 0.0009 0.3789
415 DimethylSulfoxide 0.0008  2592.0000 0.0009 0.3753
416 Epichlorohydrin 0.0008  1924.3636 0.0009  0.3753
417 Glutaric Acid 0.0008  1570.9091 0.0008  0.3752
418 HexamethylPhosphoramide 0.0008  1354.9091 0.0008 0.3877
419 Propylene Chlorohydrin 0.0008  2061.8182 0.0008 0.3726
420 Dimethyl Formamide 0.0008 2022.5455 0.0008  0.3564
421 Butylene Glycol - (1,3) 0.0008  2002.9091 0.0008 0.3604
422 Methyl Acetate 0.0007  1963.6364 0.0008 0.3504
423 Diazomethane 0.0007  3436.3636 0.0007  0.3248
424 Adenine 0.0007  1708.3636 0.0007  0.3469
425 Chloromethyl Methyl Ether 0.0007  2631.2727 0.0007 0.3201
426 Chloroacetaldehyde 0.0007  2258.1818 0.0007  0.3168
427 Butanol(S) 0.0007 2199.2727 0.0007  0.2783
428 Butanol-1 0.0007  1826.1818 0.0007  0.2778
429 Butanol Iso 0.0007  1826.1818 0.0007  0.2781
430 DimethylSulfone 0.0006 1944.0000 0.0007 0.3156
431 Ethlene Diamine 0.0006  2768.7273 0.0007  0.2986
432 Dichloro Propanol 2,23 0.0006  1924.3636 0.0007  0.3229
433 Carbonyl Sulfide 0.0006 2552.7273  0.0007  0.2936
434 Diethyl Sulfate 0.0006  1590.5455 0.0006 0.3067
435 Methomyl 0.0006  1413.8182 0.0006 0.3234
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S. No Compound name Frotal (1-{1) ’% (hfl) P (]{1) ks (h*l)
436 Acetyl Chloride 0.0006  2258.1818 0.0006 0.3021
437 Acetonitrile 0.0006 3259.6364 0.0006 0.2786
438 Bis(Chloromethyl)Ether 0.0006 1845.8182 0.0006  0.2984
439 Glycidol 0.0006  2395.6364 0.0006 0.2774
440 Succinic Acid 0.0006  1669.0909 0.0006 0.3003
441 Sodium Formate 0.0006  3200.7273 0.0006 0.2680
442 Nitrosomorpholine 0.0006  1963.6364 0.0006 0.2879
443 Maleic Acid 0.0005 2258.1818 0.0006  0.2779
444 Fumaric Acid 0.0005 1688.7273 0.0006  0.2895
445 Ethyl Carbamate 0.0005 24741818 0.0006 0.2834
446 Urea 0.0005 2690.1818 0.0005 0.2649
447 Nitrosodimetylamine N 0.0005 24349091 0.0005 0.2724
448 Methyl Hydrazine 0.0005  2729.4545 0.0005 0.2567
449 Propylene Glycol 0.0005 2002.9091 0.0005 0.2648
450 Dichloro 2-Propanol 1,3 0.0005 1924.3636 0.0005 0.2671
Table 4.

Values of mass transfer coefficients for overall transport of toxic organic compounds (1/Ksea1), obtained from Ref.
[19], bulk diffusion from bulk water to outside cell surface (a/ky), across the cell membrane (a/P) and
biodegradation vate constant (1/k;).

constant, k;, determined from Eq. (12), using the values of kot from EPA’s report
[20]. The calculated values clearly show that the cell wall permeability is the control-
ling resistance. It also shows that the measured values of the biodegradation kinetic
constant, as given in EPA’s Report [20], are mainly resistance of the compound’s
diffusion across the cell wall membrane.

To check this surprising finding, 50 organic compounds, listed in Table 5, were
randomly selected from EPA’s report [20]. These compounds were not used to corre-
late the overall degradation rate with the cell wall permeability. Figure 4 shows the
plot of the reported Log(k,:.;) values for these 50 compounds [20] versus the mass
transfer resistance for pollutant transport across the cell wall, («/P). This resulted in
an excellent correlation, indicating that cell wall permeability is the rate controlling
step for biodegradation, as well as the rate controlling step for sorption, which pre-
cedes biodegradation.

The kinetics of sorption is the rate of mass transfer to the cell wall followed by
permeation of the compound across the cell membrane. Between these two transport
steps, permeation across the cell wall is the rate controlling step. This can be written as
follows

1 1
——  mal= 1
ksorption a<P ) ( 5)

Table 4 shows that permeation of the compound through the cell membrane is the
rate controlling step. The kinetic biodegradation rate constants, as presented in the
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S. No Compound name

1 1,3-Dichloro 2-Propanol
2 Glyphosate

3 Methyl Amine

4 Formamide

5 Phthalic Anhydride

6 Chloroacetic Acid

7 Ethylene Thiourea

8 Acetyl-2-thiourea, 1-
9 Diethanolamine

10 Iso-Propanol

1 Monomethyl Formamide
12 Ethanolamine (mono-)
13 Acetamide

14 N,N-Dimethylaniline
15 Ethylene Glycol

16 Formic Acid

17 Chlorohydrin

18 Morpholine

19 Hydroxyacetic Acid
20 Glyoxal

21 Oxalic Acid

22 Hydrazine

23 Glycerin (Glycerol)
24 Dibromochloromethane
25 Pentaerythritol

26 Nabam

27 Triethanolamine

28 1,3-Propane Sultone
29 Styrene

30 2,4,6-Trichlorophenol
31 Bis(2-Ethylhexyl) Phthalate
32 p-Chloroaniline

33 2-Chloroaniline

34 3-Chloroaniline

35 Ethylene Oxide

36 Aldicarb

37 Vinylidene Chloride
38 Diisopropyl Ketone
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S. No Compound name

39 Ethanol

40 Dichloroethene (1,1) vinylidene chloride

41 Maleic Anhydride

42 Napthalene

43 DibutylPhthalate

44 Acetal

45 Toluic Aldehyde

46 Acetic Acid

47 Phosphine

48 Proporur (Baygon)

49 Cumeme Hydroperoxide

50 Paraldehyde
Table 5.

List of 50 toxic organic compounds selected from the EPA report [19], which were used to test the finding that the
biodegradation kinetics, as reported in Ref [19] is actually a measurement of diffusional resistance across the cell
membrane.

EPA report [20], also given in Table 4, are actually sorption rate constants, since the
cell wall permeability is the dominant rate controlling step.

4, Conclusions

In this chapter, sorption in wastewater solids has been presented both from a
thermodynamic viewpoint, with surface adsorption and sorption into the cells
represented by an equilibrium isotherm. Experimental data on the equilibrium con-
centrations of several compounds was analyzed using a multicomponent model. The
experimental data shows that for compounds with low Kow vales (Kow < 500),
competitive surface adsorption occurred, indicating that the multiple compounds
were competing for the limited number of surface adsorption sites on the biomass. For
compounds with Kow vales in the 500-1000 range, surface adsorption dominated and
there was less competition between the compounds for adsorption. When the Kow
value exceeded 1000, there was insignificant competition between the compounds for
surface adsorption and sorption into the cell was dominant. The reason for
diminishing competition between the compounds in a multi-component system was
due to increasing partitioning of the compounds within the cell, with increases in Kow
above 500. Partitioning of compounds into the cell dominates when the Kow value
exceeds 1000.

Sorption of compounds into biomass has also been presented from a kinetic point
of view by detailing the compound’s transport across the cell membrane. The rate of a
compounds transfer from bulk water into the biomass cells was sub-divided into three
steps: (1) transport from the bulk water to the outside of the cell walls; (2) permeation
through the cell membrane walls; and (3) bonding with active intercellular enzymes
followed by biodegradation. Each step in the sorption process was further modeled
and values of the mass transfer coefficients for each step were calculated using EPA’s
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data on the overall biodegradation rate for over 500 compounds. This analysis showed
that the rate controlling step in sorption was permeation of the compound through the
cell walls, and the rate of mass transfer to the cell wall and biodegradation within the
cell were not major contributors.

Analysis of sorption kinetics clearly shows that experimental biodegradation rates
in the literature, as summarized in EPA report [20] are actual rates of permeation
through the cell wall and the use of Monod kinetics, which has been presented as an
enzymatic process of biodegradation, is actually a passive diffusive process through
the walls of the microbial cells.
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Abstract

Activated charcoal was prepared and characterized from residues of coconut peel
(CACC) to remove by adsorption the Methyl Orange (AM) dye in aqueous solution.
The charcoal was activated with phosphoric acid. The morphology and structure of the
pores of the carbon obtained were analyzed by Scanning Electron Microscopy (SEM)
and a surface analyzer. The adsorption data were evaluated by the BET, Langmuir and
Freundlich isotherms, finding the Langmuir type I model. The surface area of the
activated carbon was 526 m*/g with a pore volume of 0.234 cm®/g and an average pore
diameter of 1.78 nm, according to BET, which indicates the presence of micropores. The
calculated thermodynamic parameters showed that the adsorption of the AM dye in
CACC is a spontaneous process at room temperature and that physisorption and chem-
isorption are probably involved. The adsorption tests were followed by UV-visible
spectrophotometry. The effects of the adsorbate concentration (AM) and the heat
treatment (450-500°C) with an air atmosphere were investigated, keeping constant
the stirring time and the H3PO,4/sample weight ratio. The results obtained indicate that
the activated carbon obtained could be used as an alternative low-cost adsorbent in the
removal of AM from effluents in aqueous solution.

Keywords: waste, colorant, Langmuir, spontaneous, chemisorption,
spectrophotometer

1. Introduction
With economic and technological development, water pollution is a common

problem around the world, particularly in the textile, printing paper, pharmaceutical,
food manufacturing industry, and in research laboratories [1-3]. Activated charcoal
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(AC) shows great capacity as adsorbent in water purification or industrial effluent
treatment due to its high pore volume, large specific surface area, high degree of
surface reactivity, and effective adsorption quality [4-6]. This adsorption method
allows the removal of up to 90% of pollutants; however, the process efficiency will
depend on the physicochemical properties of the adsorbent and adsorbate [7]. Addi-
tionally, the high-cost and commercially available nonrenewable source of AC limits
its use as an adsorbent in developing countries [8]. In recent years, the production of
AC from cheap and renewable precursors (recyclable material), such as walnut shells,
fruit seeds, pineapple, bagasse, bamboo, rice husk, cotton stems, eggshell, has been
studied [9-12]. Coconut shell is a potential precursor for AC production due to its
excellent natural structure and low ash content.

Converting coconut shells to activated charcoal would add value to these agricul-
tural products, help reduce the cost of waste disposal, and provide a potentially
inexpensive alternative to existing commercial charcoals [13]. The charcoal obtained
from this recycling material could function as a good colorant remover in the water
purification process, through adsorption processes, as proposed in this work. It is
chosen to work with methyl orange (MO) as adsorbent because it is one of the anionic
dyes most used in textile industries, [14, 15]; thus, for the purposes of this research, it
is considered representative. The adsorption process consists mainly of two stages:
first, the passage of the adsorbate through the porous network (diffusion) and the
second, the interactions between the adsorbate and the adsorbent. This last step
constitutes an important factor considering that some pharmaceutical compounds and
organic dyes have diffusive limitations due to their large molecular size [16, 17].

For the preparation of activated charcoal, there are two methods that are mainly used:
physical activation (heat treatment, at temperatures that can vary between 400 and 650°
C) and chemical activation. In chemical activation, prior heat treatment, the precursor is
reacted with an activating chemical agent. Acids, alkalis, and salts in solid state or
solution are often used as chemical activating agents. These activating agents promote
dehydration and then structural rearrangement at relatively low temperatures [18, 19].

Although porosity is the main characteristic related to the adsorption capacity of
activated charcoal (this property will not be determined from a quantitative point of
view in this work), the surface chemical composition also plays an important role in
said adsorption when specific physical and/or chemical interactions are considered
because it determines the moisture content, the catalytic properties, their acidic or
basic character, and adsorption of polar species [20, 21].

The main objective of this research is to synthesize and evaluate the charcoal
adsorptive capacity that is obtained from the recycling material and verify its adsorp-
tion capacity through the removal of methyl orange dye (MO) in aqueous solutions.
The operation effects such as the initial concentration of MO were studied, a single
type of activating agent was maintained (phosphoric acid), the same average particle
size of charcoal was used, the temperature and activation time were a constant [19],
the same charcoal/activator ratio and the same initial pH were preserved.

2. Material and methods
2.1 Raw material treatment

The coconut, Cocos nucifera L., is a perennial tropical crop, which involves more
than 4000 agricultural producers in Venezuela, and in recent years, the coconut
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production has ranged between 130,000 and 178,000 tons [22]. From the coconut that
is formed by the shell or husk (endocarp), water, or copra (flesh), the endocarp
represents about 30% weight [22].

The coconut shells constitute a recycling material, which are collected from dif-
ferent places located in Chacao municipality, Caracas, Venezuela. Initially, these shells
were subjected to a conditioning process, in order to remove the pulp remains that
were adhered to the shell and separate the endocarp from the rest of the coconut.
Afterward, they were crushed to reduce their size to smaller particles suitable for
sample carbonization. Later, they were sieved up to a size of 2-4 mm to obtain
uniform samples. Finally, they were stored in a desiccator.

2.2 Preparation and chemical activation of charcoal samples

The samples were prepared by a chemical activation in two steps. In the first step,
after the coconut shells were sieved, they were carbonized in a ceramic crucible in air
atmosphere, at atmospheric pressure, up to temperatures of 450°C and 500°C (heat
treatment), respectively. According to previous research [23], initially, the samples
were placed in the horizontal muffle (brand Felisa FE-340) at 300°C. Fifteen minutes
later, the temperature was increased to 50°C/15 minutes, and they were kept for
1 hour at the chosen temperatures. Then, the carbonized samples were crushed and
sieved again, in order to achieve particle sizes between 150 and 250 pm. In the second
step, after carbonization (heat treatment), the samples were impregnated with a
solution that was prepared with distilled water at 80% v/v de H;PO, (reagent
grade > 85% weight, Honeywell Riedel-de Haén AG), in a precipitation flask, in the
ratio 1:2, g charcoal/m phosphoric acid. Then, the samples were dried in an oven at
105°C for a period of 12 hours [24]. Afterward, the sample was activated, which was
introduced into the same muffle at a heating rate of 5°C/ up to the final temperature of
600°C in air atmosphere, for a period of 2 hours. The product was cooled to room
temperature and washed according to the methodology described by De la Hoz, et al.
[25], to remove the phosphoric acid residues that are present in it. The washing was
carried out with distilled water at a 0.1 M up to pH 7. To conclude, the samples were
dried in the oven at 100°C for 24 hours to remove traces of water from the charcoal.

2.3 Studied adsorbate

Methyl Orange (MO), also called Helianthine or Acid Orange 52, is an anodic
dye, which is soluble in water and is used in the textile industry as an acid-base
indicator. Its commercial compound name is 4-dimethylaminoazobenzene sulfonic
acid sodium salt. Its molecular formula is C14H;4N3NaO5S, and its molecular weight is
327.34 g/mol. Figure 1.

0
I _
H4C N S—0
\N N’/ Il
) O\t
H4C

Figure 1.
Developed structure of OM, source: Academic (2010) [26].
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The MO is in a solid state as a yellow or orange powder or crystals, it has not odor
and is soluble in water. As MO is composed of aromatic rings, it is carried out by
interactions between the n bonds of the aromatic ring and those that are found in the
charcoal surface [27]. In the basic form of MO, the hydrogen ion is lost from the
bridge -N=N- between the rings, and the electrons used to bind the hydrogen neu-
tralize the positive charge on the terminal nitrogen, so that it is no longer able to form
the bond = [28] (Figure 2). The color of MO solutions is yellow in alkaline medium.

Figure 2.
View of the methyl orange molecule with the presence of Van der Waals forces. [HHH], edited with ACD/3D
viewer 2019.2.0 (file version Do5E41, build 108,653, Apr 25, 2019).

This azo-derived chemical compound with weak acid characteristics presents
health risks in an aqueous medium, which is why several water treatments are prac-
ticed for its removal, such as degradation under irradiation or electrocoagulation [29].

D. A. Kron et al. demonstrated that Methyl Red (sodium salt) has dimensions of
1.61 nm length and 0.88 nm width [30]. Because the MO has a similar structure to
methyl red, it is reasonable to expect that MO dimensions to be similar to methyl red.
Methyl Orange (MO) is one of the most widely used anionic dyes in these industries,
the presence of azo group (-N=N-) in its molecule, its low biodegradability, and its
high solubility in water make it a serious threat for the environment [14, 15].

3. Synthetic solution preparation of methyl orange dye

Residual aqueous solutions of dye were simulated with different concentrations of
MO (400, 200, 80 y 40 mg/L) [31]. The solutions were prepared with distilled water
and analytical reagent grade MO (Merck).

3.1 Characterization of coconut shell charcoal

The porous structure of the coconut shell charcoal obtained was characterized by
the nitrogen adsorption—desorption technique using the automatic instrument TriStar
® 3000 V2.0 from Micromeritics I. Corp., USA., at liquid nitrogen temperature
(77 K). The specific surface area (SBET) of activated charcoal was calculated by using
the Brunauer-Emmett-Teller (BET) equation, assuming that the area of nitrogen
molecule is 0.162 nm”. The total pore volume was estimated as the liquid volume of
adsorbate adsorbed (N,), at a relative pressure (P/Po) of 0.99 (Table 1).
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Area

BET surface area 526.47 m’/g
Micropore area, t-Plot 463.75 m*/g
External surface area, t-Plot 62.72 m’/g
Volume

Total pore Volume (a) 0.2341 cm®/g
Adsorbed volume 120.94 cm®/g STP
Micropore volume, t-Plot. 0.1762 cm?/ g
Mesopore volume, BJH (b) 0.03641 cm3/g

Pore Volume

Average pore diameter (4 V/A, BET) 1.7784 nm

Average pore diameter (4 V/A, BJH) 7.7859 nm

Source: Materials characterization laboratory report, INTEVEP.

Table 1.

Texture properties that were obtained through the adsorption/desorption studies of N,. Parameters of the charcoal
obtained. (a) Adsorption, total pore volume of less than 212.7 nm in diameter of the charcoal obtained at P/Po
0.99; (b) adsorption, cumulative pore volume of pores between 1.7 and 300 in diameter.

The micropore volume and the microporous surface area were determined by the
t-Plot method [32]. The external surface area (which is the surface covered by
mesopores and macropores) was calculated by the difference of the BET surface area,
and the microporous surface was calculated from the t-Plot graph. The t-Plot method
that was designed by De Boer et al. and Sing and referenced by Coasne et al. [33], is a
well-known technique that allows determining the micro- and/or mesoporous vol-
umes and the specific surface area of a sample, in comparison with a reference
adsorption isotherm of a nonporous material that has the same surface chemistry. In
order to observe the morphology of the activated charcoal that is obtained from the
coconut shell, Scanning Electron Microscopy was used. For the sample preparation,
the cathodic sputtering technique was used. The process was carried out under a
pressure of 0.1 mbar and 20 mA for 20 minutes. (Scanning Electron Microscope,
Brand JEOL®, Model JSM-6390).

4. Adsorption studies

The adsorption experiments were conducted in batch or discontinuous mode,
mixing 25 mL of a dye solution of known concentration of 0.1 of charcoal, using the
charcoals prepared at 450°C and 500°C [34]. The effect of the initial concentration of
MO (400 and 200 mg/L), contact time (2 hours) [34], and temperature (25°C) was
studied on the MO adsorption with stirring speed of 200 rpm and initial pH indicated
in Table 2.

It is known that the pH of the solution is important in the adsorption of MO on
Activated Charcoal [35-37]. The highest adsorption capacity is obtained toward acid
pH, between pH 3 and pH 5. Different authors attribute this effect to the variation in
the properties of the adsorbent surface and also to the ionization degree [38].
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pH 5.87 5.85 5.77 5.76
C(MO), mg/L 40 80 200 400
Table 2.

Initial pH value for different MO concentrations, in mg/L.

After the adsorption, the samples were filtered by gravity in a precipitation flask to
obtain a charcoal-free solution. The resulting liquid was centrifuged for 15 minutes at
a stirring speed of 2400 rpm using a tabletop centrifuge (Gemmy Industrial Corp. ®
Modelo PLC-05, Taiwan), in order to separate the residual charcoal particles. Finally,
the supernatant that was contained in the centrifuge tube was sucked out. The super-
natant was analyzed by a calorimeter method using a UV-visible spectrophotometer,
brand Fisher ® 4001/4, Thermo Scientific, Genesys 20, U.S.A, at a wavelength of
520 nm [39-41].

