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Abstract—Arsenic contamination, a worldwide concern, has received a great deal of attention due to its toxicity and
carcinogenicity. In the present study, we focused on the combined application of modified bentonite and chitosan
(MBC) for the removal of As(V). Arsenic removal experiments were carried out to determine the amount of As(V)
adsorbed as a function of pH (2-8), sorbent dosage (0.1-1.5 g/L), As(V) concentration (20-200 mg/L) and time (60-240
min). The system was optimized by means of response surface methodology. The analysis of variance (ANOVA) of the
quadratic model demonstrated that the model was highly significant (R*~97.3%). Optimized values of pH, sorbent
dosage, initial As(V) concentration and time were found to be 3.7, 1.40 g/L, 69 mg/L, and 167 min, respectively. The
results reveal that the prepared adsorbent has a high adsorption capacity (122.23 mg/g) for As(V) removal. Among the
isotherm models used, the Langmuir isotherm model was the best fit for the obtained data. The adsorption kinetics
following a pseudo-second-order kinetic model was involved in the adsorption process of As(V). Thermodynamic
studies confirmed the spontaneous and endothermic character of adsorption process.
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INTRODUCTION

Arsenic contamination as a worldwide concern, has received a
great deal of attention due to its toxicity and carcinogenicity [1].
Arsenic contamination of water has been reported from the United
States, China, Mexico, Germany, Bangladesh, Bolivia, Japan, India
and Iran [2-4]. In natural water, arsenic is primarily present in two
states: arsenite, As(II), and arsenate, As(V), [5]. High levels of arse-
nic in drinking water can cause a variety of adverse health effects,
including dermal, cardiovascular, gastrointestinal, respiratory, muta-
genic, genotoxic, and carcinogenic effects [6]. Due to the preva-
lent contamination of surface and groundwater to arsenic and its
high toxicity to humans and other organisms, the USEPA and the
WHO [7] have recently revised the maximum concentration level
for arsenic in drinking water by decreasing it from 50 to 10 pg/L.
A number of treatment techniques such as precipitation, coagula-
tion, membrane separation, adsorption and ion-exchange have been
developed and applied for arsenic removal, but each method has
inherent limitations [8]. The utilization of bio-adsorbents, includ-
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ing chitin and chitosan composites for the treatment of waters and
wastewaters containing heavy metal, is gaining more attention as
simple, effective and economical means of contamination remedi-
ation [2]. Generally, chitosan results from the deacetylation of chi-
tin with a strong basic solution [9], which is abundantly available
as a major component of crustacean shells such as insects, prawns,
crabs and shrimps in nature. Chitosan is the worlds second most
abundant natural biopolymer after cellulose [10]. This polymer
contains amin (-NH,) and hydroxyl (-OH) groups in its structure,
which is useful for chemical modifications and can be efficiently
used as a potential adsorbent in the removal of many contaminants
including most metal ions and dyes from aqueous solutions. From
the other side, chitosan becomes soluble in acidic environment,
which might be a limiting step for its applicability. Therefore, chi-
tosan can be cross-linked to render it insoluble in acidic media.
Furthermore, to improve its adsorption capacity and resistance to
low pH values, chitosan can be immobilized on other materials [11].
Based on Wan et als study, immobilizing chitosan on a low-cost
material would result in less quantity of chitosan being used with-
out changing its metal adsorption capacity [12]. Recently, several
studies focused in utilizing chitosan immobilized on bentonite and
chitosan-coated bentonite for the removal of Ni(Il), Pb(II) [13],
Cu(I) [14], and oxidized sulfur compounds [15] from aqueous
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solution under static conditions. In the present study, the adsorp-
tion capability of chitosan was improved by the incorporation of
bentonite. Bentonite, as a low-cost, widely distributed and abun-
dant inorganic matter worldwide, is effective for the removal of toxic
contaminants and has high adsorptive and ion exchange proper-
ties [16]. However, bentonite cannot efficiently remove As(V) anionic
states from aqueous solution due to its negatively charged surface.
Therefore, it can often be modified by a variety of physical and
chemical methods to achieve the desired surface properties [17].
Several studies have reported cationic quaternary amine compounds
or surfactants for the modification of clay minerals. In fact, modi-
fications of bentonite with cationic quaternary amine compounds
have attracted considerable attention because they provide benton-
ite with the potential to behave as anionic exchanger and change
the surface properties from hydrophilic to hydrophobic [18]. Hence,
our aim was to fabricate inorgano-organo sodium bentonites and
investigate the adsorption of As(V) on the modified bentonite chi-
tosan (MBC). The Ca-bentonite was modified by three procedures:
Na,CO; (BNa), thermal and compound treatment by CTAB. Na,-
CO; enhances the rate of water adsorption and the expansion ratio
of bentonite. Thermal treatment removes water from the surface
or between the layers, and enhances the specific surface area of the
bentonite. Compound modification by a surface active agent could
make its water treatment effect stronger [19]. Many scientists have
focused on chitosan as a promising adsorbent because of its biode-
gradability, non-toxicity, and chelating ability with metals [20]. To
the best of our knowledge, the present treatment methodology has
not yet been reported for the removal of As(V). Thus, we focused
on the investigation of the application of naturally abundant and
less expensive adsorbents such as chitosan and bentonite/chitosan
biocomposite in the removal of As(V). The study also emphasizes
the removal of As(V) at varying conditions of pH, sorbent dosage,
contaminant concentration and contact time. The other objective
was to evaluate adsorption capacity of the new sorbent for As(V)
removal under equilibrium experimental conditions. In the pres-
ent work, the experimental design and optimization of process
parameters affecting As(V) removal was done by RSM under “R’
software [21].

EXPERIMENTAL METHODS

1. Reagents and Instruments

All the chemicals used in the present work were of analytical
grade. Chitosan with 90% degree of deacetylation and Ca-benton-
ite were purchased from Sigma-Aldrich. The cationic surfactant
selected for this study was cetyl trimethylammonium bromide
(CTAB) from Sigma-Aldrich. An atomic absorption spectropho-
tometer (AA1700, China) was employed for determination of resid-
ual concentrations of As(V). Na,HAsO,-7H,0, sodium carbonate,
oxalic acid, sodium hydroxide, hydrochloric acid, nitric acid were
also purchased from Sigma-Aldrich. All pH values were measured
with a Sartorius PB-11 pH meter; Germany. Double distilled water
was used throughout the experiments. As(V) working solutions
were immediately prepared by diluting arsenic solutions with deion-
ized water before use. The cation exchange capacity (CEC) of cal-
cium bentonite was 132.31 meq/100 g. The chemical composition
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of Ca-bentonite as w% was in the following order: SiO, (61.1), ALO;
(18.43), MgO (3.33), Fe,0; (3.1), Na,O (1.8), CaO (0.09). The real
density of Ca-bentonite was 2.5121+0.0032 g/cm’.
2. Preparation of Modified Bentonite

The modified bentonite was prepared as proposed by Gao et al.
[19], in which, briefly; Ca-bentonite was treated through three pro-
cedures: Na,CO, treatment (BNa), thermal treatment and com-
pound treatment by CTAB. Initially; for Na,CO; treatment, 500 g of
Ca-bentonite was added into a beaker containing ethanol solution
(volume ratio=1: 1). Na,CO, in an amount of 4% of the Ca-ben-
tonite was added into the slurry. The pH of the suspension was
adjusted to 9.0 by adding 1 M NaOH. The slurry was agitated for
2h in a shaker incubator at 80 °C with frequency 110 min~" and
centrifuged at 3,000 min~' for 10 min. The solid residue was then
washed several times with double distilled water until the absence
of CO;” was confirmed with Ca(OH), test. The sample was dried
overnight at 105 °C. For thermal treatment, the prepared BNa was
placed in an oven at 450 °C for 2 h. Finally, for compound modifi-
cation, 20 g of CTAB was prepared in a 1 L volumetric flask. The
CTAB solution and 100 g of BNa were added to 1L Erlenmeyer
flask and agitated for 2h at 30 °C. Afterward, the modified ben-
tonite was filtered and washed several times with deionized water
to eliminate bromide ions. The solid was dried at room tempera-
ture during 24 h, ground in a mortar, sieved and placed in a desic-
cator (Fig. 1).
3. Preparation of Modified Bentonite Chitosan (MBC)

Chitosan was coated onto bentonite according to Kalyani et al.
[22]. Chitosan 90% (0.5 g) was slowly added into oxalic acid solu-
tion (volume fraction, 2%) under continuous stirring for 2 h, fol-
lowed by addition of modified bentonite (25 g) prepared above over
12 h. The mixture was stirred for 6 h and later precipitated by NaOH

Na-Organcbentonite
Organizing
agent

i

Na-Bentonite

Fig. 1. CTAB modification of Na-bentonite treated thermally.