MO concentrations in aqueous solution were determined by using the data of the
calibration curve, concentration based on absorbance, by means of Eq. (1):

C=*k.Abs+b 1)

Where C is the concentration of methyl orange, mg/L, Abs is the absorbance, and
k, b are the constants for the adjustment. Since the spectrophotometer was calibrated
with distilled water, the b term is equal to zero. The MO concentration was established
by measuring the absorbance and substituting it in the equation of the calibration
curve. With the calibration curve obtained and the absorbance indicated by the
equipment, the final concentration of solution was calculated, and later, based on the
results obtained, the optimum carbonization temperature was determined. The tests
were carried out in triplicate.

The MO adsorption capacity at equilibrium, qe (mg/g), and the removal efficiency
Q (%) were obtained according to the Egs. (2) and (3), respectively:

_(Co—Cf).V

qe = W (2)
o (Co- g{).mo 3)

Where V(L) is the solution volume, W(g) is the adsorbent amount, Cy (mg/L)
is the initial concentration of MO, and Cf (mg/L) is the MO concentration at
equilibrium.

4.1 Adsorption isotherm studies

Adsorption isotherms provide information regarding the adsorbent capacity and
the nature of the sorbent-solute interaction. Additionally, the isotherm constant
values are essential to predict the maximum adsorption capacity, describing the
affinity and the adsorbent surface properties. To describe the adsorption process of
MO on activated charcoal that was obtained from the coconut shell, three traditional
adsorption isotherms are used at 298 K: the Langmuir model [42], Freundlich model
[43], and Brunauer—-Emmett-Teller (BET) model [44].
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4.2 Langmuir isotherm

The Langmuir Adsorption Isotherm is obtained once the adsorption is restricted by
the formation of the monolayer when the adsorbate covers the adsorbent, it covers the
monolayer and the process stops [45]. It is based on the hypothesis that states “all
active adsorption centers are equivalent and the ability of a molecule to bind to the
surface is independent whether or not there are nearby positions occupied” [46].

The linear representation of the Langmuir isotherm is represented by the Eq. (4):

C. 1 C.
+

9. 4K 4,

(4)

Where: q,, represents the maximum absorbent amount of monolayer (mg/g), Ky is
the constant of Langmuir adsorption (L/mg) and is related to the free energy
adsorption and temperature function. C, is the concentration of the solution at
equilibrium; g is the amount of adsorbate adsorbed at equilibrium per unit mass of
the adsorbent (mg/g).

The essential characteristics of Langmuir isotherm can be expressed in terms of the
equilibrium or separation parameter, called Ry, factor, which is a dimensionless
constant, Eq. (5) [47, 48]:

1

Rp——
L717YK.C,

(5)

The Ry, value indicates that the nature of adsorption is unfavorable (Ry, > 1), linear
(R, = 1), favorable (0 < Ry, < 1), or irreversible (R;, = 0). On the other hand,
depending on the type of associated isotherm to Langmuir, the porosity characteristics
associated with the material can be inferred [49].

4.3 Freundlich isotherm

The Freundlich adsorption isotherm model is an empirical equation that expressed
the heterogeneity of the adsorbent material and multilayer coverage of adsorbate, its
linear equation is represented by the Eq. (6)

Ing, = anp+llnCe (6)
n

Where K is the Freundlich constant (mg/g) and is related to the adsorption
capacity (bond strength), n is a parameter that measures the intensity of adsorption
bond between the adsorbate and adsorbent.

4.4 Brunauer, Emmett Teller isotherm

The Brunauer, Emmett Teller (BET) isotherm model is an extension of the
Langmuir model to the multilayer adsorption. It is not limited to the formation of
monolayer, but the adsorption process is carried out until adsorbent surface is fully
covered by a multimolecular or multilayer, which can be applied to both flat and
convex surfaces [45]. The BET isotherm considers more real conditions and works
under fewer assumptions, unlike Langmuir, which is why it is more successful to
handle BET isotherm when it is required to reduce the surface area.
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Its linearized form that allows direct graphic representation from the experimental
data of the adsorption isotherm is presented in Eq. 7.

p 1 +K—1+P
V(Po-P) V,K V,K Po

)

Where P is the pressure after the adsorption process; Po, the liquefaction of gas
pressure; V is the volume adsorbed per gram of adsorbent; Vm, is the volume associ-
ated with the monolayer formation; K is a constant that depends on the temperature
but does not depend on the surface coating [49].

To calculate the adsorbent surface area, the following equation was used:

Vm —-20
- Noi
4= 5200010 ®)

Where: A is the adsorbent surface area (m?/g), Vm is expressed in cm®/g adsor-
bent, 22,400 is the molar volume in STP, N = Avogadro’s Number, ¢ = adsorbate
molecular area, in this case N, normally in Amgstrom2 [45].

4.5 Thermodynamics of adsorption

The results of thermodynamic studies are useful to understand the viability of the
adsorption process to obtain useful information regarding fundamental thermody-
namic parameters of adsorption that are, such as the standard free energy change
(AG"®). If the adsorption isotherms that were experimentally obtained are adequately
described by the Langmuir’s equation, then the thermodynamic parameters can be
calculated by the Egs. (9) and (10):

K=Ky 9)
AG’ = —RTInK (10)

Where K is the dimensionless constant, K, is the adsorption constant expressed in
L/mol, y is the amount of solvent in 1 kg of its weight (for water y = 55.5 mol/L, water
density 1kg/L) [50, 51], R is the universal gas constant (8.31434 J/mol.K), and T is the
absolute temperature.

5. Results and discussion
5.1 Optimal carbonization temperature

The charcoal obtained from the first carbonization at 450°C and 500°C, without
being chemically activated, was subjected to adsorption tests with methyl orange
solutions (200 mg/L and 400 mg/L), in order to determine which of these samples
adsorbed more colorant. Figure 3 shows that there is a higher percentage of MO
adsorbed at 450°C rather than at 500°C. This difference in adsorption percentages
between the charcoal obtained at 450°C and 500°C may be because the latter has a
higher percentage of ash, which can interfere with the adsorption of the colorant,
considering that these ashes are impurities that harm the adsorption process.
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Figure 3.
Comparison of carbonization temperatuves (heat treatment,) through methyl orange adsorption, C (MO
concentration) at 450°C and 500°C.

5.2 Screening

Particles in the range of 150-250 pm [52] were selected for activation while using a
standard analytical screen of frame and mesh. It was decided to sieve the particles
obtained, in order to get a more homogeneous charcoal and that the difference in size
between particles would not interfere with the adsorption process [34].

5.3 Comparison of charcoal obtained before and after activation

Activated charcoal with heat and chemical treatment showed a higher adsorption
capacity with MO when compared with charcoal before the chemical activation pro-
cess (only with heat treatment.) For the MO solutions of 200 and 400 mg/L, the
adsorption increase was 140.6% and 51.3%, respectively, which indicates the effect of
chemical activation with phosphoric acid in the adsorption process, see Table 3. This
can also be compared with the work carried out by Carriazo et al. [53], where similar
results are obtained.

It is observed an adsorption percentage increase which is possible because the
chemical activation improved the surface area due to increased porosity [54]. Acid
(phosphoric acid) impregnation oxidizes the charcoal’s porous surface by increasing
the hydrophilic locations on the surface [55]. Liquid-phase oxidations especially
increase the concentration of carboxylic acids on the charcoal surface [56]. However,
this is not evaluated in the present work, since the objective is to establish the adsorp-
tive capacity of a material that is generated from a recycling product, which is why the
presence of functional groups is not quantified, but it could be inferred about it, as it is
indicated in the investigation carried out by Van Der Kamp et al. [57] and Bernal et al.
[58]. By chemically activating the charcoal, the attraction between the adsorbent and
the adsorbate increases, new bonds are formed between them, and it can be due to
intermolecular forces. This type of initial physical adsorption occurs by weak forces
and, generally, nonspecific forces, such as Van der Waals and the London dispersion
forces [59-61]. On the other hand, the electrostatic interactions are common in the
adsorption of activated charcoal due to the charges that are present when the acids or
weak bases are ionized in an aqueous environment. Likewise, the presence of
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Co MO (mg/L) Charcoal (Treatment) % Adsorbed Adsorption variation, %
200 Non-activated 14.3 140.6
200 Activated 34.4
400 Non-activated 15.2 51.3
400 Activated 23
Table 3.

Comparison of the methyl orange adsorption capacity of the charcoal obtained at 450°C without activating (only
with heat treatment) and activated charcoal with phosphoric acid; Co (initial concentration.) variation in the
adsorption, percentage.

functional groups on the adsorbent surface generates the formation of dipoles with the
adsorbate molecules due to differences in the electronic distributions. Aburub and
Wouster [57] mention that specific interactions (ionic interactions, Keeson and Debye
forces) are related to adsorption processes, which are directed through enthalpy,
while nonspecific interactions (London forces) are related to processes that are carried
through entropy [58].

5.4 Equilibrium experiments, adsorption isotherms

Adsorption isotherms are the tools used to predict the distribution of adsorbate
molecules in the solid-liquid interface when the chemical equilibrium is reached. The
MO adsorption isotherms on activated charcoal and the respective adjustments for the
Langmuir model were obtained through the data shown in Table 4 and represented in
Figure 4 where the straight line is reproduced with a coefficient of determination of
0.9822.

The shape of the isotherm adjusts to the Langmuir isotherm type one where a rapid
increase in adsorption is observed while the pressure increases and stops when it
reaches a limit value. This occurs because in this type of isotherm, the adsorption is
restricted by the formation of the monolayer. This type of isotherm is present mostly
in chemisorption processes [45]. In Figure 5, the monolayer formation is represented
where the amount adsorbed increases with the MO concentration until it reaches a
limit value, corresponding to the coating of a surface by a monolayer. First, there must
be an adsorption-desorption equilibrium process, typical of physical adsorption. Once
the monolayer formation is reached, comes the chemisorption process, which is
predicted by this isotherm.

Cel/qe, g/L qe, mg/g Co (mg/L) Ce (mg/L) Q (%)

0.17 9.59 40 1.65 95.88

1.37 14.91 80 20.38 74.53

7.64 17.19 200 131.25 34.38

13.74 22.54 400 309.83 22.54
Table 4.

MO adsorption on activated charcoal; Co (initial concentration, mg/L), qe (adsorption capacity, mg/g), Q
(removal efficiency), V (volume of MO solution, L).
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Langmuir Isotherm Equation
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Figure 4.

Equation that represents the Langmuir isotherm, linearized, for the activated charcoal that is obtained from the
coconut shell, moles adsorbed per gram of charcoal with vespect to the final concentration; Ce: Final concentration of
the solution (mg/L); qe: Amount of adsorbate adsorbed in the equilibrium per unit mass of the adsorbent (mg/g).

Langmuir Isotherm
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Figure 5.
Langmuir isotherm (type 1.) monolayer formation for activated charcoal from the coconut’s endocarp; Ce: Final
concentration of the solution; (mg/L) qe: mg adsorbed per gram of adsorbent.

The monolayer formation is reached when the adsorbed mass gets closer to
22.78 mg. A horizontal asymptote is observed when the moles adsorbed per gram
of charcoal between the number of adsorption positions that are available in the
surface approximate to 1. This type of isotherm is associated with microporous
materials [62].

The constant values of the adsorption isotherms are shown in Table 5. The appli-
cability of the isotherm equations is compared based on the coefficients of correlation
R?. The coefficient R? was lower in Freundlich rather than in Langmuir, which indi-
cates that the MO adsorption in the charcoal activated adsorbent of the coconut shell
results from adsorption in the monolayer.

The equilibrium parameter or separation called Ry, factor obtained for the different
initial concentrations of MO is shown in Table 6. The Ry, value (0 < Ry, < 1) indicates
that the adsorption nature is favorable.
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Langmuir model Freundlich model
qm (mg/g) K;, (L/mg) R? K (mg/g) n R?
22.78 0.0679 0.98225 8.99 0.1514 0.9653

Table 5.
Parameters of Langmuir and Freundlich isotherms, at 25°C.

Co (MO) (mg/L) 40 80 200 400
Ry 0.2692 0.1555 0.0686 0.0355
Table 6.

Ry, factor (dimensionless) obtained for different initial concentrations of MO (mg/L).

5.5 BET isotherm, pore characteristics, and surface area

The graph obtained for the adsorption-desorption process for the nitrogen on
activated charcoal from the coconut endocarp, applying the BET isotherm model, is
shown below (Figure 6).

On the other hand, the values obtained for the BET isotherm with the activated
charcoal were plotted, in order to evaluate its surface area, obtaining the graph shown
below (Figure 7).

Isotherm Graph

—— Adsopriior

G Desopriior

Adsorbed Volume, cm3/g STP

0 0.1 0.2 0.3 0.4 0.5 06 07 0.8 0.9 1

Relative Pressure (P/Po)

Figure 6.
BET isotherm representation, adsorption—desorption process for activated charcoal from the coconut endocarp;
adsorbed volume (cm?/g) STP based on the relative pressure (P/Po.)

The surface area of the activated charcoal was measured by using the
Brunauer-Emmett-Teller (BET) model. The surface area according to BET is
determined by applying the Eq. (8), and the value obtained of the specific surface
area is 526 m°/g. This value coincides with the values reported by [63] similar
adsorbents.

Table 1 shows the results obtained for the surface area and pore volume using the
BET model.

The total pore volume is estimated from the amount of nitrogen adsorbed at the
highest relative pressure and the micropore volume is calculated from the nitrogen
adsorption isotherm using the Dubinin-Radushkevich Equation [64].
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Figure 7.
BET isotherm vepresentation, linearized, for activated charcoal from the coconut endocarp; 1/[VA*((Po/P)-1)]
based on the relative pressure (P/Po).

The method used to determine the distribution of the pore size was the one from
BJH [65], which was applied to the nitrogen adsorption data that was measured at
77 K in mesoporous materials. The results obtained match the ones reported by BJH
(Barret-Joyner—Halenda), which estimate that the pore volume corresponds to a
cylindrical pore volume (Figure 8) [65].

Cumulative pore volume of adsorption according to BJH
0.038 I
0.036
0.034
0.032
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0.024
0.022

0.020
1.0 10.0 100.0

Pore diameter, nm
Figure 8.
Representation of pore volume (cm3/g) based on the pore diameter (nm), BJH model.

5.6 Thermodynamics of adsorption

The data that were obtained experimentally from the batch adsorption studies
were analyzed using thermodynamic equations expressed before. Table 7 shows the
thermodynamic adsorption values.
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Ky (L/mol) AG® (kJ/mol)
22,215 —34.8
Table 7.

Thermodynamic values of MO adsorption on activated charcoal obtained from the coconut endocarp at 25°C.

The negative values of AG® at the studied temperature indicate the spontaneity of
adsorption process, which reflects the affinity of the charcoal obtained toward the
anionic dyes [66, 67]. The determined value is AG®,qs = —34.8 kJ/mol, which is in the
range from —20 kJ/mol to —40 kJ/mol. This probably indicates that physisorption and
chemisorption are involved in this process [68]. It was taken into account another author
for the calculation of K;, [69], where the ratio of the areas that the solvent and colorant
occupy on the surface of the adsorbent is used, the value of AG®,45 = —30.3 kJ/mol.

5.7 Effect of MO initial concentration on adsorption

The effect of MO initial concentration on adsorption by activated charcoal is
shown in Figure 9. It can be seen that the equilibrium adsorption capacity increased
almost linearly when the concentration of MO solution increased from 80 to 400 mg/1.
This phenomenon can be explained in terms of interactions between the MO anionic
molecule and the adsorbent. In this case, the amount of adsorbent is kept constant.
When the MO amount per unit volume of solution increases, the ratio of the amount
of MO ions in relation to the available adsorption site, at first, also increases and more
MO ions in solution can be adsorbed by the activated charcoal. The observed behavior
coincides with what was reported by [70].

The dissociation equilibrium of methyl orange is shown in Figure 1.

5.8 Morphology. Microstructure evolution of activated charcoal from the
coconut shell

From the Figures 10-12, the morphology transformation of the coconut endocarp
can be visualized. Figure 10 shows the coconut endocarp without heat treatment.
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Figure 9.
Effect of MO initial concentration on activated charcoal adsorption.
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Figure 11 shows the effect of carbonization on the coconut endocarp, and in
Figure 12, the activated charcoal can be seen, which is the result from the chemical
activation.

In Figure 10, the coconut endocarp without heat treatment, at different magnifi-
cations, is shown. An irregular morphology composed by fibers, fissures, and cavities
is detected, which also indicates the potential of this material to generate activated
charcoal, as referred by different authors [71-73]. Katesa et al. [74] concluded in their
work that the porous properties of activated charcoal, including the surface area and
pore volume, decreased while the carbonization temperature was increased. The
lowest carbonization temperature at 250°C produced the activated charcoal with the
highest porous properties for the activation temperature at 850° C and 60 and
120 minutes of activation time.

The higher magnification photomicrograph (Figure 10d) shows cavities of circular
nature.

After carbonization (heat treatment,) an irregular external surface with cracks and
non-spherical cavities around 0.1 pm is observed (Figure 11). As reported in the
literature [71-74], the morphology obtained after heat treatment seems to be a result
of the loss of moisture and volatile material that leaves the precursor structure; hence,
leaving irregular cavities and transforming the structure of the coconut endocarp.

The activated charcoal shows great porosity where particles from 150 to 250 pm are
heterogeneous, as well as their pores have different shapes and sizes, which favor the
adsorption process, and it is in these pores where the adsorbate particles are housed,
Figure 12.
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Figure 10.
Coconut endocarp with magnification of> a) 35, b) 250, ¢) 1000 y d) 10,000 times its size.
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Figure 11.
Carbonized coconut endocarp at different magnifications: a) 35, b) 1000, ¢) 2000, and d) 10,000 times its size.

Representative images of the activated charcoal sample were selected in which can
be observed the diversity in the size of the pore structure. Figure 12c shows pores of
different sizes, Figure 12d shows smaller pore approaching 1000 nm.

Once the material was chemically activated (Figure 12), irregular particles, from
150 to 250 pm, and the development of great porosity were observed. This result
confirms what is described in the literature [71-73], where it is mentioned that acti-
vating agents react with the carbonaceous chain to generate new pores or enlarge
existing pores. Another possibility of the development of pores in activated charcoal is
the occurrence of thermal stress in the structure of the precursor material that would
lead to the formation of different cavities and fissures in the final product. Specifically,
in the present study, phosphoric acid was used as an activating agent and expansion of
the existing pores in the coconut endocarp was detected, as well as the formation of
new macropores, mesopores, and micropores. In Figure 12¢, macropores of different
sizes are seen and in Figure 12d, macropores of around 1000 nm can be detailed.

The literature [71, 72] refers to the enormous effort in identifying precise methods
and procedures to characterize activated charcoals and, specifically, its pore structure.
Indirect techniques make it possible to correlate adsorption measurements with
mathematical models and use this information to infer about the porous structure of
activated charcoal. In this regard, the BET results of the present study show the
presence of micropores with an average pore diameter around 1.7784 nm. On the
other hand, the current computerized image analysis allows the conversion from 2D
SEM (Scanning Electron Microscopy) to 3D. They open a window to improve the
studies of porosity development and characterization of activated charcoal [75, 76],
which is out of scope of the present study.
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(d)

25kV X2,000 10pm 0009 20/MAY/19 25kV  X10,000 1pm 0043 20/MAY/19

Figure 12.
Activated charcoal from the coconut endocarp with a magnification of: a) 35, b) 200, ¢) 2000, and d) 10,000

times its size.

It was also possible to determine through the EDS analysis (Figure 13 and Table 8)
that the charcoal obtained has the presence of charcoal, oxygen, and potassium.
Although, part of these elements come from the coconut material, the oxygen present
is the result of the carbonization and activation of the sample in the presence of air,
and potassium is present in the endocarp, pulp, and water of the coconut [77].

) 2 4 5} 8 10 12 14 16 18
Full Scale 454 cts Cursor: 0,000 ke

Figure 13.
Energy dispersive X-ray spectroscopy (EDS) of activated charcoal from coconut shell. Source: Energy dispersive

X-ray spectroscopy, adapted to SEM.
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Element Mass % Atomic %

C 75.58 81.03

o 22.98 18.50

K 1.44 0.47

Total 100.00 100.00
Table 8.

Composition of activated charcoal from coconut shell through energy dispersive X-ray spectroscopy (EDS).

6. Conclusions

This study revealed the potential of the coconut endocarp as a good precursor for
the preparation of activated charcoal. The porous structure developed with a surface
area, a total pore volume, and an average pore diameter, according to BET, of 526 m?/
g, 0.2341 cm®/g, and 1.7784 nm, respectively, improves the adsorption process and
indicates the presence of micropores. The equilibrium studies showed that the iso-
therm Langmuir model matches the adsorption data, meaning that the MO colorant
adsorption forms a monolayer on the CACC. The adsorption capacity at equilibrium
increased almost linearly when the concentration of MO solution increased from 80 to
400 mg/L. The equilibrium parameter Ry, obtained for the different initial concen-
trations of MO, indicates that the nature of adsorption is favorable. The thermody-
namic parameters, that is, the negative values of Gibbs energy at the studied
temperature, indicate, on one hand, the spontaneity of the adsorption process,
reflecting the affinity of the charcoal obtained toward the anionic dyes, and on the
other hand, that in the process are probably involved the physisorption and chemi-
sorption. The SEM morphology analysis of CACC showed the presence of macropores
and mesopores, which are characteristic of the activated charcoal. The results indicate
that the activated charcoal obtained could be used as an alternative low-cost adsorbent
in the MO removal from effluents in aqueous solutions.
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Chapter 3

Sorption Isotherms and Some
Functional Properties of Cowpea
Varieties Flour

Issoufou Amadou

Abstract

In sub-Sahara, preservation of processed cowpea flour remained a challenge, and
there are no standard isotherm conditions for drying cowpea flour. This study aims to
define the optimum isotherm conditions for cowpea flour and assess their functional
properties. Adsorption isotherms of three varieties of cowpea at temperatures 30, 40,
and 50°C and in each case with six different applications depending on the constant
relative humidity of the medium were executed. Water and oil absorption capacities
including swelling index were determined. Results show that water content at equi-
librium is inversely proportional to the temperature, and at the same temperature, the
water content increases when water activity augments. The adsorption isotherms are
of type II according to the fitted BET and GAB models. The absorption capacities
ranged from 1.06 & 0.01, 1.08 + 0.02, and 1.09 & 0.01(mL/g), respectively, for
CS133, CS032, and control. However, the swelling index was significantly separated
(P < 0.05). The adsorption isotherm curve of the sample CS032 at 50°C shows a
stronger correlation (R” = 0.9274) than the other varieties regardless of the mathe-
matical isotherm model used. It can be concluded that depending on some functional
properties of cowpea variety flour, these varieties seemed to behave separately vis-a-
vis their sorption isotherm.

Keywords: adsorption isotherm, cowpea varieties flour, GAB and BET model,
swelling index

1. Introduction

The Vigna unguiculata (L) Walp, Cowpea, is a legume of genus Vigna, family
Fabaceae, subfamily Faboideae [1, 2]. Although, cowpea plants are grown globally, it is
suggested that they originated from Africa [3, 4]. Currently, West Africa is the major
producer of cowpeas globally, of which 80% is from Central Africa [5]. Similar to beans,
cowpeas are highly nutritious, hence a source of food and income globally. Cowpeas
contain 17-42% protein, 1.4% fat, and 35-61% carbohydrate [6]. Compared to cereals,
cowpeas are 2-3 times richer in amino acids, such as lysine, thiamine and riboflavin, and
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carbohydrate; which make it also an energetic food [7]. Nowadays, cowpea farming has
reached a level of important yielding in the area of its potential production. However, to
make this important production profitable to the farmers, processing into cowpea flour
as such is necessary, to improve the quality and profitability. Indeed, to stabilize cowpea
flour, to make it competitive to other imported flour (cereals; flour), there was a need
to study the drying conditions of cowpea flour [8]. Cowpeas have been a nutritious
legume and the new trend in developing countries such as Sub-Saharan Africa
representing about 95% of world cowpea production [9].

Drying food product such as cowpea flour is an essential step to evaluate its hygro-
scopic character, which indicates the affinity that the food product may have with its
surrounding environment. Sorption isotherms represent the interrelation between the
activity of water and the water content of food at a constant temperature. The most used
technique to preserve the quality of food is to reduce the water activity to a sufficiently
low level. Obtaining the sorption isotherm is essential in determining the moisture level
at which microbial growth and mycotoxin production is inhibited during storage [10-12];
in addition, it predicts the speed and intensity of chemical and enzymatic reactions [11].
Drying and storage of industrial or artisanal processing operations required the know-how
of the nature of water-substrate interactions or sorption isotherms [13]. When exposed to
high temperatures, the functional properties of cowpea flours are affected [14-16]. This
further affects the downstream processing of cowpea flour for food products. Examples of
cowpea flour food products include spaghetti, couscous, porridge, infant donuts, dough,
and infant flour as a dietary supplement [6, 17].

Biochemical components of cowpea varieties are expected to impact the properties
of its sample, in which the hydrophilic behavior of protein has an effect on water-
holding capacity. Then, the most important energy reserve, the carbohydrates, have
also significant influence on the physicochemical properties of flour from cowpea
varieties [1, 18]. Furthermore, the critical factors that influence the functional prop-
erties on downstream processing of food-legume products include oil and water
absorption capacity [6]. The influence on the functional properties varies according to
the biochemical properties of the legume, the phenomenon is likely to be even more
distinct in cowpeas, especially from diverse varieties [11]. Therefore, after drying, it is
relevant to assess the cowpea flour hydrophilicity (the affinity for water) and the
sorption isotherm conditions (the temperature at with the flour absorbs water). The
consequences of not assessing these parameters are that when the flour is not well
dried, the downstream process is affected. Furthermore, the presence of moisture
favors bacterial and fungal (such as aflatoxin) growth [10-12]. However, until now,
the optimum isotherm conditions for drying cowpea flour are not known. The present
work aimed to study the conditions of sorption isotherm for drying cowpea flour. The
sorption isotherm conditions and their effect on functional properties were examined
against flour from three varieties of cowpea plants. The findings will be vital in
establishing a standard protocol for preserving cowpea flour, which will improve the
processing of cowpea-based food products.

2. Materials and methods

2.1 Materials

Three cowpea dried seed samples were used in the study of which two seed
samples (CS133 and CS032) were obtained from Dan Dicko Dankoulodo University of
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Maradi (UDDM), Cowpea Square research project, Niger, whereas the control sample
was obtained from the Maradi city, Niger.

2.2 Methods
2.2.1 Prepavration of samples

First, the cowpea seed samples were sorted to remove foreign matter. Thereafter
the seed samples were soaked in potassium hydroxide solution for 24 hours, dehulled,
and dried at 90 & 2°C for four (4) hours, followed by milling. The resulting flours
were sifted using a 250 pm sieve. The sifted flours were collected in an air-free
polyethylene bag, sealed, and stored for subsequent experiments.

2.2.2 Physico-functional properties

The moisture content of the samples was carried out by the methods of AOAC
[19]. Both for oil and water (OAC/WAC) absorption capacities of seed samples, flours
(1 g) were mixed into 10 mL, centrifuged, and then stirred with Balanites aegyptiaca
oil or distilled water, respectively. Slurries were centrifuged at 3000 x g for 10 min
(80-2 15/20 mL Electronic Lab Centrifuge Machine, Jiangsu, China), and the oil or
water released after centrifugation was massed and expressed as (mL/g and g/g)
OAC/WAC capacities, respectively, according to Sofi et al. [20] with some
modifications.

The swelling index was obtained by taking a 1 g of cowpea flour sample in pre-
weighed centrifuge tubes with distilled water (10 mL), vortexed; then incubated at
room temperature on the shelf for 24 hours. The noted marked volume after 24 hours
was considered as the total volume of flour sample and expressed as followed:

v

SV
Wi

(1)

SV: swelling index (g/cm?).
TV: Total volume (g).
Pi: Initial sample weight (g).

2.2.3 Determination of sorption isotherms

Equilibrium moisture content (EMC) by the static gravimetric method was used to
evaluate moisture desorption isotherms at different water activity levels. In brief,
cowpea flour samples (in triplicate) were placed in a desiccator, each containing a
250 mL solution of sulfuric acid at different relative humidity (10-90%) and pre-
served at the temperatures of 30, 40, and 50°C [21]. Periodically, samples were
weighed precisely until no significant variation in weight was detected or till equilib-
rium was reached [22]. The EMC was calculated considering samples’ initial moisture
contents as described in the following:

wy —w; + [ wi] @
w; [lOOI;/ooHZO:I

EMC =
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Models Equations Parameters
C _ ABay, = —
GAB % - [l—Ba,,,)(l—lganrABaW)] Aq = [B/Mm] [1/A) ~1]
(23] Rearranged equation into the second-degree Az = (UMm] [1 - (2/A)]
polynomial form A= (MmA].S).
a A2 4 Asg, + A a,, = water activity
EMC 1w 2w 3 A, Ay, A,, A;, B, C = constants
EMC = equilibrium moisture content
Mm = GAB monolayer
BET m = ﬁ + I\%éaw M, = BET monolayer value
[24] C = constant for a given water sorbent system
a,, = water activity
EMC = equilibrium moisture content
Table 1.

Sorption isotherms models equations.

Where:

wy = final weight of sample.

w; = initial weight of sample.
%H,0 = initial moisture content.

2.2.4 Sorption equations

To smooth the model of adsorption and/or desorption curves, empirical models
that can describe the relationship between water equilibrium content, relative
humidity, and temperature exist. Indeed, both the GAB (Guggenheim-Anderson-De
Boer) and BET (Brunauer, Emmett, and Teller) models are the best formulas used to
determine the monolayer of a food, applicable for water activities between 0.05 and
0.95. The GAB monolayer value can be estimated using linear or non-linear methods.
The difference in percentage in EMC between the duplicate samples was on average
< 5% when the average of the two values was taken. The BET value is found by
plotting a,,/(1—a,,)EMC versus a,, and using the intercept to cover the monolayer.
Both GAB and BET sorption equations were used to analyze the sorption isotherm
data (Table 1).

2.2.5 Statistical analysis

Data were obtained in triplicate. One-way analysis of variance (ANOVA) was
performed, and significant differences in mean values were evaluated by Tukey HSD
multiple range test at (P < 0.05) using SPSS version 17.0 (SPSS, Chicago, IL, USA).
Microsoft Excel 2013 was used to carry out the regression analysis of water activity as
a function of increasing relative humidity and constant temperature of cowpea varie-
ties flour.

3. Results and discussion

The cowpea grains processing technologies used by the local population of the sub-
Saharan region are less efficient. The use of heterogeneous and unsuitable packaging,
as well as traditional drying and preservation methods, constitutes constraints for this
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activity to flourish [16, 25]. Indeed, drying influences, in particular, the water content
and consequently some physicochemical, rheological, organoleptic, and functional
characteristics of the food product. The moisture content of the three cowpea varieties
flour samples varies from 07.52 to 08.28%, as presented in Table 2. The oil absorption
capacities of cowpea varieties flour are found to be 1.06 + 0.01, 1.08 & 0.02, and
1.09 + 0.01, respectively, for CS133, CS032, and control sample mL/g. The water-
holding capacity and the swelling index were revealed to be significantly dependent
(P < 0.05) from one to another. Thus, the results showed that the water absorption
capacity ranged, respectively, for CS133, CS032, and control from 1.01 & 0.17,

0.83 £ 0.10, and 0.69 £ 0.11 g/g. The swelling index data varied to 4.10 & 0.29,

3.78 = 0.02, and 3.67 + 0.24 g/cm3 for CS133, CS032, and control (Table 2).

This can be explained that flour which absorbs less water absorbs more oil and vice
versa. These results corroborate with those of Naiker [6]. Moreover, a high-water
content of flour could promote chemical and enzymatic reactions, the development of
microorganisms leading to the deterioration of the product quality. In addition, the
water content of food products plays a key role in their preservation [4, 26]. Thus, it
appears essential to determine the minimum water content that can promote the
preservation of cowpea varieties flour. The ability of a food to absorb more water can
also be attributed to its content of protein and carbohydrates with free hydrophilic
residues. The result shows that CS133 flour swells more than other varieties; this could
be explained by the fact that flour that absorbs more water content swells better
indeed. Flour with a good swelling index could be of good quality and used in pastry
[11, 27]. Furthermore, a quality flour stability depends also on its drying conditions
and preservation [17, 28].

Isotherms are particularly important for determining the minimum water content
of a food product. Two mathematical models (GAB and BET) were used to obtain
equilibrium moisture content (EMC). The data of EMC of cowpea varieties flour
obtained experimentally at the temperatures of 30, 40, and 50°C, and for each of the
relative humidity or the water, activities are presented in Table 3.

However, the average EMC values are used for the representations of adsorption
isotherms by samples of cowpea varieties flours. The GAB model happened to be the
most adequate model for the smoothing of the adsorption isotherms of cowpea varie-
ties flour in this study, contrary to the findings where BET model was best smooth of
sorption isotherms in the study on the dehydrated beef made in Nigeria [12]. The
different adsorption curves of the cowpea varieties flour related to temperature, and
different varieties are shown in Figure 1.

Practically, the hygroscopic equilibrium was observed around 2 weeks later, and it
was found that the greater the water activity (a,,) is maintained in the medium, the
easier it is for the water content to be determined. Therefore, this shows the influ-
ences of relative humidity and temperature on the drying of each of the cowpea

Cowpea Moisture Oil adsorption Water adsorption Swelling index

varieties content (%) capacity (mL/g) capacity (g/g) (g/cm3)

CS133 9.92 + 0.03a 1.06 £ 0.01a 1.01 £ 0.17a 4.10 £ 0.29a

CS032 7.96 + 0.05a 1.08 + 0.02a 0.83 + 0.10a 3.78 £ 0.02b

Control 6.97 + 0.13a 1.09 £ 0.01a 0.69 + 0.11a 3.67 £ 0.24c
Table 2.

Physico-functional properties of cowpea varieties flour.
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Temperature (°C) Relative humidity (%) Ay EMC
CS133 CS032 Control
30 10 0.1 1.09 1.54 1.92
30 0.3 174 191 2.09
50 0.5 227 2.59 3.58
70 0.7 3.84 4.58 4.44
80 0.8 4.15 5.1 5.43
90 0.9 9.28 11.28 10.51
40 10 0.1 1.26 1.42 1.21
30 0.3 175 227 2.35
50 0.5 3.19 2.37 2.46
70 0.7 4.62 4.12 4.09
80 0.8 9.11 4.89 4.67
90 0.9 10.25 11.4 10.69
50 10 0.1 1.29 1.34 1.37
30 0.3 22 2.42 2.24
50 0.5 3.18 4.45 3.28
70 0.7 3.35 5.97 4.19
80 0.8 4.29 11.3 5.33
90 0.9 11.8 21.26 12.75
Table 3.

Equilibrium moisture content (EMC) of cowpea varieties flour as a function of water activity (a,,).

variety flour. Likewise, previous research on food products has demonstrated that the
sorption isotherm curves are represented in a sigmoidal shape [12, 28]. In fact, it can
be noted that only the adsorption isotherm curve of the sample CS032 at 50°C showed
a strong correlation different from other samples at different temperatures (Figure 2)
with R = 0.9274 and R* = 0.8226 respectively for GAB and BET models.

It can be seen that the more the temperature increases, the less noticeable the
difference in the drying of the inter-varietal cowpea flour is. In this line, the sorption
isotherms are of type II, that is the sigmoidal sorption isotherms, in which the curves
are concave upwards, taking into account the existence of multilayers at the internal
surface of cowpea flour material. Generally, the increase in temperature induces the
decrease in EMC, leading to an increase in a,, for constant water content. For lower
ay, the EMC is also low, compared to levels when the a,, approaches one (1) [29, 30].
Knowingly, the EMC decreases with increasing temperature and for the same value of
relative humidity (RH) leads to the endothermic reaction [31]. It was observed for the
samples CS133 and control for the temperatures of 30 to 50°C that the water content
decreases when the temperature increases within the interval values of a,, between
0.37 and 0.78%, of which most of the curves are found around 0.8 a,,. Indeed, this
decrease can be caused by the increase in the heat of absorption in the case of high
temperatures, which makes it possible to reduce the EMC [32, 33]. Benseddik et al.
and Ferradji and Matallah [26, 34] stipulated that they observed changes in sorption
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Figure 1.
Adsorption isotherms of cowpea varieties flour by temperatures 30(a), 40(b) and 50(c) °C).
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Adsorption isotherms curves of CS032 flour at 50°C smoothed by BET and GAB.

isotherms with an increase in temperature is relative to the composition of the prod-
ucts in starch content and its solubility with an increase in thermal agitation within the
samples [35]. Though, at high temperatures, the state of excitation is stronger and
favors the reduction of the forces of attraction of molecules among them (Figure 3).
Moreover, the processing of flour regardless of the variety is considered to depend
on its end-use; as result, in certain products, the more the sugars dissolve, the more
mobility and the availability of water are reduced. In addition, the ability of water
adsorption can also be attributed to its content of protein. Moreover, for products
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Figure 3.
Adsorption isotherms with temperature differences on the cowpea varieties flour (CS133, CS032 and control).
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with low sugar content such as flour, the curves do not intersect, likewise, the work by
Koko et al. [4]. The flour of cowpea varieties is not an exception of this trend, whereas
the physicochemical properties further affect their drying conditions.

4. Conclusion

It can be concluded that the flour of cowpea varieties absorbs differently the water
and oil, and the swelling index significantly. It was a fact that flour, which absorbs
more water content, swells better, as far as the sorption isotherms of cowpea varieties
flour were carried out at different temperatures range of 30, 40, and 50°C. The data
showed a sigmoidal shape, characteristic of type II isotherms, whether determined by
the GAB or BET models. It was found that the GAB model allows the most important
relative squared errors. Thus, the GAB model was the most adequate model for the
moisture absorption isotherms on the flours of the three varieties of cowpea studied.
For lower aw, the EMC was also low, compared to levels when the a,, approaches one
(1). It was noted that the more the surrounding temperature increases, the more the
water content of the product decreases. A significant linear interaction was revealed to
better describe the variation within the EMC range considered in this work. Thus,
depending on the rate of swelling of these varieties, it can be deduced that the CS032
cowpea variety flour seemed to behave better than its counterpart varieties. More
such findings are needed to favor these legume development programs for expanding
preferable varieties for targeted applications.
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Abstract

This work illustrates examples of metal-organic frameworks (MOFs) derived from
transition metals and their environmental applications in areas of catalysis, sorption, and
hydrogen evolution. Explanation of some of the techniques employed for their synthesis
has been discussed. On the other hand, the advantages of the use of hybrid materials such
as the metal-organic frameworks are exposed in this book as well a detailed description
of the different linkers and metals used for the synthesis of this kind of porous materials
going through the methodologies and techniques utilized by different authors to obtain
good-quality crystalline applicable materials. Adjustments of linker geometry, length,
ratio, and the functional group can tune the size, shape, and internal surface property of
an MOF for a targeted application. The uses of MOFs are exploring new different areas
of chemistry such as catalysis, adsorption, carrier systems, hydrogen evolution, photoca-
talysis, and more. Different examples of MOFs from Scandium to Zinc are well described
in this book, and finally, a brief description of some common environmental applications
such as metals and azo dyes sorption, hydrogen evolution, and catalyst in the transesteri-
fication process of vegetable oils to produce biodiesel is explored and commented.

Keywords: coordination, polymers, solvothermal, sorption, X-diffraction,
metal-organic frameworks

1. Introduction

Metal-organic frameworks (MOFs) have been widely reported in the literature
during the last two decades, and the number of articles published is exponentially
increasing due to the opportunity to obtain a great diversity of novel crystalline
porous materials with different topologies and most important with a countless
number of applications in different fields of chemistry such as catalysis, photo-
catalysis, gas storage, separation, sorption, hydrogen evolution, and more [1-9].
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In general, crystalline porous materials can have several terminologies, for example,
metal-organic material (MOM), coordination polymer (CP), coordination network
(CN), porous coordination polymer (PCP), porous coordination network (PCN),
microporous coordination polymer (MCP), and metal-organic coordination network
(MOCN), which are habitually used by different scientists to designate, at least

some, MOFs. All these subclasses of coordination compounds have very similar
structural features with slight differences and therefore confer an inevitable overlap
in their properties. For example, coordination polymer (CP) is a common term that
has occasionally been used as an alternative word for MOF. The term “coordination
polymer” implies that coordination compounds that constitute one-, two-, or three-
dimensional (1D, 2D, or 3D) polymeric structures via linking of the metal ions by
bridging ligands are CPs [1]. The synthesis of MOFs requires two principal compo-
nents, the ligands commonly called linkers, and the metals in the form of different
salts such as nitrates, chlorates, perchlorates, or sulfates. The ligands are usually any
atom or any organic molecule, the latter possesses in its structure different functional
groups as carboxylic acid, amine, pyridine group, among others, with the ability to
donate at list a lone electron pair to the metal, commonly known as Lewis’s base. The
pore size depends mostly on the length of the ligand. On the other hand, the second
component corresponds to the metal, which may vary from the s-block, p-block,
transition metals, or even rare earth metals. The obtention of MOFs in 1D, 2D, and 3D
dimensions depends directly on the metal employed for the synthesis, which has to do
with its oxidation state and the types of geometries that the metal can acquire. And
finally, a very important issue to consider is the technique used to obtain the MOFs
that involves several parameters such as solvent or solvent mixture, temperature,
pressure, pH value among others, all these variables together may or may not give

rise to the desired materials. Different synthesis methods to obtain MOFs have been
applied in the last 20 years in addition to the room temperature or slow evaporation
synthesis, which are conventional electric (CE) heating, microwave (MW) heating,
electrochemistry (EC), mechanochemistry (MC), ultrasonic (US) methods, and a
combination of the previous techniques before mentioned. Conventional step-by-step
methods, as well as high-throughput methods, have been employed in some of the
studies. There have been various studies regarding the morphology of the MOF prod-
ucts, in addition to the crystal size or shape, thin films, membranes, and various other
shapes made of MOFs have been reported, which require the application of different
synthesis methods [2].