TTY

;i (5 =77 8

Chitosan

MBC
Fig. 2. Prepared modified bentonite chitosan (MBC).



Response surface modeling, isotherm, thermodynamic and optimization study of As(V) removal from aqueous solutions using MBC 759

(Fig. 2).
4. Adsorption Experiments

Batch adsorption experiments, designed by response surface
methodology (RSM), were carried out at 25 °C and 150 rpm to inves-
tigate the effects of independent variables such as pH (2-8), sor-
bent dosage (0.1-1.5 g/L), initial concentrations of As(V) (20-200
mg/L), and contact time (60-240 min) on the removal of arsenic
from aqueous environment by MBC. Different concentrations of
test solutions were prepared by diluting the stock solution with
suitable volume of distilled water. After the solution was shaken for
a predetermined time, it was filtered through Whatman paper and
the residual arsenic was analyzed to determine the removal effi-
ciency of As(V) by atomic absorption spectroscopy (AAS). A desired
amount of MBC was added to 1 liter of known concentration of
As(V) ions in an incubator shaker at a constant speed of 150 rpm
for various time intervals. The maximum adsorption capacity was
obtained from the isotherm study. The equilibrium isotherms were
fitted to the Freundlich, Langmuir and Temkin models. Finally, the
removal efficiency (%) of As(V), and also the amount of arsenic ad-
sorbed (Q,, mg/g), were calculated using the following equations:

_(C=CIV

e ®

(Cy—C,)x 100

= @

% Removal =

where, C, and C, are As(V) concentration in solution (mg/L) ini-
tially and at adsorption end, respectively, V is the volume of the

5. Experimental Design and Procedure

The process variables affecting the removal of As(V) by MBC
were studied using CCD central composite design in RSM using
“R” software. The RSM was used to evaluate the combined effects
of pH (X,), MBC dosage (X,), initial As(V) concentration (X;) and
contact time (X,) on the adsorption process. The variable input
parameters were a pH value in the range of 2.0-8.0, sorbent dos-
age of 0.1 to 1.5 g/L, initial As(V) concentration of 20-200 mg/L,
and contact time in the range of 60-240 min, respectively. The fac-
tor levels were coded as —1 (low), 0 (medium) and 1 (high). A
total of 44 runs were performed to optimize the process parame-
ters and experiments were carried out according to the actual experi-
mental design matrix.

The removal percentage of As(V) was chosen as the response of
the system. The independent variables used in these experiments
were coded according to the following equation:

X,—X
A="22

== ©

Table 1. Experimental ranges and levels of the independent vari-

ables
Range and levels (coded)
Factors Symbol
-1 0 1
pH X, 2 5 8
MBC dosage (g/L) X, 0.1 0.8 1.5