2. Linkers

The geometry and connectivity of a linker dictate the structure of the resulting
MOF, which are broadly classified into neutral (MOFs) and ionic (iMOFs), based on
the charge of the framework backbone. Ionic MOFs (iMOFs) are subdivided into cat-
ionic (iMOF-C) and anionic (iMOF-A). Azolate based linkers may give neutral as well
as ionic framework depending on the connectivity of the linker, metal coordination
environment, and coordination geometry. Figure 1 shows the type of MOF obtained
according to the N-donor linker base used [3].

Many of the systems reported from the use of azolate-based linkers are neutral in
nature, wherein the charge balance is either via anionic donor groups of azolates or the
presence of coordinating anion used in the synthesis. For instance, all the ZIF-series
MOFs, which are constructed from imidazolates, are electrically neutral. Likewise,
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Figure 1.
Classification of MOFs constructed from N-donor linkers [3].

pyrazolate and triazolate-based systems have been found to self-assemble with metal
ions/clusters into neutral MOFs. A good example of a nitrogen-containing linker is the
4,4’ -bipyridine, which is an aromatic organic compound with nitrogen hetero atoms
located in the para positions of the aromatic rings. Nitrogen atoms possess an electron
lone pair located in the plane of the carbon atoms of the ring, such arrangement allows
avery specific coordination binding to the metal. Figure 2 shows different N-donor
linkers used in the synthesis of coordination polymeric materials [3].

Typical N-donor linkers can have 1, 2, 3, 4 or more nitrogen atoms. It’s very important
to select the appropriate linker to obtain the desired pore size, i.e., the linker 4,4'-bipyri-
dine, which was reported by Wang and coworkers, describes a MOF synthesized through
hydrothermal conditions and using two different linkers [4]. As could be measured from
the .cif file, the distance between the Cd atoms is in the range of 11.59-7.50 A. Also, the
rings of the N-ligands are almost planar showing n- interactions. Due to the electron-
rich cloud inside the pore, small cations, or even small molecules with a deficiency of
electrons, could interact with each other to form stable systems. This analysis can be
deduced from the packing material obtained by X-ray diffraction. Figure 3 shows a small
portion of the material, which is composed of two different organic linkers where the
cadmium atoms are hexacoordinated arranged in an octahedral fashion [4].

The exchange of the 4,4'-bipyridine linker for a small one like the pyrazine linker
leads to a decrease in the distance between the metal atoms and hence the pore size
is reduced. Arenzano and coworkers reported the pillared MOF shown in Figure 4,
which is composed of two different organic linkers, pyrazine and 2-amine isophthalic
acid, which possess free amino groups in the final structure that can interact with
other atoms or molecules by hydrogen bonding or even donating the electron pair
to another metal atom to form a coordination bond. In the same way as the mate-
rial reported by Wang, this keeps the n-x interactions between the pyrazine rings.
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Figure 2.
Typical donor groups in N-donor linkers.

Figure 3.
Porve size and distances between Cd atoms in the MOF described by Wang.

The distances between cobalt atoms are in the range from 7.34 A to 714 A. The
material that possesses free functional NH, groups able to form hydrogen bonding
interactions can be used as a carrier system [5].

Carboxylate linkers possess two oxygen atoms, which contain four-electron lone
pairs ready to be donated to a metal to form a coordination bond; for this reason,
the carboxylate ligand, [RCO,] ", is one of the most versatile and hence also one of the
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Figure 4.
Distances between cobalt atoms and free amino groups present in MOF.
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Carboxylate coordination modes.

most abundant ligands in coordination chemistry. A great difference between
the N-ligands and carboxylate ligands is the coordination modes. Although simple
coordination modes are exhibited by the carboxylate and multicarboxylate family of
ligands, their utility has been immense, Figure 5 [6].

Designing the network topology in MOFs can be done within two main routes,
changing the cluster connectivity or altering the linker’s topological geometry. In
the same way as the N-linkers, the carboxylate length may vary the pore size in the
final structure. Linkers can be functionalized, that is, functional groups are added
in different sites of the benzene ring to confer certain desired properties in the final
material [6-10]. Figure 6 shows different carboxylate linkers, which differ mainly in
length, generally used in the synthesis of coordination polymers. Metal clusters adopt
established geometries that cannot be easily modified to change the connectivity.
The creation and modification of pore space with optimized size, functionality, and
diversity can be precisely tuned at the molecular level by rationally designing building
blocks and synthetic procedures. Therefore, logical designing of linker geometry is
essential for discovering specified topologies as an ideal platform for designing MOFs.
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Figure 6.
Linkers based on the carboxylate functional group to synthesize MOFs.

3. S-block metals-based MOFs

MOFs made up of s-block main group elements, alkali and alkaline earth metals,
have been less considered in both the fundamental and applied chemistry because
of their low stability and most importantly, preconceived chemical features Despite
the limited structures and difficulties in the structural formation of s-block MOFs
originating from the unpredicted coordination behavior of metals in group 1A and
2A, s-block MOFs adopt many distinctive, appealing, and intriguing features that are
suited to many applications. S-block MOFs inherit the characteristics of s-block main
group elements that are (1) naturally high abundance, making them inexpensive;
(2) less toxicity, unlike the other MOFs based on transition metals, thus expanding
their applicability into various fields, especially in biological processes; and (3) low
density, one of the essential factors for gas sorption applications [11].

4, Transition metal-based MOFs

4.1 Scandium MOFs

Scandium-based MOFs are stable and widely reported in the literature, reports on
highly selective CO, capture by small pore scandium-based MOF, hydrogen storage,
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Figure 7.
Types of channels with electronic charge distribution observed in ved color in MOF Sc-CAU-21.

catalysis, sorption, and more [12-15]. Recently, Stock and coworkers described a
Scandium MOF, which was synthesized under solvothermal reaction conditions using
4,4'-oxidibenzoic. The crystal structure of Sc-CAU-21 was determined from single
crystal X-ray diffraction data and showed two different types and sizes of channels.
Cadmium atoms present an octahedral geometry with bond distances in the range
of 2.059-2.083 A. Figure 7. The pore size can give us an idea of the molecules, which
could be absorbed in the Sc-CAU-21 [16].

The IBUs (Inorganic Building Units) are connected by 4,4'-oxidibenzoate
linker molecules to form a 3Dframework, which is isostructural to the nonporous
Al-CAU-21. Doping of Sc-CAU-21 was carried out to tune the luminescence proper-
ties where Sc-CAU-21 showed a linker-based blue emission, the (co)doping of Dy’*
and Eu®" ions resulted in a single-phase white-light-emitting phosphor [16].

4.2 Titanium MOFs

There are many reports on the synthesis of titanium-based MOFs, i.e., in pho-
tocatalytic hydrogen evolution, sorption, drug delivery, photoactive materials, and
more [17-20]. Marti-Gastaldo and coworkers have described a hydroxamate titanium
MOF, which was synthesized from the ligand Benzene-1,4-dihydroxamic acid follow-
ing a solvothermal technique. The technique indicates that the ligand was suspended
in a mixture of 7.2 mL of N,N-dimethylformamide and 2.1 mL of AcOH ina 25 mL
Schott bottle. The bottle was sealed and heated in an oven at 120°C for 48 h. MUV-

11 is a crystalline, porous material that combines photoactivity with outstanding
chemical stability in acid conditions intrinsic to the introduction of siderophore metal
binders, Figure 8 [21]. The structure presents a very distorted octahedral geometry.
Sorption of different ions, small and medium-size molecules can result because of
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Figure 8.
Pore size representation of a small part of the MOF, dimethyl ammonium molecules were omitted for clarity [21].

the high porosity. The aromatic rings and oxygen atoms present in the structure can
interact with different guest molecules via Van der Walls, electrostatic hydrogen
bonding, or n-r interactions.

4.3 Vanadium MOFs

While MOFs based on divalent metals, such as Zn?* and Cu?*, have received much
attention over the past decade, less progress has been achieved on the synthesis of
new MOFs containing tri- and tetravalent metals [22]. Among these, vanadium MOFs
are particularly rare. Applications of vanadium-based-MOFs can be found in areas
of chemistry such as catalysis, adsorption, separation of N,, CO,, CH,, magnetism,
and others [23-25]. Ferey and coworkers reported three-dimensional vanadium (III)
dicarboxylate, derived from terephthalic acid in HF, MIL-71. MIL-71 was prepared
from a mixture of metallic vanadium, HF, 1,4-benzenedicarboxylic acid, and deion-
ized water heated 3 days at 473 K under hydrothermal conditions. MIL-71 exhibits
two features according to the authors: (i), it is the first solid with a two-dimensional
inorganic subnetwork among the series of hybrid vanadocarboxylates, and (ii)
compared with other trivalent cations, it exemplifies once more the peculiar behavior
of V(III), which easily oxidizes into V(IV) [26]. Finally, the Vanadium atoms show
an octahedral geometry where four oxygen atoms coordinated to the metal occupy
the equatorial positions and two fluorine atoms that occupy the apical positions as
observed from Figure 9.

More interesting to observe is the pore size obtained in MIL-71 in the different planes.
Figure 9 represents the pores in the MOF, the left side denotes the 010 planes with
distances of 3.57 A x 10.72 A and the right plane 100 with distances of 3.57 A x 3.87 A.
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Figure 9.
Molecular representation, where the vanadium atom is hexacoordinated displaying an octahedral geometry.

The right side represents the front part, and the left side represents the lateral view,
forming in this way a rectangle. Red color represents oxygen atoms, green color repre-
sents fluorine atoms, gray color represents carbon atoms, and purple color represents
vanadium atoms. Metals and many small molecules could be adsorbed in this material
due to the great number of electrons spported by the oxygen and fluorine atoms and the
aromatic rings in the MOF, Figure 10.

4.4 Chromium MOFs

Chromium-based MOFs have been widely used with different applications such as
environmental remediation, gases sorption, catalysis, carrier systems, among others
[27-31]. Feng and coworkers have recently reported an ultrastable High-Connected
Chromium Metal-Organic Framework, which was obtained using a Teflon cup,
weighing, and combining chromium nitrate nonahydrate, 1,4-benzenedicarboxylic
acid, 2,4,6-tri(4-pyridyl)-1,3,5-triazine, and 50 pL hydrofluoric acid dissolved in
water. The solvothermal technique indicates that after being stirred for an hour, the
vessel was sealed and was subsequently placed in a 220°C preheated oven for 2 days.
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Figure 10.
Lateral view plane o10 (left) and frontal view plane 100 (vight) of MIL-71.
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Figure 11.
Hllustration showing graphic depicts of the porosity of Cr-based MOF.

As mentioned before, the importance to follow the technique is imperative to obtain
the correct product, because a minimal variation of temperature, reaction time, pH,
and even stir velocity can conduce to a different product. The obtained MOF gives rise
to a tridimensional structure, and the material presents high porosity. The chromium
atoms in the structure are hexacoordinated showing an octahedral geometry with
typical bond distances in the range from 1.94 A t0 2.17 A, Figure 11 [32].

4.5 Manganese MOFs

Manganese-based MOFs are very stables, and the reports in the literature are very
large, which include catalysis, materials with magnetic properties, transport, energy,
gas sorption, among others [33-37]. Manganese(II) ions/clusters have been used
as secondary building units (SUBs) to build MOFs in fields of gas adsorption and
magnetism attributed to their specific electronic configuration.

Wang and coworkers reported a manganese-based MOF applied in the decomposi-
tion of ozone, which means that the MOF works like a catalytic species to decompose
the ozone in water. The technique employed for the synthesis was solvothermal,
weighing the corresponding moles of Mn (NO;),-6H,0 and the linker HyTTPE, which
were dissolved in a mixture of DMAc/H,0. The yellow solution obtained was stirred
at room temperature for 5 min, sealed in a 25 mL Teflon-lined bomb, and heated at
120°C for 72 h [38].

The material shows according to the X-ray structure, two different kinds of man-
ganese atoms, one manganese being pentacoordinate with a very distorted trigonal
bipyramidal geometry, and the second manganese being surrounded by six atoms
accommodated in an octahedral fashion. The X-ray shows two different types of pores
in the structure, and the water molecules are coordinated to the manganese metal
atom. The two water molecules occupy part of the interior of the pores, and although
both pores are similar in size, it could be a slight difference in sorption capacity when
small molecules go inside the pore and interact either with the benzene electron-rich
rings pores or the more exposed electron-rich pores that contain oxygen and nitrogen
atoms from the tetrazole moiety, Figure 12.
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Figure 12.
Manganese-based MOF shows the pores for possible sorption of ions and molecules.

4.6 Iron MOFs

Iron-based MOFs have been widely reported in biological applications due to
their high stability, ease of synthesis, and low toxicity of the metal to the human
being. Application in areas such as environmental remediation, adsorption of volatile
compounds, catalysis, drug delivery, water remedying, glucose biosensing, among
others [39-43].

Long and coworkers described an iron MOF that was synthesized from anhydrous
ferrous, 1,4-dihydroxyterephthalic acid, DMF, and methanol. The reaction mixture
was heated at 393 K and stirred for 18 h to afford a red-orange precipitate. The solid
was collected by filtration and washed with 100 mL of DMF to yield 2.0 g (91%) [44].

Although the reaction implies a solvothermal method for 18 h, worth it for the
high yielding obtained. In Figure 12, we observe a small representation of the MOF,
orange, gray, and red spheres represent Fe, C, and O atoms, respectively, and the
hydrogen atoms were omitted for clarity. The iron atom possesses two different
coordination ways, square pyramidal and octahedral. The pores are well defined and
the oxygen atoms possessing two-electron lone pairs can interact with different met-
als and molecules. Even more, all the channels are well defined, and Figure 13 shows a
small portion of the crystal.

4.7 Cobalt MOFs

Cobalt-based MOFs have been broadly studied due that cobalt salts being cheap
and easy to obtain, even more, the cobalt atom can form Penta or Hexa coordinate
geometries, increasing the possibilities of coordination modes. These materials found
applications in oxygen and hydrogen evolution, magnetism and superconductivity,
catalysis, electrocatalysis, synthesis of nanomaterials, and more [45-49].

Burgos and coworkers could develop nanosheets of cobalt MOF for enhanced elec-
trocatalytic water oxidation. The X-ray studies show that there exists just one type of
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Figure 13.
Well-defined pores in the MOF Fe,(dobdc), where solvent molecules were omitted for clarity.

cobalt atom, which is hexacoordinate with an octahedral geometry, and the pyridine
solvent is coordinated to the cobalt atom. The pyridine rings are close enough to inter-
act via n-7 stacking with an average distance of 9.25 A. The cobalt atoms are hexacoor-
dinated showing a distorted octahedral geometry with coordination distances in the
range of 2055-2179 A. Because this material contains two different types of cavities,
both with an electron-rich environment, metals or small molecules can interact in the
surroundings to produce stable states [50].

The use of a well-defined cobalt cluster as the starting compound for the synthesis
directs the construction of a Co-MOF with an unusual topology. In this MOF, the layered
double nanosheets are held together by = — @ stacking interactions between labile pyri-
dine ligands. It has been shown that this material delaminates in the presence of water
and that the original 3D layered structure can be regenerated by solvothermal treatment
with pyridine so that the individual nanosheets have associated memory Figure 14.

4.8 Nickel MOFs

The combination of porosity and the presence of coordinatively unsaturated
Ni’* sites are also of special interest because of catalytic properties and the strong H,
binding affinity. Added to this, the chemical and thermal stability and the presence of
accessible Lewis acid sites are some of the reasons why Nickel-based MOFS find appli-
cation in a great variety of fields of chemistry and reports can be found on catalysis
for the ethylene oligomerization, CO,/CH, separation, magnetic and conducting
materials, methanol oxidation, among others [51-55].

Gong and coworkers reported the synthesis of Nickel-based MOFS using the
microwave-assisted [MA] technique combined with the solvothermal reaction.
In contrast to conventional methods, MA methods allow the rapid and systematic
investigation of large synthesis fields. This enables the effective discovery of new
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Figure 14.
A small part of the crystal shows the proximity of the pyridine groups that originate the n- interactions.

compounds, the fast optimization of synthesis conditions, and because of the large
amount of data, it allows the extraction of reaction trends. MA methods have been
successfully applied in the investigation of porous MOFs.

The resulting material was obtained as a crystalline solid and the X-ray diffraction
showed the structure that possesses a hexacoordinated cobalt atom arranged in an
octahedral fashion with a Ni-Ni interaction of 2.713 A. The coordination bond distances
are in the range from 1.972 to 2.009 A [56]. Part of the structure is shown in Figure 15.

4.9 Copper MOFs

Reports on MOFs containing copper include novel application in coordination strat-
egies to control the growth orientation of the crystals, modification, and adsorption of
different volatile organic compounds, MOF nanoparticles applied for sensitive fluores-
cent detection of ferric ion, copper-based MOFs for sensitive colorimetric detection of
staphylococcus aureus, separation of CO, over CH, or N,, among others [57-61].

Park and coworkers adopted a facile green synthesis for the preparation of a copper-
based MOF applied in the cycloaddition reaction of CO, and epoxide. The coordination
geometry around each Cu in the bimetallic cluster is octahedral, where the square
base is established by the four BDC units with their four carboxylate oxygen atoms.
The PNU-25 structure contains 3D channels with rectangular windows of dimensions
15.21 x 10.80, which undergo interpenetration via various supramolecular interactions
forming an overall triple interpenetrated network, as depicted in Figure 16 [62].

The heterogeneous PNU catalysts efficiently catalyzed the synthesis of cyclic
carbonates by the coupling of epoxide and CO, under ambient pressure and lower
reaction temperature. The PNU catalysts demonstrated remarkably good thermal
stability for the cycloaddition reaction. The coordinatively unsaturated Cu(II) units
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Figure 15.
Part of the structure of Ni-based MOF obtained by microwave-assisted technique.

Figure 16.
The PNU-25 structure contains 3D channels left, with copper metal atoms being hexacoordinated within an
octahedral geometry, right.

and the basic N atoms resulted in a large number of acidic-basic sites, facilitating the
conversion of epoxides.

4,10 Zinc MOFs

One of the important applications of zinc-based MOFs is the separation of materials,
gases, and compounds. By using the modified MOFs, diverse gases, organic and inorganic
compounds were separated, i.e., H/CO,, Xe, and Kr, O,/N,/CHy, other applications such
as catalysis in organic synthesis, removal and detection of antibiotics in water, sensing,
photocatalytic activity, semiconductive and magnetic properties, thin-film nanocompos-
ite membrane incorporated with Porous Zn-Based Metal-Organic Frameworks, among
others [63-67].
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Figure 17.
A small fraction of Zn-ttb-bdc MOF shows two coordination water molecules.

Yang and coworkers develop a low toxicity MOF for the detection of organic and
inorganic contaminants from water. The material was obtained according to the
mixture of the linker Httb and Zn (NO3),-6H,0 in a mixture of solvents, H,O, and
CH;CN, and the mixture was stirred for 20 min before adding in a steel vessel at
160°C for 5 days to obtain the Zn-based MOF, with yield 64%.

The MOF exhibits high water and chemical stability as well as excellent fluores-
cence properties. The remaining binding sites show higher sensitivity and better
fluorescence response to the representative organic micropollutant TNP and inorganic
pollutants (Fe** and Cr,0,* in wastewater. The Zn metal is hexacoordinated to four
nitrogen atoms from the tetrazole ring and two oxygen atoms belonging to water
molecules, Figure 17 [68]. The final structure presents n-r interactions between the
aromatic rings.

5. Synthesis OF MOFs

There are many reports in the literature about the ways and techniques commonly
used, frequently called reaction conditions, which are in some cases very specific to
synthesize the metal transition-based MOFs. The different synthesis methods that
have been applied in the last 20 years in addition to room temperature synthesis are
conventional electric (CE) heating, microwave (MW) heating, electrochemistry (EC),
mechanochemistry (MC), and ultrasonic (US) methods that have been employed.

Conventional step-by-step methods, as well as high-throughput methods, have
been employed in some of the studies. In addition to the crystal size or shape, thin
films, membranes, and various other shapes made of MOFs have been reported, which
require the application of different and specific synthesis methods. Nevertheless,
many other synthetic methods and parameters, such as temperature, reaction time,
pressure, pH, and solvent, must be considered as well. Numerous different syn-
thetic approaches, including slow diffusion, hydrothermal, and solvothermal, can
be applied to produce MOFs relying on the resulting structures and features [69].
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Strategies and methods for the synthesis of crystalline materials [2].

Figure 18 presents a resume of the different techniques applied for the synthesis
of MOFs, where we observe the conventional heating, sonochemistry, microwave-
assisted, using different temperature programs that let the correct nucleation and
growth of single crystals.

6. Environmental applications of transition metal-based MOFs

As could be discussed in the previous part, there are many different techniques
to achieve the synthesis of MOFs, and something very important to consider is the
combination of procedures that can allow the formation of materials with specific
pore sizes and shapes. The environmental applications of MOFs depend on the final
structure obtained, which is very related to the technique employed and the metals
and linkers used for the synthesis. Pore size and electron charge distribution into the
pores and the surface let those metals or even neutral or charged molecules interact
with each other. In this section, we’ll focus on three environmental applications,
heavy metal atoms, and azo dyes removal from water, hydrogen evolution, and cataly-
sis directed to the transesterification process of non-edible oils to obtain biofuels.

6.1 Metals and azo dyes removal from wastewater

There are many reports in the literature of heavy metal atoms removed from
aqueous mediums using crystalline materials. The remotion of those metals from
wasted water is due to the weak interactions generated between the metals and the
electron-rich environment of the pores. In the same way, the remotion of azo dyes
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(medium-size molecules). i.e., Congo red, methylene blue, and methyl orange from
wastewater, has been widely described, due to those azo dyes are considered toxic and
carcinogenic pullulans in the water.

Heavy metals such as arsenic, cadmium, chromium, copper, lead, mercury,
nickel, and zing with a density over 5 g cmpolluting our water are a rapidly growing
global concern. These elements can be found within the environment, be it in water
reservoirs, the atmosphere, or soil [70]. The recovery and elimination of toxic metal
ions from wastewater are of concern with increasing awareness toward the need for
protecting nature. Mercury and lead are the most toxic species and can cause bioac-
cumulation in kidneys, brain, lung tissues, gastrointestinal tract, central nervous
system, and reproductive system [71].

To date, several approaches have been applied to remove the heavy metals from
water including nanofiltration, membrane separation, ion exchange, resin, photo-
catalytic degradation, chemical moisture, membrane filtration, freezing, chemical
deposition, biological treatment, reverse osmosis, adsorption, etc. [72].

Studies to investigate the sorption mechanisms governing the sorption process
and to determine whether the sorption mechanism are controlled by a chemical or
physical mechanism, Morsali et al. applied conventional sorption kinetics models
such as pseudo-first-order, pseudo-second-order, and intraparticle diffusion to the
study. The correlation coefficient of the pseudo-second-order model for Cd(II) is
close to 1 (R? = 0.9999) and exhibited that the pseudo-second-order model is more
consistent with experimental data than the other model. Therefore, it is compat-
ible with chemical sorption, which indicates that transfer, exchange, or sharing of
electrons has taken place. Therefore, supramolecular interactions between cad-
mium ion and the free electrons of ligand nitrogens and the electrostatic interac-
tion between the cation and the dipole of nitrogen on the dihydropyrazine ring of
ligand are proposed as the dominant interactions between the metal ion and the
structure [73].

Figure 19.
A small portion in MOF TMU-60 and pore size obtained after the synthesis.
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The X-ray structure showed that the aromatic rings from the linker are available
to interact through supramolecular interactions with different metals or even small
molecules through week interactions Figure 19.

The synthesis was achieved in DMF at 60°C, and then the solution was transferred
to a Teflon autoclave and heated to 120°C for 72.

Large amounts of dyes are commonly used in many manufacturing, such as tex-
tiles, clothing, and printing. Among these, azo dyes are one of the largest groups that
are heavily used, but most difficult to be degraded, and even more, the azo dyes and
their derivative products are toxic to the aquatic environment and are mutagenic and
carcinogenic to humans. Therefore, the treatment of wastewaters containing these
dyes is necessary [74].

Numerous studies have considered new processes to eliminate emerging organic
contaminants (EOCs) from water, i.e., ozonization, chlorination, sonodegradation,
biodegradation, inorganic heterogeneous catalysis, activated carbon treatment, and
more. Among these technologies, metal-organic frameworks (MOFs) have been
recently investigated for the removal of contaminants in water [75].

Separation or degradation requires strong research efforts to modify MOFs via
controlling their pore diameter (adding functional groups, creating defects) or to
construct MOF composites to engineer materials as improved adsorbents and/or
catalysts for contaminated water treatment. MOFs and MOF composites have been
proposed for the removal of a wide range of contaminants, including dyes, pharma-
ceuticals, plasticizers, herbicides and pesticides, industrial products, among others.
While a few reviews have already documented the use of MOFs in the removal of
novel contaminants [76].

Choe et al. reported the adsorptive removal of various dyes using a Zr porphyrinic
MOF, PCN-224. The plausible mechanism for adsorptive removal revealed multiple
interactions between the dye and porphyrin linker/Zr6 node via & — r interactions
and hydrogen bonding, respectively. Such results demonstrate that PCN-224 is an
excellent adsorbent, providing superior water stability, pore aperture of suitable size,
and multiple interaction sites Figure 20 [77].

The best performance of dye adsorption onto PCN-224 comes from structural
properties such as appropriate pore aperture, volume as well as various types of

Figure 20.
Zr porphyrinic metal-organic framework (MOF) for removal of azo dyes [77].
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interactions such as n—x interaction, hydrogen bonding, and electrostatic interaction.
Significantly, an interaction between the sulfonate group of the MO molecule and
the Zr6 node of PCN-224 was demonstrated through experimental and theoretical
studies. Arrangement of tripod form between Zr node and sulfonate group of the MO
molecule can form hydrogen bonding.

6.2 Hydrogen evolution

Highly efficient hydrogen evolution reactions (HERs) will determine the mass dis-
tributions of hydrogen-powered clean technologies in the future. That’s why hydrogen
evolution is one of the topics more explored in the last years because molecular
hydrogen is the best environmentally friendly fuel available, which reacts with oxygen
to produce energy and water.

The procedures employed to produce hydrogen are still expensive because of
the catalysts employed to obtain the gas and the conditions and hence the high-cost
obtention. Current industrial hydrogen production methods include coal gasification
(followed by water-gas shift reaction), steam reforming, cryogenic distillation, and
water splitting.

The specific surface area of MOFs can range from 1000 to over 6000 m* g™’,
thanks to their tailorable porous structures, which play a significant role in enhanc-
ing the catalytic HER process. Large surface area and pore volume ensure sufficient
contact between the electrolyte (or reactant solution) and the surface of the catalyst,
which essentially improves catalytic performance by exposing more active sites for
the catalytic reactions to take place. It is that research on MOFs for HER primar-
ily focuses on the following three techniques: electrocatalytic, photocatalytic, and
chemocatalytic HER [78].

MOFs, MOF supports, and MOF derivatives can be utilized as catalysts in the
abovementioned hydrogen production methods. Most of the materials used for
photocatalytic hydrogen evolution PHE applications include inorganic oxides such as
TiO,, ZnO, and SrZrO;, due to their high stability. The application of metalorganic
frameworks in these processes is limited due to the loss of efficiency attributed to the
recombination of electrons and holes [79]. Even so, together with the unique porous
structure of MOFs, a remarkable hydrogen evolution reaction HER performance
can be achieved using different overpotential in phosphate buffer solution (PBS,
pH =70) [80].

In the same way, the significant effect of crystallinity in the photocatalytic activity
of metal-organic frameworks was demonstrated through the evaluation of differ-
ent samples with different crystallinity in the HER reactions. The samples with
high crystallinity produce too a higher amount of hydrogen, which is attributed to
the lower recombination supported by the experiments of photoluminescence and
electrochemical impedance directly related to a high-ordered material.

Rivera et al. described the synthesis of a BDC-Zn MOF, which was firstly used
for methyl orange and methyl blue sorption and followed by PHE under solar light.
MO presented the best adsorption result, with a maximum adsorption capacity of
2100 mg/g, which is higher than all the MOFs reported in the literature. For HER,
the activity was enhanced 24 times in photocatalyst with MO adsorbed, and 27 times
for the MB adsorbed (from 47 to 1148 and 1259 pmol/gh, respectively). This result
is attributed to better light adsorption and a decrease in charge recombination. It’s
important to mention that even though the reflux method presented the disadvan-
tage that it is not possible to obtain single crystals, the reaction conditions such as
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Mechanism of HER by using the BDC-Zn-MOF obtained under solvothermal conditions [81].

temperature, pressure, and time are more ecological in comparison with the tradi-
tional MOF 5 solvothermal synthesis and analogous [81].

Figure 21 shows the mechanism for HER. In the first step, MO/MB molecules
linker to BDC-Zn MOF captures the light from the solar simulator. Light produces the
transference of electrons from the conduction (LUMO orbital analog) to the valence
band (HOMO orbital analog), this produces a hole formed in the conduction band,
which oxidizes water molecules, finally, the electron in the valence band reduces H*
to H,. At the same time the species O,” and OH" are formed, and these could affect
MOFs by redox reactions; however, possibly MO/MB acts as a sacrificial agent avoid-
ing the BDC-Zn MOF structure collapse by the capture of these species. Therefore,
growing hydrogen production is observed.

6.3 Catalytic transesterification reaction

Biodiesel is green and renewable energy, which is a promising substitute to replace
fossil combustibles. Normally, biodiesel is produced via transesterification/esterifica-
tion with the assistance of a homogeneous or heterogeneous catalyst. Biodiesel is a
series of fatty acid alkyl ester (FAAE), which is normally derived from transesterifi-
cation of vegetable oil or animal fat (triglyceride) and alcohol with the assistance of
catalyst as shown in Figure 22.

In general, transesterification is the most used technique for biodiesel production,
which is proceeded in three steps. In the first step, triglyceride reacts with alcohol
generating monomolecular FAAE and diglyceride. Then, diglyceride reacts with
alcohol resulting in monomolecular FAAE and monoglyceride. Finally, monoglyceride
reacts with alcohols giving rise to monomolecular FAAE and glycerol [82].

Industrial biodiesel production is based on the transesterification of triglycerides
with methanol or ethanol using stoichiometric amounts of strong Bronsted base (e.g.,
sodium or potassium hydroxide/methoxide) and homogeneous acid catalysis, such as
H,SO,, HCI, H3POy,, but the problem with this homogeneous catalyst is their difficult
recovery from the media. The ease of heterogeneous catalyst to be recovered at the
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Transesterification reaction of triglycerides in alcohol as a solvent.

end of the reaction just by a simple filtration reduces dramatically the cost in the
biodiesel obtention process.

One of the properties of MOFs compared with other porous solids is the facile
introduction of the desired active sites. Solvent/water molecules weakly bounded
around metal nodes in MOFs could be removed upon activation; thus, these coordina-
tively unsaturated metal sites behave as Lewis acid sites [83].

MOFs can be used in combination with other materials to form composites or as
catalytic support to solve two specific problems, stability, and recyclability issues.
The porous materials, metal-organic frameworks (MOFs) are suitable for enzyme
immobilization owing to their ideal features of tunable pore size, and topological and
compositional versatility. Currently, multiple enzyme-MOF composites have been
successfully created using physical adsorption or covalent attachment strategies. Also,
because MOFS catalyze many reactions, they accelerate the velocity of the reaction
and low the transition states of the molecules to react faster and slower reaction times
and energy consumption [84].

To increase the catalytic activity in MOFs, three different strategies can be used.
The first strategy is post modification of MOFs, which results in the linker modifica-
tion to increase the active sites and hence the catalytic activity. The second strategy is
the formation of composites, which results in mixing the MOFs with different basic or
acid materials together to obtain better results and structural stability in MOFs. The
third strategy is to develop new linkers that incorporate the specific active sites that
remain free once the MOFs are obtained [85]. Finally, because the transesterification
process requires very large reactions times, the energy consumption is high; there-
fore, different synthesis techniques can be used in combination. Rivera et al. could
obtain through hydrothermal synthesis a 3D-Co-based MOF. The Ultrasonic-assisted
synthesis is a powerful technique, the yields obtained are increased, and the reaction
times are decreased using milder conditions.

Rivera et al. reported the green synthetic approach that involves the ultrasonic
technique that allows in terms of energy conservation higher purity products. The
high catalytic activity exhibited by the catalyst reported has to do in part with the
free carboxylic acid groups that remain free in the structure, as revealed by the X-ray
diffraction. The application of this catalyst resulted in 80% of total conversion after
12 h at just 60°C [86].

The use of composite MOFs is widely described in the literature, and the idea to
produce biodiesel is to add new basicity or acidity sites to the material to increase the
catalytic activity or simply to get better stability. Zhang et al. synthesized the reusable
and highly active Fe-BTC and UiO-66 metal-organic framework by hydrothermal
method, and the MOF was applied for the acid-catalyzed esterification of oleic acid
with methanol. Typically, the esterification reactions of oleic acid with methanol
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Possible reaction mechanism for the esterification reaction process [87].

were performed in a 50 mL stainless steel reactor equipped with a magnetic stirrer.
The mechanism proposed for the esterification reaction is shown in Figure 23.

Characterization analyses indicated that the ZrSiW/UiO-66 possesses an appro-
priate structure and high acidity. The highest oleic acid conversion of 98.0% was
obtained using the ZrSiW/UiO-66 nano-hybrids nanocatalyst under the optimal
esterification reactions: 150°C, 0.24 g catalyst, 1:20 molar ratio of oleic acid to
methanol, and a reaction time of 4 h [87]. The easy preparation of MOF composites
lets these materials find better opportunities to be investigated [87].

7. Conclusions

Metal-organic materials are easy to synthesize and have a wide variety of applica-
tions. MOF materials are constructed from linkers and different metal atoms, which
can interact via coordination bonds to produce 1D, 2D, and 3D porous structures.

The final porous structure depends primarily on the linkers and metals used for the
synthesis but equally important to obtain specific crystalline structures and hence
high-ordered and porous materials is to apply the correct technique that involves

the correct pressure, reaction time, temperature, pH value, solvent, or a mixture of
solvents, stirring, or even microwave and ultrasonic-assisted synthesis, which can

be applied and combined with other techniques to obtain desirable size and porous
structures in the MOFs. The environmental applications of MOFs such as sorption

of metals and azo dyes depend on the final structure obtained, the pore size, and the
electron charge distribution into the pores, and the surface allows metals or even neu-
tral or charged molecules to interact with the MOF to form different contacts such as
hydrogen bonding, n-= interactions, or simply interact through Van der walls forces.
On the other hand, the catalytic activity for the transesterification process to obtain
biodiesel depends mainly on the availability of metal centers, which are acid sites that
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can be increased by adding more acid sites by a post-modification synthesis or simply
by using a specific linker containing the acid sites in the original structure. Finally, the
hydrogen evolution reaction depends mainly on the structure of MOFs (crystallinity)
and the linkers, that is, delocalized systems that allow HOMO and LUMO orbitals
to get less separated, and hence the electrons can get transferred more efficiently to
oxidase water.
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Chapter 5

Adsorption and Its Applications:
Using Zinc Adsorption on Water
Hyacinth to Elaborate the Kinetics
and Thermodynamics of
Adsorption

Joseph Munene Mwaniksi

Abstract

Adsorption is a technique for removing adsorbate from the liquid or gas phase using
adsorbents. The adsorbent is solid while the adsorbate can either be dissolved in liquid
or gas. Adsorption has attracted the attention of many researchers because of its wide
applicability in water and air purification, environment friendly, effectiveness, and ease
to design as compared with the other methods. Activated carbon has been used as an
effective adsorbent. However, its application is limited since it’s expensive. This has
necessitated research interest in other materials that are safe and economical instead of
commercial activated carbon. Some of the materials that have been successfully tested
include sawdust, silica gel, zeolites, clay minerals and oxides, nanomaterial, agricultural
by-products, biological waste, ion exchange resins and water hyacinth, etc. Although
some of these materials are effective, they are not readily available. The kinetics of
adsorption is done through testing the adsorption data against standard kinetic models
and the model with the best line of fit, based on the values of coefficient of determina-
tion (R?) is selected. The adsorption process is described using isotherms such as
Freundlich and Langmuir. This chapter sheds more light on adsorption, the most
common adsorbents, kinetic models, isotherms, and adsorption applicability.

Keywords: adsorption, adsorbents, kinetics, mechanism, isotherms, thermodynamics

1. Introduction

Over the last decade, there has been a tremendous increase in industries world-
wide. Wastewater released from the industries is contaminated by toxic substances
such as heavy metals. Heavy metals are persistent, fairly soluble in water, and hence
easily absorbed into living cells [1]. Heavy metal pollution poses health problems such
as damage to the liver, kidney, circulatory and nervous system, dermatitis, insomnia,
tumor formation, rheumatoid arthritis and respiratory cancer. Heavy metals of great
concern are mercury, lead, zinc, nickel, cobalt, chromium, copper, and cadmium.
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Due to these and many more adverse effects of heavy metals, on humanity and the
environment, there is a need for protection and restoration of the environment
through the removal of heavy metals from the industrial wastewater before being
released into the environment.

Several methods have been used to remove heavy metals from industrial waste-
water, which include the use of membranes such as reverse osmosis, electrochemical
techniques such as electrolytic extraction and electrodialysis, ion exchange, and
chemical precipitation. Although these methods are effective, they are costly in terms
of infrastructure, control systems, and energy [2]. There exist cheaper methods of
eliminating heavy metals from wastewater such as adsorption [3]. Adsorption is
becoming a regular method for the removal of heavy metals from wastewater since its
relatively less costly, energy-efficient, environmentally friendly, and inexpensive [4].
Another key advantage of adsorption is the ease of designing and operating [5].
Adsorption is very effective even when the concentration of heavy metal is as low as
1 mg/L, offering metal recovery, metal selectivity and regeneration of the adsorbent
material [6].

2. Adsorption mechanism

Adsorption takes place in four definitive stages: Stage 1: The mass transfer of the
adsorbate by diffusion from the bulk fluid to the solid-liquid boundary layer sur-
rounding the adsorbent particle. Stage 2: External diffusion. The transportation of the
adsorbate through diffusion within the boundary layer to the outer surface of the
adsorbent. Stage 3: Internal diffusion. The transfer of the adsorbate from the outer
surface of the adsorbent to its inner surface by diffusion. Stage 4: The adsorption of
the adsorbate on the active sites by physical (Physisorption) or chemical adsorption
(Chemisorption). Physisorption is the interaction between the adsorbate and the
active site through the weak van der Waals forces while in the chemical adsorption,
the interaction results in the formation of a strong chemical bond. Physisorption is
reversible and leads to the formation of multimolecular layers while chemisorptions
are irreversible and form a unimolecular layer.

3. Common adsorbents

The applicability of the adsorbent in the removal of pollutants majorly depends on
the adsorbent’s characteristics. Some of the major characteristics include porosity, pore
configuration, and the general nature of the surface of the adsorbent. The adsorption
sites are spread throughout the solid. Adsorption sites’ sizes are categorized into three:
macropores, mesopores, and micropores. While macropores’ diameter is larger than
50 nm, mesopores have a diameter that varies between 2 and 50 nm. Micropores’
diameter is less than 2 nm. Many adsorbents are either naturally occurring or
manufactured. Some of the common adsorbents include activated carbon, silica gel,
zeolites, clay, nanoparticles, biological wastes, exchange resins, and water hyacinth.

3.1 Activated carbon

It is an organic material that forms a porous medium for adsorption. The structure
of this medium is composite. The building blocks in this structure are carbon atoms.
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Activated carbon can be used to remove substances such as dyes and pesticides as well
as in the purification of wastewater [7]. This is because it is extremely effective in
cadmium, lead, and zinc removal. The removal of pollutants such as chlorinated
hydrocarbons, purification of helium, removal of phenols, removal of gas odors, and
removal of nitrogen from the air have all utilized activated carbon [8].

3.2 Silica gel, zeolite, clay minerals, and oxides

Silica gel is a porous form of silica. It’s mainly used to control moisture because of
its high ability to absorb water vapor [9]. Also, it is used to control moisture in shoe
boxes and to remove moisture from transformer oils and gases. Silica gel is widely
used since it is cheap and can be regenerated [10]. Zeolite occurs naturally in the form
of crystalline alumina that can be used in the adsorption of organic molecules from a
gaseous phase. Zeolites have high water uptake since they have extensive surface area.
Zeolite is used in industries to purify hydrogen gas and to recover carbon dioxide. In
petroleum manufacturing, normal paraffin is separated from branched paraffin by the
use of zeolites through adsorption. Clinoptilolite and bentonite, which are forms of
zeolite, have been reported as proficient adsorbents in purification since they adsorb
heavy metals [11, 12]. Clay minerals and oxides are available in nature and widely
used because of their ability to adsorb many species of element. They adsorb cations
such Cu”*, anions such as N**, and neutral metallic species. Clay can be categorized
into four: mica, smectite, kaolinite, and montmorillonite. Although they are readily
available, they are less efficient in the adsorption of heavy metals when compared
with zeolites.