As(V) concentration (mg/L) X, 20 110 200

solution (L), and W is the mass of the adsorbent (g). Time (min) X, 60 150 240
Table 2. Experimental design and results for the arsenic removal
Run order X, X, X, X, Efficiency % Run order X, X, X, X, Efficiency %
1 35 0.45 65 195 44.7 23 5 0.8 110 150 52.8
2 6.5 0.45 65 195 23 24 5 0.8 110 150 53.8
3 5 0.8 110 150 559 25 2 0.8 110 150 47.8
4 35 0.45 155 105 25 26 5 0.8 200 150 42,5
5 5 0.8 110 150 55.5 27 5 0.8 20 150 674
6 5 0.8 110 150 52.7 28 5 0.1 110 150 17.6
7 5 0.8 110 150 50.7 29 5 0.8 110 150 58.4
8 35 1.15 155 105 44 30 5 0.8 110 240 59.5
9 6.5 1.15 155 195 49 31 5 0.8 155 150 51.9
10 6.5 0.45 155 195 24.4 32 6.5 0.45 65 105 18.5
11 5 0.8 110 150 53 33 6.5 1.15 155 105 16.5
12 5 0.8 110 150 53.1 34 5 0.8 110 150 59.5
13 3.5 045 155 195 33.7 35 35 1.15 155 195 754
14 35 1.15 65 105 60.9 36 5 0.8 110 150 53.8
15 6.5 1.15 65 195 64 37 35 1.15 65 195 93.7
16 6.5 1.15 65 105 441 38 35 0.45 65 105 32.6
17 5 0.8 110 150 47 39 8 0.8 110 150 12.5
18 6.5 0.45 155 105 10.6 40 5 0.8 110 150 56.6
19 5 0.8 110 150 53.7 41 5 1.5 110 150 64.7
20 5 0.8 110 150 499 42 5 0.8 110 60 174
21 5 0.8 110 150 48.2 43 5 0.8 110 150 53
22 5 0.8 110 150 484 44 5 0.8 110 150 52.1
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Fig. 3. SEM images of MBC: before (a) and after (b) As(V) removal, schematic of fabricated MBC (c).

where A, is the dimensionless coded value of the ith independent
variable, X; is the uncoded value of the ith test variable, X, is the
value of X; at the center point, and AX is the step change value.

Experimental design of variables and the considered levels for
As(V) adsorption are shown in Table 1. A total 44 runs were de-
signed, consisting of 2x4=8 axial points, 2'=16 design points and
20 center points. The details of the experiments are given in Table
2. The adsorption behavior of the system is explained by the fol-
lowing empirical second-order polynomial equation:

Y=by+Zr bX+Zk b, X+ 55 b XX +e )

i ]
where, Y represents the dependent variable (arsenic removal effi-
ciency), b, is a constant value, b;, b;, and b; refer to the regression
coefficient for linear, second order, and interactive effects, respec-
tively, X;, and X; are the independent variables, denotes the error of
the model [23].

The results were analyzed by applying the analysis of variance
(ANOVA), coefficient of determination (R%), and response plots.
Experimental ranges and levels of the independent variables con-
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sidered for As(V) adsorption are given in Table 1. The experimen-
tal design and statistical analysis of the data used “R” software
(version 3.0.3: 2014-03-06).

RESULTS AND DISCUSSION

1. Characterization of Modified Bentonite Chitosan
1-1. Scanning Electron Microscopy (SEM)

The SEM image of the MBC before and after As(V) adsorp-
tion, depicted in Fig. 3, was used to study MBC surface morphol-
ogy. Based on the figure, the synthesized adsorbent is suitable for
arsenic removal from aqueous solution due to its porous struc-
ture, which can provide high surface area for good adsorption.

1-2. XRD Analysis

The XRD patterns of sodium bentonite (BNa), BNa-CTAB, chi-
tosan, chitosan-oxalic acid and MBC are shown in Fig. 4. A typi-
cal diffraction peak of BNa is 5.75°, responding to a basal spacing
of 1.52 nm. After intercalation with surfactant, the typical diffrac-
tion peak of bentonite moves to lower angle (4.412°), responding to a
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Fig. 4. XRD patterns of the samples.

basal spacing of 2.32 nm. The X-ray diffraction analysis of modi-
fied bentonite chitosan exhibits an increase in d-spacing compared
to BNa, indicating the formation of intercalated structures. The
predominant peaks were related to the montmorillonite (M) and
quartz (Q). Thermal and chemical treatment changes the clay struc-
ture, decreasing the intensity of the typical peak of montmorillon-
ite, inducing a possible distortion in octahedral and tetrahedral
layer arrangement. The X-ray diffraction analysis of MBC exhib-

Table 3. Estimated parameters and their significance

Variable  Coefficient estimate Std. error T-value P-value
Intercepts 53.22 0.78 6780  2.2e-16
X, -19.20 141 —13.56 4.3e-14
X, 27.44 141 19.37 2.2e-16
X5 —-12.36 1.38 —-8.90 8.6e-10
Xy 19.99 141 14.11 1.5e-14
XX, —10.22 3.46 29475 0.006

XX —-13.17 3.46 —3.7978 0.0006
X, X, 19.37 3.46 5.5850 4.9e-06
Xf —-23.11 2.36 -9.7601 1.1e-10
Xf —12.11 2.36 —5.1151 1.8e-5

XZ —14.81 2.36 —6.2552 7.9e-07

its an increase in d-spacing compared to BNa, indicating the for-
mation of intercalated structures. The adsorption of As(V) on the
surface of MBC was confirmed from the energy dispersive X ray
(EDX) spectrum (Fig. 5) which shows the presence of arsenic with
the other elemental constituents.
2. RSM Approach for Optimization of As(V) Adsorption on
MBC

As(V) removal was optimized by using response surface meth-
odology (RSM). The removal percentage of As(V) depends on the
individual and combinations of test variables, and the results show
a significant variation for each combination. The relationships be-
tween response value and four independent variables could be
markedly seen in contour and 3D surface plots in the following sec-
tions. The empirical relationship between As(V) removal (Y) and
the four variables obtained by the application of RSM is given by
the following quadratic model:

Efficiency ,v)=53.22— 19.20X, +27.44X,— 12.36X,+19.99X,— 10.22X,X,

35000 4

30000 4

25000 4

20000 -

As As
b g Y, S,
. . . - . —
2 3 4 5 6 7 8 9 10 11 12

keV

Fig. 5. Energy dispersive X ray spectrum of the adsorbed As(V) by MBC.
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Table 4. Analysis of variance (ANOVA) of the response surface quadratic model for As(V) removal

Sources Degrees of freedom Sum of squares Mean square F-value Prob>F
Second-order response 4 9999.7 249991 207.7 2.2e-16
Pure quadratic response 4 22319 557.96 46.3 3.4e-16
Residuals 29 349.0 12.03 - -
Lack of fit 11 152.2 13.84 1.26 0.3173
Pure error 18 196.8 10.93 - -

Notes: F-statistic: 76.67 on 14 and 29 DF, p-value: <2.2e-16, Multiple R: 0.973, Adjusted R* 0.961, Lack of fit: 0.3173

—13.17X,X,+19.37X%,X,— 23.11X3— 12.11X5— 14.81X5 Normal Q-Q
where X, X,, X; and X, are solution pH, sorbent dosage, initial o~ 165
As(V) concentration and contact time, respectively. e
Analysis of variance was used to analyze the significance and - o

adequacy of the regression model. The results from the ANOVA g - o

for the quadratic equation are summarized in Table 3. The coeffi- K3 =

cient of variation and F-value tests were also performed for the 2 oo

evaluation of model goodness. The smaller the value of P and the j <7 5

larger the value of E, the more significant is the corresponding co- 2 Cgp"d)

efficient term [24,25]. For the adsorption of As(V) by MBC, the 2 - o

ANOVA results indicated that the F-value for the model was 207.7. o;}

As seen in Table 3, the most significant term of the regression model o

was the sorbent dosage (X;) for the present application (T=19.37, R ’

P=2.2¢-16). The positive coefficients for the model terms (X,, X,, | | T | |

2 1 0 1 2

and X,X,) indicated a favorable or synergistic effect on the As(V)
removal percentage, while the negative coefficients for the model
terms (X,, X, X,X,, X, X5, X2, X2 and X?) showed an unfavorable
or antagonistic effect on the As(V) removal percentage. The deter-
mination coefficient (R?) of the model was 0.973, indicating that
prediction of As(V) removal efficiency by the quadratic model was
excellent. Moreover, the value of lack of fit for the model was 0.3173
which implied that the lack of fit was significant. Table 3 shows
that the linear coefficients (X, X, X; and X,), cross product coetfi-

mbentchit

Theoretical Quantiles
rsmiEfficiency ~ SO(x1, x2, x3, x4))

Fig. 6. Normal probability plot of residuals for As(V) removal.

cient (X,X,, X,X; and X,X,) and quadratic term (X7, X5 and X})
significantly affected the As(V) removal efficiency by MBC (P<
0.05). The other model terms whose P-values were not significant

Fig. 7. The contour and 3D plots exhibiting the interactive effects between pH and sorbent dosage.
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Fig. 8. Effect of sorbent dosage and arsenic ion concentration on % removal of As(V) by MBC.
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Fig. 9. The contour and 3D plots exhibiting the interactive effects between sorbent dosage and contact time.