3.3 Nanomaterial, agricultural by-products, and biological waste

Nanomaterial is a porous material whose pore diameter is less than 200 nm. These
materials pose special properties such as distinctive surface and structural properties
such as crystallinity and defect. They are used in processes such as ion exchange,
catalysis, and separation. Nanomaterials are efficient in adsorption although they are
expensive [13]. Most of the nanomaterials that have been used as an adsorbent include
carbon nano-tube, activated carbon, and graphene. Agricultural by-products and
biological wastes have been utilized in the adsorption of heavy metals. They are
readily available, require modest processing, economical, offer selective adsorption
and easy to generate. Agricultural by-products such as pecan shells, coconut shells,
rice husks, cow dung, and maize cob have all been used effectively [14].

3.4 Ion exchange resins

These are organic materials (polymers) that can substitute ions within them with
ions in a solution. This occurs when a solution containing ions is passed through the
polymer. Resins can either be anionic or cationic. Anionic resins are negatively
charged. As the solution passes through the resin, the positively charged ions in the
solution are trapped since the resin is negatively charged [15]. Anionic resins are
either weak or strong acids. Cationic resins are positively charged. They trap the
negatively charged ions in the solution. The ion exchange resin is used in water
softening to substitute Mg>* and Ca”* with Na* converting hard water to soft water
[16]. In this case, the resin is regenerated by rinsing it with a solution whose concen-
tration of sodium ions is high. Resins are also used to purify water. In such a case, the
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poisonous heavy metal ions are replaced with ions such as sodium. Water containing
no mineral content is purified using a resin that contains H" and OH™ to replace
anions and cations.

3.5 Water hyacinth and other low-cost adsorbents

The plant can be grown in contaminated soils to absorb the heavy metal ions [17].
Also, it can be harvested, dried and ground into powder before dispensing it in heavy
metal contaminated water. Water hyacinth powder should be allowed sufficient time
in the contaminated water for adsorption to occur before the water can be used. The
constituents of water hyacinth are cellulose (30-50%), hemicelluloses (20-40%), and
lignin (15-30%) [18]. The cellulose contains functional groups such as O-H, which are
involved in adsorption through deprotonation [19]. A comparative study on the effi-
ciency of water hyacinth, water lettuce, and vetiver grass showed that the three plants
have different abilities to eliminate water contaminants and their capacities are
influenced by factors such as climate and temperature etc. [20]. Low-cost adsorbents
provide cheap and readily available material to use as adsorbents. Lately, scientists
have intensified research on the use of low-cost adsorbents in the removal of heavy
metals from wastewater. Biological resources such as the agricultural waste have been
put to the test and have proved useful. Rice husks, cow dung, sugarcane bagasse,
sawdust, cashew nutshell, soybean hull, coconut shell, cotton hull, orange and banana
peel have all successfully been used to remove heavy metals from wastewater. These
adsorbents are cleaned and ground to the desired particle sizes before being used for
adsorption while others are modified using modification techniques to improve the
active sites [21].

4. Adsorption kinetics

During adsorption, equilibrium is not established immediately. The particle
transfer from the solution to the adsorption site is restricted by the mass transfer
resistance. The graph showing rate of adsorption with time is referred to as adsorption
kinetics. It shows the rate of withholding or discharge of adsorbate from the aqueous
solution to the adsorbent surface. The rate is influenced by the amount of the
adsorbent, temperature, pH and particle size of the adsorbent, among others. The
adsorption rate is restricted by resistance to diffusion in the solution (as adsorbate
diffuses from the solution to the surface of the adsorbent) and within the adsorbent
layers (as the adsorbate diffuses to the active site within the adsorbent) [22]. Kinetics
studies are, therefore, important in determining the rate-limiting stage. Kinetics of
adsorption is studied using kinetic models such as pseudo-first-order and
pseudo-second-order.

4.1 Pseudo-first-order

To be able to analyze adsorption, several models have been applied. One such
model is the pseudo-first-order. The linear form of the pseudo-first-order equation is
(23]

K1
Log (q, — q,) = log (qe)—mf 1)
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Where q. (mg/g)—the amount of adsorbate on adsorbent at equilibrium, g,
(mg/g)—the amount of heavy metal adsorbed on water hyacinth at a time t while
K1(Min ) is a rate constant of adsorption for pseudo-first-order. The values of q. and
q: are determined using the adsorption capacity Eqgs. (2) and (3) respectively [24].

(4) = (CIM;C@ xV 2

(@)= G2 A_/[Cz) xV (3)

Where C; and G, refer to the initial and final concentration, C. is the concentration
of the analyte at equilibrium, M-mass of the adsorbent, V is the volume used. The
adsorption rate constant (K;) for pseudo-first-order is computed from the gradient of
a linear plot of log (qe.-q:) versus t while q. is the value at the intercept.

4.2 Pseudo-second-order

The linear form of pseudo-second-order is [25];

t 1 1
qt qe Pt K2qe2 )
Where q. (mg/g)—the amount of adsorbate on adsorbent at equilibrium, g,
(mg/g)—the amount of heavy metal adsorbed on water hyacinth at a time t while
K,(Min ") is a rate constant of adsorption for pseudo-second-order. The values of q;
are determined using the adsorption capacity Eq. (2). The adsorption rate constant for
pseudo-second-order (K;) and q. are computed from the gradient and intercept of a
linear plot of t/q, versus t respectively. The linear plot with the highest R” value is
considered to describe the reaction best and is taken as the correct reaction order.

4.3 Experimental example

Adsorption studies of water hyacinth powder in the removal of Zn** (95.5 ppm)
from an aqueous solution were conducted, and the data obtained analyzed using both
pseudo-first and pseudo-second-order.

To prepare the stock solution, the following procedure was followed [26]:

* The amount of salt dissolved in a liter of distilled water to make 1000 ppm
aqueous solutions of zinc was calculated using Eq. (5) [27].

_Mw 100V

m=2w P %1000 5)

Where m = mass (g) of analytical grade zinc nitrate, which was weighed,
My = molecular weight, A,, = Atomic mass, V = volume of the stock solution to be
made, P = percentage purity of the salt.

297.48 100 1000
~ 654 9597 1000

= 4.7396g
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* 4.7396 g weighed was transferred into a 1000 ml volumetric flask. 100 ml of
distilled water was added, stirred, and made to the mark.

* Working solutions of 95.5 ppm were prepared via serial dilution following the
formula indicated in Eq. (6) [28]

CiVi =GV, (6)

Water hyacinth stems were collected from the shores of Lake Victoria, cut into
smaller pieces, and cleaned vigorously with water to get rid of dust and other con-
taminants. To further prepare water hyacinth pieces for adsorption, the following
procedure was followed

* Thorough cleaning of water hyacinth stems using distilled water followed by
sufficient sun drying. Further, oven drying at 110°C to ensure that the moisture
was removed totally.

* The dried components were ground and sieved using 300 pm sieves.

4.3.1 Batch experiments
To carry out the batch studies, the following procedure was followed [29]:

* 0.5 g of groundwater hyacinth whose particle size was <300 pm was added in
separate 500 ml beakers. To the beakers, a 100 ml aqueous solution of 95.5 ppm
for zinc was added. The pH value of the solutions was set at 5 using a benchtop
pH meter model HANNA HI 22091 and was adjusted by adding 0.1 M HNO3 and
0.1 M NaOH.

* The mixtures were stirred continuously using a magnetic stirrer at 300 rpm for
5 min. Adsorption was allowed to occur for 2 h.

* The mixture was gravity filtered using Whatman filter paper no. 40. The residual
concentrations (C,) of selected zinc ions in the filtrate were determined using the
AAS (AA-6300 SHIMADZU AAS) after 10 min for 1 h.

Table 1 gives information about the initial and final analyte concentration
(Cp, and C,), the volume of the solution (V), the mass of the adsorbent (M), the
amount of adsorbate on water hyacinth at equilibrium (q. - mg/g) and at time t
(q-mg/g), the quotient t/qy, the difference between q.-q; and their logarithmic
difference (log qe-qy).

Time and logarithmic differences presented between in Table 1 were used to
generate Figure 1. Figure 1 shows the variation of the logarithmic difference (log qe-
q:) with time. The logarithmic difference (log gqe-qt) in adsorption capacity at equi-
librium and at particular time t decreased linearly as the adsorption time increased as
shown between Figure 1.

Time and the quotient t/q, presented in Table 1 were used to generate Figure 2.
Figure 2 demonstrates how the quotient t/q, changes with time t. The quotient of t /qt
increased linearly with the adsorption time as shown in Figure 2.
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Kinetic data for Zn>*(95.5 ppm)

time C. Co v M Qe 9e qeqe log (qe-qr) t/q;
0 955 955 01 05  0.0000 15.6800  15.6800 1.1953 Error
10 641 955 01 05 6.2800 15.6800  9.4000 0.9731 1.5924
20 494 955 01 05 9.2200 15.6800 6.4600 0.8102 2.1692
30 422 955 01 05 10.6600  15.6800 5.0200 0.7007 2.8143
40 34 955 01 05 123000  15.6800 3.3800 0.5289 3.2520
50 219 955 01 05 147200  15.6800 0.9600 —0.0177 3.3967
60 171 955 01 05 156800 156800  0.0000 Error 3.8265

Table 1.

Kinetic data for Zn®".

Figure 1.

1.40
1.20
1.00
0.80
0.60

log (qe-qt)

0.40
0.20
0.00
-0.20

0

10

20 30

40

t(min)

y =-0.0209x + 1.2253

R?=0.9438

60

Pseudo-first-order for the adsorption of 95.5 ppm zinc ions onto water hyacinth powder.

Figure 2.

4.50
4.00
3.50
g 3.00
W 2.50
£
€ 2.00
=
g 150
1.00
0.50

0.00 &

0

10

20

0 40
t(min)

y =0.0578x + 0.7033

R?=0.8995

50

60

Pseudo-second-order for the adsorption of 95.5 ppm zinc ions onto water hyacinth powder.

70

70

The essential information presented in Figures 1 and 2 was used in determining
the kinetic parameters, which were used in establishing the most suitable model that
could be used to describe the adsorption of Zn®* on water hyacinth powder.

4.3.2 Pseudo-first-ovder and pseudo-second-ovder kinetic parameters

The pseudo-first-order and pseudo-second-order kinetic parameters include Ky,
Qe> and K. The initial concentration of Zn>* was 95.5 ppm while the final
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Pseudo —first-order Pseudo -second-order
Metal ions K;(min™?) qe (mg/g) R? K,(g/mg.min) qe (mg/g) R?
Zinc ions 0.0481 16.7996 0.944 0.0048 17.3010 0.8995

Table 2.
The pseudo-first-order and pseudo second-order kinetic parameters of adsorption of zinc ions on powdered water
hyacinth.

concentration was 17.1 ppm. Using the Egs. (1), (4) and the slopes in Figures 1 and 2,
the pseudo-first-order and pseudo-second-order kinetic parameters can be calculated
as shown:

a. For the pseudo-first-order
Comparing the slope from Figure 1 with the linear form of pseudo-first-order

equation (Eq. (1))

y = —0.0209x + 1.2253

K1
Log (q. —q,) = ~53030 1 log (q.)
q. = 16.7996, while k; = —2.303 x — 0.0209 = 0.0481

b. For the pseudo-second-order

Comparing the equation from Figure 2 with the linear form of pseudo-second-
order

y = 0.0578x + 0.7033
t 1 1

= —1 -
qt qe * K2qe2.

ge = 1/0.0578, hence q. 17.3010, K, = 0.0048. The pseudo-first-order and
pseudo-second-order kinetic parameters are presented in Table 2 which provides
information about Kj, ge, R?, and K,.

The adsorption kinetics pointed out that the pseudo-first-order kinetic model
expressed better the adsorption technique of zinc on water hyacinth with the
regression coefficient R* = 0.944 being higher than that of the pseudo-second-order
(R? = 0.8995).

5. Adsorption isotherms

Adsorption isotherm refers to a graph showing a relationship between adsorbate
in the bulk and that on the surface of the adsorbent at a constant temperature.
The adsorbate adsorption or release in an aqueous solution could be represented as

follows [30]:

S¢(Me) + H* (solution) « S¢ (adsorbent) + Me(solution) @)
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where S¢ represents the different adsorption sites on the adsorbent where the
metal, Me can be retained. The adsorption of the metal on the sites could be enhanced
by both the physical and chemical characteristics of the medium [31]. Langmuir and
Freundlich’s isotherms have been applied to heavy metal adsorption studies. The
Langmuir isotherm assumes that adsorption is a reversible process and the adsorbing
material has a definite number of active spots, which are evenly distributed [32]. The
Freundlich isotherm describes multilayer adsorption [33]. The adsorption isotherms
and modeling are very important in determining the accuracy of the adsorption
process.

5.1 Langmuir isotherms

Langmuir adsorption was intended to illustrate gas—solid adsorption. However, it
is also used to compute and compare the adsorption capacities of various
adsorbents. Langmuir isotherm balances both adsorption and desorption rates.
Adsorption is the measure of the portion of the adsorbent’s surface that is open
while desorption accounts for the portion of the surface of the adsorbent that
is occupied [33]. The linear form of Langmuir isotherm that was used is shown in

Eq. (8) [34]

1 1 1 1
o (i) @ o ®
where: q. (mg/g)—equilibrium adsorption capacity, C. (mg/l)—the amount of
adsorbed adsorbate at equilibrium, q,, (mg/g)—the highest amount of the adsorbate
for every unit weight of adsorbent while b (I/mg)—Langmuir constant (binding
affinity). The q,, and b values are determined graphically from a plot of 1/q. against

1/C.. The dimensionless factor Ry, also known as the separation factor, is used to
describe the Langmuir isotherm. It is determined using Eq. (9) [35]

1

Rp=-———
L bhCor1

)

where; Ry, < 1—adsorption is favorable,
Ry, > 1—adsorption is unfavorable

Ry = 1—linear

Ry, > 1—adsorption is irreversible

5.2 Freundlich isotherms
Freundlich isotherm equation is based on the fact that adsorption occurs on a
heterogeneous surface. It is an experiential model, which takes into account the
adsorptive active sites and their energy exponentially. The expression also considers
the heterogeneity of the adsorbent’s surface. It is expressed as shown in Eq. (10) [36]
q. = KgCe/® (10)

The linear form of the Freundlich isotherm equation is shown in Eq. (11) [37].

log q, :% log C. + log K¢ (11)
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Where ge (mg/g)—the amount of the adsorbate adsorbed per unit weight of water
hyacinth bio-material, Ce (mg/L)—the amount of unadsorbed adsorbent in the solu-
tion, Kq—a constant indicating adsorption capacity while n—adsorption intensity.
Adsorption studies of zinc ions conducted using synthesized magnetite and baobab
composite showed that the equilibrium data were suitably expressed by Freundlich
because of the high correlation coefficient [38].

5.3 Experimental example

Equilibrium adsorption studies of water hyacinth powder in the removal of Zn**
from aqueous solution were performed, and the data obtained were analyzed using
both Langmuir and Freundlich isotherms. The working solutions of concentrations
0.5, 1.0, 10, 20, 40, 50, 60, 80, 100 ppm were prepared through serial dilution of the
stock solution prepared in Section 4.3 following the formula indicated in Eq. (6).

5.3.1 Batch experiments

100 ml of aqueous solutions containing zinc metal ion (0.5-100 ppm) were added
to 0.5 g of water hyacinth powder (<300 pm) in separate 500 ml beakers. The pH of
the solutions was set at 5, and the solutions were stirred for 5 minutes. Adsorption was
allowed to occur for 120 minutes. These experiments were performed at room tem-
perature until the equilibrium was established. The mixture was filtered using gravity
filtration (using Whatman Filter Paper no. 40 and plastic filter funnels). The residual
concentrations of zinc ions in the filtrate were determined using the Atomic Absorp-
tion Spectrometer (AA-6300 SHIMADZU AAS). The data obtained from the adsorp-
tion studies were computed using Egs. (2), (8) and (11), and tabulated in Table 3.
Table 3 gives information about the initial and equilibrium analyte concentration
(Co, and C.), reciprocal of equilibrium concentration (1/C,), the amount of zinc ion
on water hyacinth at equilibrium (q. - mg/g) and its reciprocal (1/q.), and the
logarithmic values of both g, and C. (log qe, log C.).

The logarithmic values of C. and g, accessible in Table 3 were used to generate
Figure 3 which demonstrates demonstrates the variation of log q. with log C..

Equilibrium data for Zn**

C, C. 1/Ce 9e 1/q. log qe log C.
0.5 0 Error 0.1000 10.0000 Error —1.0000
1 0 Error 0.2000 5.0000 Error —0.6990
10 0 Error 2.0000 0.5000 Error 0.3010
20 2.4 0.4167 3.5200 0.2841 0.3802 0.5465
40 4.9 0.2041 7.0200 0.1425 0.6902 0.8463
50 9.4 0.1064 8.1200 0.1232 0.9731 0.9096
60 111 0.0901 9.7800 0.1022 1.0453 0.9903
80 16.4 0.0610 12.7200 0.0786 1.2148 1.1045
100 20.7 0.0483 15.8600 0.0631 1.3160 1.2003
Table 3.

2+

Equilibrium data for Zn**.
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Figure 3.

Ligr‘;a:izid Freundlich plot for the adsorption of Zinc ions onto water hyacinth powder.

The logarithm of q. (adsorption capacity at equilibrium) increased linearly to the
logarithm of C, (concentration at equilibrium) as shown in Figure 3.

The quotients 1/C, and 1/q. presented in Table 3 were used to generate Figure 4
which illustrates how the quotient 1/C, varies with 1/q.. The reciprocal of g, (adsorp-
tion capacity at equilibrium) increased linearly with the reciprocal of C,
(concentration at equilibrium) as shown in Figure 4.

The information presented in Figures 3 and 4 was used in computing the
Freundlich and Langmuir parameters essential in determining the most suitable
isotherm for explaining the adsorption of Zn** on water hyacinth powder.

5.3.2 Freundlich and Langmuir parameters

The Freundlich and Langmuir parameters include q,, b, n, and K¢. The initial
concentration of Zn”* was 100 ppm while the equilibrium concentration was
20.7 ppm. Using the Egs. (8), (11) and the slopes from Figures 3 and 4, the Langmuir
and Freundlich parameters were calculated as shown;

a. Freundlich parameters

Comparing Eq. (11) with the equation from Figure 3

y = 1.4944x — 0.4575

log q, :% log C. + log K¢

y =0.5636x + 0.0452
R>=0.9753

1/qe (g/mg)
(=)
&

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
1/Ce (L/mg)

Figure 4.
Linearized Langmuir plot for the adsorption of Zinc ions onto water hyacinth powder.
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Freundlich isotherm Langmuir isotherm

n = 0.6692 b (L/mg) =0.0802

K¢ = 0.3487 qm (mg/g) =22.1239

R’ = 0.9659 R?=0.975
Table 4.

Langmuir and Freundlich isotherms parameters for adsorption of zinc ions from aqueous solution ground using
water hyacinth powder.

log K¢ = 0.3276 hence K¢ = 0.3487
1/n = 1.4944 hence n = 0.6692

b. Langmuir parameters

Comparing Eq. (8) with equation from Figure 4;

y = 0.5636x + 0.0452

1 ( 1 ) 1 1

== ). =4+ =

qe gmb/ Ce gm
1 0.0452 hence q,, = 22.1239
gqm

1
qm.b = 0.5636 replacing q,,, we get b = 0.0802

From Eq. (9), RL: ﬁ . The value of RL - m = 0.1109.

The Freundlich and Langmuir adsorption parameters are presented in Table 4
which provides information about n, b, K¢, qu,, and the regression coefficient of
Figures 3 and 4.

The use of water hyacinth powder in the adsorption of zinc ions correlated well
with the Langmuir model in contrast to the Freundlich model since it had the highest
regression coefficient (R* = 0.975). The linearity of Figure 4 demonstrates the validity
of the Langmuir isotherm whose basis is the formation of a monolayer on the surface
of water hyacinth powder. Results similar to these were obtained by [39] where the
equilibrium data during adsorption of Zinc (II) ions from aqueous solution using
functionalized lignocelluloses derived from waste biomass was suitably represented
by Langmuir isotherm due to high correlation coefficients. The adsorption process
was favorable since the separation factor Ry, (0.1109) is less than 1. The Freundlich
parameter # (n = 0.6692) indicates that the adsorption (physical adsorption) of zinc is
unfavorable since 2 < # < 10 indicates favorable adsorption. The Langmuir constant b
is important in establishing the adsorption affinity that relates the bond energy
between adsorbent and adsorbate [40].