(P>0.05) were removed from the table.

The experimental data accuracy was examined by performing a
normal probability plot. Generally, the residuals in the plot should
obey a straight line. Fig. 6 depicts the normal probability plot of
residual values [26]. The above finding shows the accuracy and
applicability of the central composite design (CCD) model for
As(V) removal process optimization. The relationship between the
independent and dependent variables was further elucidated by
constructing contour plots.

3. Effect of pH and Sorbent Dosage

We studied the effect of pH on MBC adsorption percentage in
the range of 2-8. The combined effect of pH and sorbent dosage
on the uptake of As(V) by MBC is depicted as contour and 3D
plots in Fig. 7. The plots provide a straightforward description of
the effects of the independent variables on the dependent variable
[25]. Under strong acidic environment (below pH 2), the chitosan
undergoes dissolution and solidifies in alkaline media [27], which
decreases the removal percentage. Fig. 7 clearly depicts that the
sorption percentage of MBC for arsenic depends on the solution

pH, increasing with a decrease in pH, and thus maximum adsorp-
tion occurred in the acidic range. The decrease in As(V) sorption
was remarkable as the pH increased from 2 to 8. Moreover, the
extent of As(V) adsorption on MBC is dependent on the stability
and affinity of the arsenic species. Generally, the predominant As(V)
species existing in the pH ranges are AsO; (pH>12), HAsO;™ (pH=
7-11), H,AsOj (pH=2-7), and H;AsO, (pH<2). Experimental data
suggested that the predominant arsenic species adsorbed should
be H,AsO; [28]. The sharp reduction in arsenic removal might be
explained as follows. In one respect, with further increasing pH
value, a more negatively charged species of HAsO; began to domi-
nate in the solution. In the same time, the charge of binding sites
on the surface of MBC became more negative, which consider-
ably enhanced the repulsive force between the arsenic species and
the binding sites. Therefore, the removal of As(V) was evidently
depressed.
4. Effect of Sorbent Dosage and As(V) Ion Concentration
Combined effects of sorbent dosage and As(V) concentration
on adsorption efficiency of arsenic by MBC are shown in Fig. 8.

Korean J. Chem. Eng.(Vol. 34, No. 3)
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The percentage removal increased as the sorbent dosage increased
from 0.1 to 1.5g (Table 2). At higher sorbent dosage, more bind-
ing sites become available for the uptake of As(V) onto MBC sur-
face, which results in high removal efficiencies. From the results
summarized in Table 2, a maximum removal of 93.7% was attained
at dosage of 1.15 g MBC. Inversely, increasing the contaminant con-
centration involves a reduction in As(V) removal. Generally, higher
sorbent dosage and lower arsenic concentration increased As(V)
removal percentage.
5. Effect of Sorbent Dosage and Contact Time

The effect of sorbent dosage and contact time on the removal
percentage of As(V) is depicted in contour and 3D plots in Fig. 9.
The effect of contact time on adsorption of As(V) onto MBC was
studied over a shaking time of 60-240 min using different sorbent
dosages. We found that the removal of As(V) ions increased with
increase in contact time up to a certain time (167 min) and after-
wards a negligible change was observed. Increase in adsorption
percentage with increase in contact time can be attributed to the
fact that more time becomes available for arsenic ions to make an
attractive complex with MBC.
6. Isotherm Studies

The adsorption isotherm is key to understanding the mechanism
of the adsorption process. From several isotherm models available
in the literature, three important isotherms were selected in the
present study: the Langmuir, Freundlich, and Temkin [29]. The
Langmuir isotherm assumes monolayer adsorption of contami-
nant onto adsorbent surface with a finite number of biding sites
without any interaction between adsorbed ions [30]. The Langmuir,
Freundlich and Temkin isotherms can be represented by the fol-
lowing equations:

. _ QmaxKLCe
Langmuir Q,= 14+K,C, (5)
Freundlich Q,= KFCi/n 6)
Temkin  Q,=BlnA+BInC, 7)

For Langmuir and Freundlich, Q, (mg/g) is the equilibrium As(V)
ion concentration in the solid phase; Q,,.. (mg/g) is the maximum
quantity of sorption; K; (L/mg) is the Langmuir sorption equilib-
rium constant; C, is the concentration of solute at equilibrium or

Table 5. Isotherm parameters for adsorption of As(V) on MBC at

25°C
Isotherm Parameters Values
Qmax (mg/g) 122.23
Langmuir K; (L/mg) 0.77
R’ 0.99
n 4.59
Freundlich Kr (mg/g) (L/mmol)"" 60.41
R’ 0.93
A 0.35
Temkin B 20.60
R’ 0.98

after adsorption; K (mg/g) (L/mmol)"" is the Freundlich constant
representing the sorption capacity, n is the constant depicting the
sorption intensity.

For Temkin isotherm: B=RT/b, b is the Temkin constant related
to sorption heat (J/mol), A is the Temkin isotherm constant (L/g),
R is the universal gas constant (8.314 J/mol/K), and T is tempera-
ture at 298 K [31].

The maximum adsorption capacity of As(V) by MBC was ob-
tained from the isotherm study. Therefore, batch adsorption iso-
therm experiments were carried out at varying initial concentra-
tion under optimized conditions at pH around 3.7 and temperature
of 25°C at 150 rpm. The results demonstrated the best fit to the
Langmuir isotherm model for As(V), indicating that the monolayer
of As(V) ions covers along MBC surface. Accordingly, maximum
adsorption capacity of MBC for As(V) was 122.23 mg/g. Parame-
ters of adsorption isotherm for MBC are given in Table 5. Adsorp-
tion capacity of this work (122.23 mg/g) was much higher than those
reported in Song et al. (6.5 mg/g) and Dultz et al. (9 mg/g) due to
several physical and chemical modification of bentonite and chi-
tosan [32,33].

7. Kinetics of Adsorption

We used two kinetic models, pseudo-first-order and pseudo-
second-order, to calculate the kinetic parameters [44]. The adsorp-
tion kinetic parameters were studied on the batch adsorption of
200 ppm of As(V) at pH 3.7. The contact time was varied from 0

Table 6. Maximum adsorption capacities for As(V) adsorption onto different adsorbents

Adsorption capacity (mg/g)

Adsorbent References
As(V)
Polymeric Al/Fe modified montmorillonite 21.23 [34]
Goethite 0.58 [35]
FMCB 39.1 [36]
Chitosan 58 [37]
Iron coated chitosan 16.1 (38]
TICB 2.1 [39]
Zirconium-loaded adsorbent 149.8 [40]
Chitosan-coated ceramic alumina (CH-CA) 96.46 [41]
Chitosan-coated gangetic sand (CH-GS) 23 [42]
Glutaraldehyde cross-linked chitosan (GLU-CH) 270 [43]
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Fig. 10. Langmuir (a) Freundlich (b), and Temkin (c) plots for the adsorption of arsenic by MBC at 25 °C.

Table 7. Kinetic models fitted with the experimental data

Kinetic model Formula

Plot

Pseudo first order

Pseudo second order

K
Log(q,—q,)=logq,— ==t

2.303 log(q,—q) vs. t

t
t — vs. t

q:

Table 8. Constants obtained from kinetic models for As(V) adsorption onto MBC

Pseudo-first order

Pseudo-second order

C, [mg/L]

q. (mg/g) K, (min™)

R’ q. (mg/g)

K, (min™) R’

200 110.96 0.005

0.96 122.38

7.2E-05 0.99

to 3h and the adsorption capacity of As(V) was monitored during
the study. Each mixture was shaken at 150 rpm and 25°C. The
results of the regression analysis proved that As(V) adsorption on
MBC was best described by the pseudo-second-order equation
(R’~99%).
8. Thermodynamic Studies