6. Thermodynamics of adsorption

To evaluate the adsorption process further, it is imperative to examine the adsor-
bate’s binding thermodynamics on the adsorbent. Thermodynamics include changes
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in entropy(AS°®), enthalpy (AH®), and Gibbs free energy (AG®), which are computed
using Egs. (12)-(14).
The Gibbs free energyAG°is given by [41];

AG® = —RT In Kc (12)

Where AG® (kJ/mol) is the change in the Gibbs free energy of adsorption, R is the
gas constant (8.314 J/ (Kmol)), T is the temperature in Kelvin, K. is the equilibrium
constant. Equilibrium constant K. can be stated with reference to Gibbs free energy
AG°and entropy AS° as indicated in the Van’t Hoffs reaction given in Eq. (13) [42].

In Kc=— AH (l) + AS (13)

R \T R

Where is AH® (kJ/mol) enthalpy change while AS° (J/ (mol K) is entropy change.
K. is computed by following Eq. (14) [43].

_Qe
Ke= (14)

Where Qe is the equilibrium adsorption capacity while Ce is the equilibrium
concentration of the heavy metal under investigation.

To determine thermodynamic parameters of adsorption, the following procedure
is followed;

1. Preparation of stock solution from soluble heavy metal salt. The working solution
is prepared through serial dilution of the stock solution.

2.Batch experiments studies should be carried out at a specified temperature until
equilibrium is established. The procedure should be repeated with other
temperatures under study (Batch studies can be carried out at temperatures such
as 298,303,313,323 K). The residual adsorbate concentration at equilibrium (Ce)
should be determined for each temperature. The equilibrium adsorption capacity
(Qe) should then be computed using Eq. (2).

3.The values of Qe and Ce obtained for each temperature should be used to
compute Kc values.

4.Further, the In of Kc values obtained should be calculated for each temperature.

5.Using In Kc and 1/T values obtained, a plot showing how In Kc (y-axis) varies
with 1/T (x-axis) should be drawn using excel.

6.The straight-line graph equation (y = Mx + c) obtained from the plot should
be compared with Eq. (13). With the slope and R (gas constant), the values of
AH°can be calculated. With the Y-intercept (Value of C in the straight-line
graph) and the R (gas constant), the values of AS°can be computed easily

7.The Gibbs free energies for each temperature are finally calculated and results
interpreted.
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Gibbs free energy (AG°)  Enthalpy(AH°)  Entropy (AS°) Spontaneity

AG <0 AH <0 AS>0 Spontaneous at all Temperatures

AG <0 AH >0 AS>0 Spontaneous at high Temperatures

AG <0 AH <0 AS <0 Spontaneous at low Temperatures

AG <0 AH>0 AS <0 Non Spontaneous at all Temperatures
Table 5.

Gibbs free energy (AG°), enthalpy (AH®), entropy (AS°) and spontaneity of an adsorption process.

Negative values of AG°indicate that the process is spontaneous and will support
the forward reaction while positive values show the process is nonspontaneous, hence
will support the reverse reaction [44]. The spontaneity of the adsorption process
depends on the values of AH°andAS® as outlined in Table 5. Table 5 outlines infor-
mation about Gibbs free energy (AG®) and how the spontaneity of an adsorption
process is influenced by both enthalpy (AH® and entropy (AS°).

When AH® >0, then the adsorption process is endothermic and requires to absorb
heat from the environment. When AH® < 0, the adsorption process is exothermic and
releases heat into the surroundings [45]. If AS® < 0, it indicates that the adsorption is
orderly but if AS® > 0 shows adsorption is disorderly at the surface of the adsorbent [46].

7. Application of adsorption

1. Getting rid of colors—Juice obtained from sugar cane is treated with animal
charcoal to eliminate the coloring agent to get a clear liquid.

2.Separation of inert gases—A stream of inert gases can be separated into
constituent gases through the use of coconut charcoal since the noble gases are
adsorbed at different degrees.

3. Controlling humidity—Silica and aluminum gels are applied as adsorbents in the
removal of moisture.

4.Gas mask—In coal mines, gas masks are worn to aid staff in breathing. A gas
mask consists of activated charcoal that adsorbs impurities.

5.Dyeing cloth—Mordants are applied in dyeing. The mordant, e.g., alum adsorbs
the dye elements, hence the dye does not cling to the cloth material.

8. Conclusion

In the review, we have examined the adsorption process, adsorbent, adsorption
mechanism, and some of the common adsorption applications. Also, we have scruti-
nized essential kinetic and thermodynamic parameters of adsorption. Kinetic models
and isotherms described include pseudo-first-order, pseudo-second-order, Langmuir,
and Freundlich. Kinetic parameters explained include adsorption capacity, pseudo-
first and pseudo-second constants while the isotherm parameters described herein
include adsorption intensity (n), binding affinity (b), Freundlich constant (K¢),
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adsorption capacity (qm), separation factor (Ry). We have used the adsorption of zinc
ions to illustrate how kinetic and isotherm parameters are computed during adsorp-
tion studies. The adsorption data for zinc from the aqueous solution using water
hyacinth fitted well in the Langmuir model (R® = 0.975) in comparison to the
Freundlich model (R? = 0.9659) based on the correlation coefficients. Additionally,
the study showed that zinc adsorption obeys the pseudo-first-order reaction kinetic
model. The adsorption of zinc ions using water hyacinth powder was favorable since
the separation factor Ry, was less than 1. The Freundlich parameter z an indicator of
the probability of physical adsorption taking place showed that physisorption was
unfavorable since #n < 2. Further, this chapter clearly describes how thermodynamics
parameters (entropy(AS®), enthalpy (AH®), and Gibbs free energy (AG®)) are evalu-
ated during adsorption studies. Also, the chapter details the meaning of entropy(AS®),
enthalpy (AH®), and Gibbs free energy (AG®) concerning the spontaneity of the
adsorption process.
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Dodecyl Sulfate (SDS)
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Abstract

The goal of this research is to make chitosan beads that have been treated with
sodium dodecyl sulfate (SDS) to remove chromium (Cr) from an aqueous solution
effectively. The successful synthesis of the SDS-chitosan was proven through charac-
terization, which were carried out using by scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDS), Fourier transform-infrared spectroscopy
(FT-IR) and X-ray photoelectron spectroscopy (XPS). The adsorption of Cr on the
SDS material was investigated by varying experimental conditions such as pH, contact
time and adsorbent dosage. The maximum adsorption capacity of SDS-chitosan for Cr
(IIT) was estimated to be 3.42 mg-g~ ' and 3.23 mg-g ' for Cr(VI). Based on the results
of adsorption kinetics and isothermal models, the adsorption process conform to the
pseudo-second-order and Langmuir isotherm models. This indicates that the adsorp-
tion of Cr on SDS-chitosan is mainly dominated by chemical adsorption and mono-
layer reaction. In addition, according to thermodynamic analyses, the adsorption of Cr
is an endothermic reaction. These results show that the new adsorbent has obvious
application prospect for removing Cr.

Keywords: chitosan beads, sodium dodecyl sulfate (SDS), chromium, adsorption,
adsorption isotherms, adsorption kinetics

1. Introduction

Due to the rapidly growing number of manufacturing industries, toxic metal
contamination in aquatic environments has gotten a lot of attention. Among the
contaminants, heavy metals are targeted for major environmental concern because
they are non-biodegradable, and they cannot be decomposed or metabolized [1].
Several metals cause serious health and environmental problems, and chromium (Cr)
compounds are one of the most toxic contaminants in wastewater due to their high
solubility and toxicity, as well as their free transferability [2].
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Cr has been widely applied in a variety of industrial activities due to its excellent
properties, including electroplating, leather tanning, nuclear power plants, and textile
industries [3, 4]. Furthermore, it can be used for anodizing, corrosion control, and
chemical manufacturing [5-7]. In a natural environment, Cr usually exists in two
stable oxidation states: trivalent Cr(III) and hexavalent Cr(VI). Meanwhile, other
oxidation states are not stable in aerated aqueous media [8]. Specifically for Cr(VI), it
may exist in the form of CrO4* or HCrO, in a natural aqueous environment,
whereas Cr(III) is inclined to form [Cr(H,0)¢]%*, Cr(H,0)s(OH)**, Cr(H,0),(OH)*,
or Cr(III) organic complexes.

Given its considerable risk to biological systems, many studies have focused on the
removal of Cr(VI). Cr(VI) is highly toxic, carcinogenic, and mutagenic [8, 9]. Adverse
health effects have been linked to Cr(VI) exposure, such as bronchitis, liver damage,
kidney damage, brain damage, and even lung cancer. On the other hand, Cr(III) is the
most stable form in reducing conditions and it exists as cationic species Cr(OH)," and
Cr(OH),", with the first or second hydrolysis products dominating at pH values
ranging from 4 to 8. Although Cr(III) is an essential microelement for the effective
maintenance of mammal’s glucose, lipid, and protein metabolism [10], high doses of
Cr(III) may cause negative consequences to the environment. Moreover, there are
currently just a few articles on the adsorption of Cr(III). Therefore, the development
of a recovery method for this metal (both Cr(III) and Cr(VI)) is significant from an
environmental aspect.

Ion exchange, precipitation, ultrafiltration, reverse osmosis, and electro dialysis
are one of the physical and chemical technologies that have been reported for the
removal of heavy metals [11]. However, these procedures have some drawbacks, such
as a high consumption of reagents and energy, low selectivity, high operational costs,
and difficult further treatment due to toxic sludge production [12]. Adsorption is an
effective method for removing metallic ions from aqueous solutions [10, 13]; and
biological adsorption (biosorption) is one of the most environmentally friendly, cost-
effective, recyclable, and technically simple methods [14, 15].

Among the many biosorbents available, chitosan can be an excellent biosorbent for
metals because its amine (-NH;) and hydroxyl (-OH) groups may serve as coordina-
tion sites to form complexes with various heavy metal ions [16]. Chitosan, whose full
chemical name is (1,4)-2-amino-2- deoxy-f-D-glucose, has been proven to be partic-
ularly effective as a biosorbent for the recovery of several toxic metals, including
mercury (Hg), uranium (U), molybdenum (Mo), vanadium (V), and platinum (Pt)
[17-19]. It can be employed as an environmentally friendly adsorbent because it is cost
effective, and it does not result in secondary pollution. Chitosan is a polymer that is
made via alkaline deacetylation of chitin, which comes from cellulose, the most
abundant biopolymer. It can be acquired from the shells of seafood, such as prawns,
crabs, and lobsters [20]. The biopolymer has a high nitrogen content, which is present
in the form of amine groups, free amino groups, and hydroxyl groups, all of which are
responsible for metal ion binding through chelation mechanisms [21].

Despite the uses of chitosan in the removal of various pollutants have been ade-
quately reviewed [22], on the other hand, it has some defects, including notable
swelling in aqueous media and nonporous structures, resulting in a very low surface
area [23]. Therefore, a variety of chemical modifications can be used to produce
chitosan derivatives that improve the removal efficiency of the heavy metal [24]. For
example, to increase the number of exposed active sites, several chemical or physical
modifications can be adopted [25, 26]. Moreover, since silicon dioxide has numerous
properties, including rigid configuration, porosity, and large surface area, it can be
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employed to counteract the defects of chitosan. In addition, modified silicon dioxide
has been produced through a graft between silanol groups and ligands [27-29]. In
prior work, we synthesized a hybrid membrane of carboxymethyl chitosan and silicon
dioxide as adsorbents for the removal of Cr(VI) [30]. Furthermore, we used epichlo-
rohydrin (EP) and glutaraldehyde (GA) as cross-linked agents in an adsorption
experiment of chromate ions onto cross- linked chitosan [31].

In this work, we evaluated the adsorption of chitosan modified with sodium
dodecyl sulfate (SDS) as part of the adsorption study of Cr using modified chitosan.
SDS-modified chitosan beads have been reported to be effective for removing cationic
dyes [32]. Adsorption on surfaces is enabled by the metal ion strength and the pres-
ence of key functional groups on the polymer chain [33-35]. The particle aggregation
via a bridging structure can be described as a two-step pathway: (1) initial chain
adsorption and bridging, followed by (2) floc maturation/ reconfiguration. Before the
interparticle connection occurs, the chain of SDS must be adsorbed on a chitosan
surface [36]. Furthermore, chitosan modified with SDS has recently been used for the
removal of heavy metals, such as cadmium [37, 38]. However, the use of SDS-
modified chitosan as a Cr adsorbent, using different initial concentrations of SDS to
optimize the adsorbent, has rarely been investigated. The objective of the present
research is to determine the efficacy of SDS-modified chitosan beads as a sorbent for
Cr(III) and Cr(VI) for future practical applications, as well as to understand the
adsorption mechanism. After the characterization of SDS-chitosan by scanning elec-
tron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), X-ray photoelec-
tron spectroscopy (XPS) and Fourier transform-infrared spectroscopy (FT-IR), batch
experiments with SDS-modified chitosan beads were carried out to optimize the
parameters and to obtain the maximum removal of Cr(III) and Cr(VI). In this study,
we examined the effects of several parameters, including solution pH, contact time,
adsorbent dosage, and initial concentration.

2. Materials and methods

Chemical reagents, such as chitosan and sodium dodecyl sulfate (SDS; M.W..:
288.372 g/mol), were purchased from Tokyo Chemical Industry Co., Inc. Acetic acid,
NaOH, HNO3, NaSOy, ethylenediaminetetraacetic acid disodium salt dihydrate, and
toluene, were purchased from Kanto Chemical Industry Co., Inc. All reagents used
were of analytical grade. During the whole working process in this study, the water
(>18.2MQ) treated by the ultrapure water system (RFU 424TA, Advantech Aquarius)
was employed. K2CrO7 standard solution (1000 mg-L ™' from Kanto Chemical Co.,
Inc.) was diluted and used to prepare the Cr standard solution for calibration.

2.1 Synthesis of the adsorbent

In this study, chitosan powder with a molecular weight (50-190 kDa) and degree
of deacetylation (> 80%) was used. After drying, the viscosity of chitosan was 20 to
100 mPa-s (in 0.5%Acetic acid soln., 20°C). Firstly, 1.5 g of chitosan was placed in
acetic acid solution (2.0%), and the solution was mixed for 24 h. The chitosan-gel was
prepared by dropping the above chitosan solution into 200 mL of 0.20 mol-L ™" NaOH.
Consequently, the obtained gel was rinsed with ultrapure water until its pH reached 7
after stirring for 24 h. Secondly, 200 tablets of chitosan-gel beads were placed in
100 mL of SDS solution (including the fixed concentration of SDS), and then left for
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Figure 1.
Procedure employed for the synthesis of sodium dodecyl sulfate (SDS)-chitosan beads.

five days. Thus, chitosan-gel beads modified with SDS were obtained, and finally,
they were dried at 60°C overnight for use as an adsorbent. The synthesis procedure
for the SDS-chitosan beads is demonstrated in Figure 1. It is considered that the
prepared adsorbent has a bilayer of SDS over the surface of pure chitosan beads. This
bilayer can have a higher ion capturing capacity [37].

2.2 Characterization of the adsorbent

The diameter of chitosan beads was measured to be about 0.5-2 mm (judging from
200 beads as representative chitosan beads). After weighing 200 hydrogel beads, the
dry weight per chitosan bead was estimated to be 3.7 x 10~ * g, which suggests that the
adsorbent contained 98% moisture. In order to determine the physicochemical prop-
erties of pristine and modified chitosan, several characterization methods have been
employed. FT-IR spectra of the samples were recorded in the range of 4000-500 cm ™
with a JASCO Japan FTIR-4200 spectrophotometer using KBr pellet pressing method.
The surface morphology and element distribution of the chitosan beads before and
after the adsorption of Cr were observed using SEM-EDS (JEOL Japan: JCM-6000
with JED-2300). X-ray Photoelectron Spectroscopy (XPS, Thermo Scientific Center:
K-Alpha) was also used to assess the surface chemistry properties of SDS-modified
chitosan beads.

1

2.3 Adsorption experiments

The beads were put into contact with 50 mL of an aqueous solution containing Cr
(III) or Cr (VI) ion with a known initial concentration. The pH of each solution was
adjusted using 0.1 mol/L~" NaOH and 0.1 mol/L ™" HNOs. The flask was then placed
into an automatic shaker. In the adsorption experiments, the parameters were varied
such as the pH range of 1—7, contact time of 172 h, SDS initial concentration of
10—9000 mgeL ", adsorbent dosage of 0.01—0.06 geL. >, temperature of 288318 K,
and initial Cr(III) or Cr(VI) concentration of 0.1-3.0 mg-Lfl. The concentrations of
Cr in the filtrate were measured by ICP-MS (Thermo Scientific Center: X-series II).
The adsorption capacities of the chitosan beads modified with SDS were calculated by
the following Eq. [9]:

q,=(Ci—C,)xV/m (1)
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where g, represents the adsorption capacity at the equilibrium (mgeg™"), C; and
C. are the initial and equilibrium concentrations of Cr in the batch system,
respectively (mgeL "), V is the volume of the solution (L), and m is the weight of
the adsorbents (g).

3. Result and discussion
3.1 Characterization of materials
3.1.1 SEM-EDS micrographs

Figure 2 shows the SEM-EDS images of the chitosan beads and SDS-chitosan.
These images showed the unevenness of the surface. This was most likely due to the
release of water from the adsorbent during the drying process of chitosan. In addition
to the irregularities, SDS-chitosan showed a mesh-like pattern. This was thought to be
due to SDS modified on the chitosan surface. In particular, the modified chitosan
beads with a high SDS concentration stood out compared to the other beads. As the
irregularities on the adsorbent’s surface were considered, the adsorption proceeded in

Figure 2.
Scanmning electron microscopy (SEM) images of chitosan beads (a) and SDS-chitosan (b), and mapping images of
SDS-chitosan after the adsorption of Cr(III).
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two ways: physical and chemical adsorption. From the mapping images, it was proven
that Cr ions were adsorbed onto the adsorbent surface.

3.1.2 FT-IR and XPS spectra

The surface functional groups and the chemical compositions of the modified SDS-
chitosan beads were identified by FTIR and XPS analysis, respectively. The FT-IR
results of chitosan and cross-linked chitosan are shown in our previous work [39].
Figure 3 shows the FT-IR results of SDS-chitosan and the chitosan beads in this study,
with the peaks of SDS-chitosan and the chitosan beads can clearly visible. It is appar-
ent from this figure that the main peaks common to each adsorbent were due to the -
OH group at 3400-3500 cm ™" and the aliphatic methylene group at 2871 cm ™. The
amine and ether groups are shown by wide peaks at 1560-1640 cm ™" and 1110 cm ™/,
respectively. For SDS-chitosan, the peak at 1248 cm ™" was characteristic of the asym-
metrical vibration of the C-O-S group, confirming that the prepared adsorbent was a
composite of SDS and chitosan.

The chitosan beads with varying initial loading concentrations of SDS were ana-
lyzed using XPS, as shown in Figure 4. The Cls spectra of these samples displayed
peaks at 284.5, 286.5, and 288.5 eV, corresponding to C-C, C-O, and C=0 bonds,
respectively. The S2p spectra of SDS600 and 6000-chitosan displayed peaks at 169 eV.
The S that seemed to be derived from SDS was also not detected at SDS concentrations
of 0 and 100 mg/L but was detected at concentrations of 600 and 6000 mg/L.

3.2 Adsorption experiment
3.2.1 Effect of the initial SDS concentration

To determine the optimum initial loading concentration of SDS for Cr(III)
removal, the chitosan beads were modified with SDS solutions ranging from 10 to
9000 mg/L. The adsorption experiments were performed under the following condi-
tions: an initial concentration of Cr(III) of 1 mg/L, a contact time of 2 days, and
adsorbent dosage of 0.05 g, a pH of 4, and a temperature of 25°C. In the meantime,
initial SDS concentrations were varied from 10 to 6000 mg/L for Cr(VI) removal. The
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©
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=]
T
=
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=
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Figure 3.
Fourier transform-infrared spectroscopy (FT-IR) spectra of chitosan and SDS-chitosan.
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Figure 4.

X-ray photoelectron spectroscopy (XPS) spectra of chitosan (a), SDS100-chitosan (b), SDS600-chitosan (c), and
SDS6000-chitosan (d) beads.

experiment was performed under the following conditions: adsorbent dose of 0.05 g,
initial concentration of Cr(VI) of 1 mg/L, pH of 4, and contact time of three days.
The results of Cr (IIT) adsorption are shown in Figure 5. The adsorption capacity
continuously increased within 6000 mg/L as the SDS concentration increases, but the
adsorption amount was almost constant at further higher concentrations. Thus,
6000 mg/L was the optimum initial loading SDS concentration for Cr(III). On the
other hand, the adsorption capacity of SDS for the removal of Cr(VI) increased with
an increase of the SDS concentration from 10 to 40 mg/L, and after that it decreased
as shown in Figure 6. The maximum capacity for Cr(VI) was obtained at the initial
SDS concentration of 40 mg/L.
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Figure 5.
Effect of the initial SDS concentrations on the adsorption of Cr(III).
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Adsorption of Cr(VI) for different initial SDS concentrations (10-6000 mg/L). (a) Effect of initial SDS
concentrations (10-6000 mg/L) on the adsorption of chromium (Cr) (VI). (b) Effect of initial SDS
concentrations (10-1000 mg/L) on the adsorption of Cr(VI).

3.2.2 Effect of pH

The effect of pH on Cr(III) adsorption by SDS-chitosan was investigated in the pH
range of 4-7. Other parameters were set as the following: the contact time was 24 h,
the temperature was 25°C, the adsorbent dosage was 0.4 mg/L, and the initial Cr(III)
concentration was 1 mg/L. The results are shown in Figure 7. As shown in Figure 7,
the adsorption capacity of Cr(III) increased with the increase of pH from 4 to 7.
However, it was found that Cr (III) precipitated as Cr (OH); at the pH value in
6 and 7. Thus, a pH of 6 and 7 were not suitable for the adsorption experiments and
optimized pH value was 4.

As for the adsorption experiment of Cr(VI), pH was set in the range of 4 to 10
(Figure 8). In this experiment, the shaking time was 24 h, the temperature was 25°C,
and the dose of adsorbent was 0.02 g/L. As shown in Figure 8, pH affects Cr(VI)
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Figure 7.
Effect of pH on the adsorption of Cr(III) by SDS-chitosan.
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Figure 8.
Effect of pH on the adsorption of Cr(VI) onto the SDS-modified chitosan beads.

adsorption on SDS-modified chitosan beads. The acidity of the solution brought a
significant effect on the adsorption of Cr(VI) on SDS-modified chitosan beads where
the amino groups of the chitosan were protonated. Cr(VI) ions were most effectively
adsorbed at pH 4-5, which may be related to changes in surface charge on the
adsorbent. As pH increased above pH 5, the uptake decreased.

3.2.3 Effect of contact time

The influence of contact time on the adsorption of Cr(III) by SDS-chitosan was
investigated. The experiment was conducted under the following conditions: a pH of
4, a temperature of 25°C, an adsorbent dosage of 0.05 g, and an initial concentration
of Cr(III) of 1 mg/L. Figure 9 shows that the adsorption capacity of SDS-chitosan for
Cr (III) increased sharply within the first 24 h, and continued until the contact time
reached 48 h. Thus, 48 h was selected as the optimized contact time.

We have also studied how the contact time affects the adsorption capacities of
SDS-modified chitosan beads towards Cr(VI) with varying contact times from 1 to
96 h (Figure 10). In this experiment, the concentration of Cr(VI) was set as 1 mg/L
with the dose of 0.05 g at a temperature of 25°C adjusted pH to 4.
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Figure 9.
Effect of contact time on the adsorption of Cr(III) by SDS-chitosan.
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Figure 10.
Effect of the contact time on the adsorption of Cr(VI) on the SDS-modified chitosan beads.

The adsorption capacity of SDS-chitosan beads for Cr(VI) increased sharply within
the first 24 h, which may be attributable to the availability of the sites on the surface
of the adsorbent. It is suggested that a concentration gradient is present in both the
adsorbent and adsorbate in the solution [40]. Then, adsorption reached equilibrium at
72 h, and afterwards, there was no appreciable increase (Figure 10). Hence for further
studies, the optimized contact time was taken as 72 h.

3.2.4 Effect of the adsorbent dosage

The adsorbent dosage is an important factor that affects the adsorption capacity.
To study the effect of adsorbent dosage on the adsorption of Cr(III), adsorption
experiments were conducted at a pH of 4, a temperature of 25°C, a contact time of
24 h, and an initial concentration of Cr(III) of 1 mg/L. The results are shown in
Figure 11. The adsorption rate increased as the adsorbent dosage increased, reaching
approximately 70% at 0.8 mg/L, after that, there was no appreciable increase. Thus,
1 mg/L was selected as the optimized adsorbent dosage.

Meanwhile for the adsorption experiment of Cr (VI), 0.8 mg/L was regarded as
the optimum dosage. The experiments were performed by varying the dosage
(from 0.4 to 1.0 mg/L) and keeping all other parameters constant (temperature: 25°C;
pH: 4; contact time: 24 h; initial concentration: 1.0 mg/L). The results are shown in
Figure 12.
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Figure 11.
Effect of the adsorbent dosage on the adsorption of Cr(III) by SDS-chitosan.
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Figure 12.
Effect of the adsorbent dosage on the adsorption of Cr(VI) on the SDS-modified chitosan beads.

3.2.5 Effect of competitive ions

In this study, adsorption experiments of Cr(III) were conducted in the presence of
several competitive ions with different concentrations (0, 50, 100, and 200 mg/L) of
Na*, Ca**, Ba**, K*, Mgz", and Sr**. The initial concentration of Cr(III) was set to
1.0 mg/L, the pH was 4, the temperature was 25°C, the contact time was 24 h, and the
adsorbent dosage was 1.0 mg/L. The effect of competitive ions on the adsorption of Cr
(III) is shown in Figure 13. It was confirmed that the adsorption capacity of Cr(III)
did not decrease at all even in the presence of other metal ions.

Conversely, it was found that Cr(VI) adsorption was inhibited when the concen-
trations of coexisting ions were high. The effect of competitive anions on the adsorp-
tion of Cr(VI) is shown in Figure 14. In this study, the initial concentration of Cr(VI)
was fixed to 1 mg-L™". These counter ions were tested collectively, and all the ions
were included at 50, 100, or 200 mg/L in solution. From this figure, the removal of Cr
(VI) was remarkably reduced under the presence of common ions at above 50 rng~L71
(i.e., 50 times the Cr(VI) concentration or more), although no substantial decrease
was observed when the concentration of each common ion was less than 10 mg-L™ " in
our previous preliminary experiments.
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Figure 13.
The effect of competitive ions on the adsorption of Cr(III).

133



Sorption - From Fundamentals to Applications

100

80
70
60
50
40
30
20 r
10 +

Percentage removal (%)

50 100

200
Concentration of coexisting cation mg'L™!

Figure 14.
Effect of competitive anions on the adsorption of Cr(VI) on the SDS-modified chitosan beads.

3.3 Adsorption isotherms

Adsorption isotherms describe the interactive process between the adsorbents and
adsorbates in aqueous medium at the attained saturation point. Adsorption isotherms
of Cr(III) and Cr(VI) on SDS-chitosan were identified with different initial concen-
trations from 0.01 to 2 mg/L under optimized conditions for the pH (4), contact time
(48 h for Cr(III), 72 h for Cr(VI)), and dosage of the adsorbent (1 mg/L for Cr(III),
0.8 mg/L for Cr(VI)). The adsorption of Cr on SDS-chitosan was evaluated using
typical adsorption isotherms, the Langmuir and Freundlich models (Figure 15(a)
and (b)).

The adsorption data obtained for Cr(III) using SDS-chitosan were analyzed by
Langmuir and Freundlich equations (Figure 16(a) and (b)).

Langmuir equation:

C. G, 1
Ze 2
qe qmax I<Lqmax ( )
Freundlich equation:
lgg. = IgKr + (1/m)lgC. 3)

where C, and g, are the concentration of Cr at the equilibrium (mgeL ") and the
amount of adsorption of Cr(III) at the equilibrium (mgeg ™), respectively, ¢, is the
maximum adsorption capacity on the surface of the chitosan bead (mgeg ™), K}, is the
Langmuir constant related to the adsorption strength or intensity (Lemg '), K is the
Freundlich constant and 1/# indicates the adsorption intensity of the system [41, 42].

The Langmuir isotherm model assumes that a monolayer adsorption occurs on the
surface of an adsorbent. The slope of the linearized Langmuir isotherm can be used to
explain the type of sorption using the Hall separation factor (Ry,), which is favorable
(0 <Ry <1), unfavorable (R;, <0), linear (R;, = 1) or irreversible (R; = 0) [40]. The
Freundlich isotherm model assumes a multilayer adsorption process without consid-
ering the adsorption saturation, which occurs on the multilayer heterogeneous sur-
face. The value of the adsorption intensity of the system(1/%) can be used to judge the
difficulty of the adsorption process: irreversible (1/%z = 0), favorable (0 <1/7 <1), or
unfavorable (1/7>1) [43]. Table 1 displays the correlation coefficient (R?) of these
isotherms for Cr(III) on SDS-chitosan along with other relevant parameters.
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Figure 15.
(a). Adsorption isotherms of Cr(III) using SDS-chitosan. (b). Adsorption isotherms of Cr(VI) using SDS-chitosan.

Metal Langmuir Isotherm Freundlich Isotherm
T(K)
Qnax (mg/g) Ry R? Kr (mgl/g) 1/n R?
Cr(III) 298 3.42 115 x 1072 0.842 141 121 0.820
Cr(VI) 298 3.23 0.31x107* 0.960 3.01 0.700 0.921
Table 1.

Isotherm parameters for Cr(IIl) and Cr(VI) adsorption onto SDS-chitosan.

As shown in Figure 16(a), (b), and Table 1, it was revealed that the R? values for
Cr(III) and Cr(VI) were relatively large and a favorable adsorption of Cr(III) and Cr
(VI) on SDS-chitosan was presented. Compared to the Freundlich isotherm, the
Langmuir isotherm had a larger R*value, which suggests that the adsorption of Cr(III)
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Figure 16.
(a). Langmuir isotherm of Cr(IIl) adsorption onto SDS-chitosan. (b). Langmuir isotherm of Cr(VI) adsorption
onto SDS-chitosan.

and Cr(VI) on SDS-chitosan mainly occurred by a monolayer reaction. The maximum
adsorption capacity (g,,,,) calculated from the Langmuir model was 3.42 mg/g for Cr
(III) and 3.23 mg/g for Cr(VI).

3.4 Kinetic studies

The rate-controlling steps of the adsorption system are essential to survey the
mechanism of Cr(III) and Cr(VI). Kinetic studies were conducted to explain the
adsorption mechanism of Cr(III) and Cr(VI) ions onto the SDS-chitosan beads. The
effects of contact time on the kinetics of Cr(III) and Cr(VI) adsorption by SDS-
chitosan adsorbent are displayed in Figure 17(a) and (b). According to Figure 17(a),
the removal of Cr(III) from SDS-chitosan increased sharply in the initial 6 h, indicat-
ing that the uptake of Cr(III) was primarily caused by chemical sorption. As shown in
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Figure 17.
(a). Pseudo-first-order and pseudo-second-order Cr(III) adsorption on SDS-chitosan. (b). Pseudo-first-order and
pseudo-second-order Cr(VI) adsorption on SDS-chitosan.

Figure 17(b), the adsorption of Cr(VI) by SDS-chitosan beads increased significantly
within 96 hours, although the increase continued at a slower rate for 48 h. The rapid
adsorption within the initial 24 h indicated that Cr(VI) uptake was mainly dominated
by chemical sorption or surface complexation.

To investigate the mechanism of adsorption of Cr(III) and Cr(VI) on SDS-
chitosan, fitting was determined according to the pseudo-first-order (Figure 18(a)
and (b)), pseudo-second-order (Figure 19(a) and (b)) and intraparticle diffusion
kinetic models (Figure 20(a) and (b)). The equations of these models are given by:

Pseudo-first-order model:

In =in(q,) —kat (4)
Pseudo-second-order model:
t 1 t
LA . (5)
9, kq: g,
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Figure 18.
(). Pseudo-first-order linear kinetic model of Cr(III) adsorption by SDS-chitosan. (b). Pseudo-first-order linear
kinetic model of Cr(VI) adsorption by SDS-chitosan.

Intraparticle diffusion model:
q, = Kit"? (6)

where q, and q, are the adsorption capacities of Cr using the SDS-chitosan beads at
the equilibrium and time, ¢, respectively (mgeg '), kyis the rate constant of the
pseudo-first-order adsorption (h™Y), & is the rate constant of the pseudo-second-
order adsorption (gemg 'sh™") and K, is the rate constant of intraparticle diffusion
(mgeg~'eh %) [44-46].

The sorption kinetic parameters including k1, k>, K4, g, and the correlation
coefficients R* are presented in Table 2. From Table 2, the correlation coefficient
R? for the pseudo-second-order model was higher than that for the pseudo-first-order
and intraparticle diffusion models. Based on these results, the sorption kinetics of
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Figure 19.
(). Pseudo-second-order linear kinetic model of Cr(III) adsorption by SDS-chitosan. (b). Pseudo-second-order
linear kinetic model of Cr(VI)adsorption by SDS-chitosan.

Metal ¢, (mg/g) Pseudo-first-order model Pseudo-second-order model Intraparticle Diffusion

q, (mglg) &y (hHR* 4q, (mglg) k> R? Kiq R?

(gmg*h™")
Cr(lll)  0.69 1.05 0.22 0.88 126 0.07 098 017 0.90
Ccr(Vl)  1.09 1.04 0.06 0.99 088 013 099 0.09 0.99

Table 2.
Kinetic parameters of Cr(IlI) and Cr(VI) absorption onto SDS-chitosan.

the Cr(III) ion on SDS-chitosan can be described by the pseudo-second-order
model, indicating that the chemical adsorption may be the rate-limiting step of the
process. Assuming adsorbent particle is sphere of radius ‘a’, the diffusion follows
Fick’s law that was applied to confirm it. In the law, the relationship between
adsorption capacity and time given by the following Equations [44].
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Figure 20.
(). Intraparticle diffusion kinetic model of Cr(III) absorption by SDS-chitosan. (b). Intraparticle diffusion
kinetic model of Cr(VI) absorption by SDS-chitosan.

12 .
. 6(PY " 2§ 10| 4D
qe_6<ﬂ2) {ﬂ-’ +2n:1 ierfc (Dt)} 3a2 7)

After D is replaced with Dy, at a short time, Eq. (7) becomes as:

1/2
9 _ 6<D1> 11/2 (8)

q, ma’

The film diffusion coefficient D; is calculated from the slope of the plot of ¢,/q.
versus t 2. For moderate and large times, the diffusion equation given by

q 61 —Dn’z’t
ety e (T ©)
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Co (mg/L) D;107% (cm? /s) D, 107" (cm? /s)
1.00 7.04 1.51
Table 3.

The film and pore diffusion coefficients of the adsorption.
If D is replaced with D,, at the large time the Eq. (9) becomes as:

2
In <1 - 3”) =In %— (D;f t> (10)

e

The pore diffusion coefficient D; is obtained from the slope of the plot of In(1 — ¢, /q.)
versust. The values of D; and D, are presented in Table 3.

It is also known that if the adsorption is controlled by the film diffusion, the values
of the film diffusion coefficient may be in the range of 10~¢ — 10~® cm? /s. While if
the adsorption mechanism is controlled by the pore diffusion mechanism, the value of
the pore diffusion coefficient belongs to the range of 10~ "'-10""* cm?*/s [45]. As can
be seen in Table 3, The D; and D, values in the model based on the Fick’s law were
bigger than that above mentioned ranges. It is confirmed that the sorption kinetics of
the Cr(III) ion on SDS-chitosan could be described by the pseudo-second-order
model.

3.5 Thermodynamic study

To explore the effect of temperature on Cr(III) adsorption by SDS-chitosan,
adsorption experiments were performed at temperatures ranging from 298 to 318 K.
The results are displayed in Figures 21 and 22. In these temperature ranges, the
amount of Cr(III) adsorbed on SDS-chitosan increased with the increase of
temperature.

Furthermore, based on the experimental results, the thermodynamic parameters of

the adsorption, such as standard Gibb’s free energy change (AGO), a change in
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Figure 21.
Effect of temperature on the adsorption of Cr(III) onto SDS-chitosan.
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Figure 22.
Effect of temperature on the adsorption of Cr(VI) on the SDS-modified chitosan beads.

standard enthalpy (AH®) and standard entropy (AS°), were determined from Van ‘t
Hoff Equation [46-48].

AG® = —RTInK, (11)
AH? AS°
AG? = AH? — TAS° (13)

where R is the universal gas constant (8.314 J/mol %K) and T is the temperature
(K). The slope and intercept of the plot of In K, versus 1/T were used to determine the
AH® and AS°.

Tables 4 and 5 indicate the thermodynamic parameters for Cr(III) and Cr(VI),
respectively. In the temperature range of 298—318 K, the values of AG > 0 were
obtained. The values of AG at various temperatures indicated the feasibility of the
process. This suggested that the adsorption process was more spontaneous at higher

T (K) AH (kJ/mol) AS (J/mol) AG (KkJ/mol)

298 — — 0.855

308 12.0 37.4 0.481

318 — — 0.107
Table 4.

Thermodynamic parameters for the adsorption of Cr(III) on SDS-chitosan.

T(K) AH(kJ/mol) AS(J/mol) AG(kJ/mol)

288 80.70 288.18 —2.34

298 — — -5.22

308 — — —8.10

318 — — —10.98
Table 5.

Thermodynamic parameters for the adsorption of Cr(VI) on SDS-modified chitosan beads.
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temperatures. Positive AH and AS values also suggest that the sorption process is
endothermic, and that the disorderliness of the sorption may occur at the solid-liquid
interface. It was then proposed that the adsorption of Cr(III) on SDS-chitosan could
be mainly dominated by chemisorption.

3.6 Desorption study

Repeated use of adsorbent and recovery of the adsorbed metal ions are important
indicators for evaluating economic efficiency. In this study, regeneration experi-
ments were carried out using the SDS-chitosan beads after adsorption of Cr(III) and
Cr(VI). After adsorption, the spent adsorbent was treated with 50 ml of 0.1 mol/L
NaOH solution and ultrapure water as desorption agent in desorption experiment,
and then filtered. The content of Cr(III) and Cr(VI) in the filtrate was determined
by ICP-MS [49]. Figure 23, Cr(III) by using NaOH or pure water, respectively. As
can be seen in Figure 23, the desorption efficiency of Cr(III) was calculated as
57% when using 0.1 mol/L NaOH. The desorption of NaOH was larger than
ultrapure water. This indicated that NaOH could be a desorption agent for Cr(III).
As shows in Figure 24, the desorption efficiency of Cr(VI) was found to be 50%
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Figure 23.
Desorption efficiency of Cr(III) using NaOH or pure water.
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Figure 24.
Desorption efficiency of Cr(VI) using NaOH or pure water.
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when 0.1 mol/L NaOH was used, and the desorption was considerably lower with
H,0 than NaOH. It is suggested that NaOH can be used as a desorption agent for
Cr(VI), although a further investigation is needed for the effective recovery and

recycling of Cr(VI).

3.7 Comparison with other adsorbents

The comparison of the maximum adsorption capacity of Cr(III) by SDS-chitosan
in the present study with those of other adsorbents in the literature is presented in
Table 6. As shown in Table 6, the adsorption capacity of SDS-chitosan for
Cr(III) in this work was not necessarily high compared to other adsorbents.
Meanwhile, Table 7 summarizes the comparison of maximum adsorption
capacity of Cr(VI) on SDS-chitosan beads with other adsorbents. It can also be noted
that the adsorption capacity is not so high compared to other adsorbents. However,
it could be regarded as a potential adsorbent for treating Cr(III) and Cr(VI) from
wastewater for practical usage because the synthesis method of the adsorbent is
relatively simple.

Adsorbent Adsorption capacity (mg-g~!) References
Vesicular basalt 0.98 [50]
Chitosan 1.67 [51]
Attapulgite 11.0 [51]
Chitosan/attapulgite 27.0 [51]
Crystalline hydrous titanium(IV) oxide 14.0 [52]
Natural sepiolite 0.53 [53]
Borax sludge 4.00 [54]
SDS-chitosan 3.42 This study
Table 6.

Comparison of adsorption capacity for Cr(IIl) by different adsorbents.

Adsorbents Adsorption Capacity (mg-g ") Reference
Magnetic Chitosan 69.4 [14]
Carboxymethyl Chitosan-Silicon Dioxide 80.7 [30]
Chitosan-g-poly/silica 557 x 1073 [55]
Crosslinked chitosan bentonite composite 89.1 [56]
Graphene oxide/chitosan 86.2 [57]
Ethylenediamine-magnetic chitosan 51.8 [55]
SDS-chitosan 3.23 This study
Table 7.

The comparison of adsorption properties of several adsorbents.
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4. Conclusions

In this study, sodium dodecyl sulfate (SDS) was used to chemically modify
chitosan to enhance its adsorption capacity for the removal of chromium. SEM-EDS,
FT-IR, and XPS were used to characterize the SDS-chitosan beads. The effect of
important operating parameters, such as the loading amounts of SDS, solution pH,
contact time, adsorbent dose, temperature, and initial Cr(III) or Cr(VI) concentra-
tion, on the adsorption performance was examined in a batch system. The experi-
mental data were found to be fit best using Langmuir isotherm and pseudo-first-order
kinetic models. At pH 4-5 and higher temperatures, the adsorption process performed
admirably. The maximum adsorption capacity of Cr(III) and Cr(VI) on SDS modified
chitosan beads were estimated to 3.42 mg-g ' and 3.23 mg-g ', respectively in this
work. Finally, the SDS-chitosan beads synthesized in this work can be effectively
utilized to remove chromium successfully.
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