The thermodynamic parameters, including free energy change
(AG"), enthalpy change (AH’), and entropy change (AS”), were used
for feasibility study of the adsorption of As(V) on MBC. AG” was
calculated by use of the equation:

AG’=RTLnK,

where K, is the thermodynamic equilibrium constant for the adsorp-

tion process, R is the universal gas constant, and T is the absolute
temperature (K).
AS’ AH’

R RT

LnK,=

The values of AH’ and AS’ can be determined from the slope and
intercept of the plot of LnK, versus 1/T [45]. The calculated val-
ues of the thermodynamic data AG’, AH’, and AS’ are summa-
rized in Table 9. Based on the table, the decrease in AG” with the
increase of temperature indicated more favorable adsorption at
higher temperature. The negative value of AS’ suggested the decreased
randomness at the solid-liquid interface during the adsorption of
As(V) onto MBC. In addition, the values of AH’ were found to be
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Fig. 11. Fitting the experimental data with (a) pseudo first order,
and (b) pseudo second order kinetic models.

positive, which indicated the endothermic and physisorption nature
of adsorption process [46].
9. Process Optimization and Confirmation

One of our main objectives was to determine the optimum pro-
cess parameters for maximizing the removal of As(V) from aque-
ous solution. The Solver “Add-ins” was applied to determine the
optimum condition for As(V) removal through the model equa-
tion predicted by RSM. Optimized values of pH, sorbent dosage,
initial As(V) concentration and contact time were found as 3.7,
140 g/L 69 mg/L, and 167 min, respectively. To verify the validity
of the predicted results by the model, several additional experi-
ments were carried out in the experimental area of the CCD, and
each experimental response was compared with the predicted one.

Table 9. Thermodynamic parameters for adsorption of As(V) onto MBC
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5.000 A
y =16632x - 50.679

2=
2,000 1 R*=0.9949

3.000 -

LnKe

2.000 -

1.000 -

0.000 T T T T s
0.003150 0.003200 0.003250 0.003300 0.003350 0.003400

T

Fig. 12. Van't Hoff plot for estimation of thermodynamic parameters.

Comparison of the results with those predicted by Solver showed
a good agreement.

CONCLUSION

We used bentonite and chitosan in modified forms (MBC) as
two abundant and inexpensive materials for the removal of an im-
portant and toxic contaminant (arsenic) from aqueous solution.
The experimental design of runs and the statistical analysis of the
data involved using RSM in “R” software. The significant agree-
ment between the model and experimental data was verified by
ANOVA results. The results illustrated that a second-order poly-
nomial regression model was capable of accurately explaining the
obtained data. The model quality was tested through lack of fit, F
and P values. Moreover, the MBC was characterized by SEM,
XRD and EDX techniques. The SEM images clearly showed the
removal of arsenic by MBC. The relationship between the inde-
pendent and dependent variables was further elucidated by con-
structing contour plots. Optimized values of pH, sorbent dosage,
initial As(V) concentration and contact time were 3.7, 1.40 g/L,
69 mg/L, and 167 min, respectively. The observed As(V) removal
percentages under optimized conditions were consistent with the
predicted findings from RSM. Overall, chitosan is much more
expensive than bentonite; by the method of the present study, we
improved the removal efficiency of the chitosan for arsenic by its
combined use with bentonite. Moreover, the amount of applied
chitosan was considerably reduced. The adsorption isotherms were
also investigated. Among the isotherm models tested, the Lang-
muir isotherm model was the best fit for the obtained data, with a
maximum adsorption capacity of 122.23 mg/g, thus indicating the
monolayer adsorption behavior of the contaminant on MBC. The

Adsorbent Temperature (K) AG® (IJ-mol ™) AH® (IJ-mol ™) AS° (k]-mol 'K ™) R?
298 —-12.83
303 -10.33
MB 146. —350. .
C 308 ~870 6.99 350.60 0.99
313 —6.36
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adsorption kinetics followed a pseudo-second-order kinetic model
was involved in the adsorption process of As(V). Thermodynamic
studies confirmed the spontaneous and endothermic character of
adsorption process. The present work has shown that RSM pro-
vides a very reliable and accurate methodology for optimizing experi-
ments for the removal of As(V) from aqueous solutions.
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