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Arsenate removal from aqueous solution using chitosan-

coated bentonite, chitosan-coated kaolinite and chitosan-

coated sand: parametric, isotherm and thermodynamic

studies

Cybelle M. Futalan, Yu-Shen Huang, Jheng-Hong Chen

and Meng-Wei Wan
ABSTRACT
In the present work, the removal efficiency of As(V) from aqueous solution using chitosan-coated

bentonite (CCB), chitosan-coated kaolinite (CCK) and chitosan-coated sand (CCS) was evaluated. The

chitosan-based adsorbents were characterized using scanning electron microscopy, Fourier-

transform infrared spectroscopy, the Brunauer–Emmett–Teller method and thermogravimetric

analysis. Kinetic studies revealed that As(V) uptake using CCB, CCK and CCS fitted well with the

pseudo-second order equation (R2� 0.9847; RMSE� 9.1833). Equilibrium data show good correlation

with the Langmuir model (R2� 0.9753; RMSE� 8.5123; SSE� 16.2651) for all adsorbents, which

implies monolayer coverage onto homogenous energy sites. The Langmuir adsorption capacity for As

(V) at pH 7.0 was determined to be 67.11, 64.85, and 16.78 mg/g for CCB, CCK and CCS, respectively.

Thermodynamic studies show that As(V) uptake is exothermic in nature using CCK and endothermic

using CCB and CCS. Moreover, adsorption of As(V) was feasible and spontaneous for CCB and CCS at

298 to 328 K. Results show that CCB is the most effective adsorbent in the removal of As(V) from

water due to its high surface area and large pore diameter.
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INTRODUCTION
The contamination of arsenic in natural waters has been
well documented in many countries including Argentina,
Bangladesh, China, Chile, India, Philippines, Thailand and

Taiwan (Mandal & Suzuki ; Sharma & Sohn ;
Hosono et al. ). The primary source of arsenic in
groundwater has been attributed to natural processes like

geochemical reactions, volcanic emissions and weathering
of arsenic rocks and minerals (Kanel et al. ). Another
important source of arsenic is via anthropogenic activities

such as ceramic and glassware production, herbicide and
pesticide manufacturing, petroleum refineries, metallurgical
industry and tannery operation (Altundogan et al. ).

Arsenic, which is a metalloid, is considered to be the

20th most abundant trace element (Mandal & Suzuki
; Nidheesh & Anantha Singh ). In general, arsenic
exists in four oxidation states including þ5 (arsenate), þ3
(arsenite), 0 (metallic arsenic) and �3 (arsenide). Inorganic
arsenic species such as arsenite [As(III)] and arsenate
[As(V)] are commonly found in the aqueous environment,

and are considered to be more toxic that the organic
counterpart (Nidheesh & Anantha Singh ; Su et al.
). Detrimental health effects including disorder of the

peripheral vascular system and central nervous system, per-
ipheral neuropathy, conjunctivitis, gangrene, cardiovascular
diseases and skin cancer have been related to long-term

arsenic exposure (Bhattacharya et al. ). Moreover, the
World Health Organization (WHO) categorized this
element as a Class I human carcinogen (van Halem et al.
). Therefore, strict regulations have been implemented

by WHO and the US Environmental Protection Agency
where the current permissible limit of arsenic in drinking
water is 10 μg/L (Smith et al. ). Meanwhile, Mexico
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and Taiwan have set the maximum contaminant level of

arsenic for drinking water to be 25 and 10 μg/L, respectively
(Chen & Chung ; Saldaña-Robles et al. ).

Adsorption is one of the most popular technologies

utilized in the removal of heavy metals from waste efflu-
ents due to its simplicity in operation, low cost, safe
handling, effectiveness even at a low concentration of con-
taminant, and applicability as a small-scale household

module or in a community plant (Siddiqui & Chaudhry
). Adsorbents such as magnetite/non-oxidative gra-
phene (Yoon et al. ), iron-coated seaweeds (Vieira

et al. ), Fe3O4-GO-LDH (Wu et al. ), Fe3O4-GO
(Sheng et al. ), chitosan-coated bentonite (CCB) (Arida
et al. ) and perilla leaf biochar (Niazi et al. ) have
been previously reported regarding the treatment of arsenic-
contaminated waters.

The utilization of bentonite, chitosan, kaolinite and
sand, which are natural and readily available materials,

as inexpensive, eco-friendly adsorbents is considered to
be a sustainable approach when utilized in environmental
remediation technology. Chitosan is derived from the dea-

cetylation of chitin, which is extracted from the shells of
shrimps, krills, crayfish and crabs (Kumari et al. ).
The shrimp and fish industry generate crustacean waste

residue composed of heads, shells and tails, which is 40–
50% by weight of the total solid waste (Ogawa et al.
). Clay materials are often produced by mining indus-

tries and major civil infrastructure construction projects
as overburden or waste rock (Ocak ; Lu & Cai
). Bentonite is a smectite-type of clay characterized
by its 2:1 layered aluminosilicate sheets (Zhang et al.
) while kaolinite, Si4Al4O10(OH)8, has a 1:1 layered
structure (Bhattacharyya & Gupta ). On the other
hand, silica sand is an abundant, cost-effective material

with properties such as hardness and resistance to heat
and chemicals (Ramakrishna et al. ; Sundararajan
et al. ).

Several studies have examined the use of CCB, chitosan-
coated sand (CCS) and chitosan-coated kaolinite (CCK) in
the removal of various contaminants from wastewaters

due to better chemical and mechanical stability, improved
surface area and enhanced porosity of the adsorbent
hybrid (Wan et al. ; Dalida et al. ; Futalan et al.
; Calagui et al. ; Arida et al. ; Chen et al. ;
Ligaray et al. ). Moreover, coating chitosan onto a sup-
port material reduces the volume of chitosan required
while retaining the overall adsorption efficiency (Wan

et al. ). The work of Arida et al. () determined
that the uptake capacity at breakthrough of As(V) is
s://iwaponline.com/wst/article-pdf/78/3/676/482294/wst078030676.pdf
10.57 μg/g under fixed-bed conditions. However, a compara-

tive study on adsorption efficiency using CCB, CCK and
CCS in the removal of arsenic under static conditions has
not yet been reported.

The present study aims at evaluating the capacity of
CCB, CCK and CCS for adsorption of As(V) from aqueous
solution. Adsorbents were characterized using scanning
electron microscopy (SEM), thermogravimetric analysis

(TGA), Fourier transform infrared spectroscopy (FT-IR)
and the Brunauer–Emmett–Teller (BET) multipoint tech-
nique. Kinetic studies were performed to determine the

rate-limiting step of the adsorption system using pseudo-
first order, pseudo-second order and intraparticle diffu-
sion equations. Thermodynamic and equilibrium studies

were also carried out.
MATERIALS AND METHOD

Chemicals and materials

Low molecular weight chitosan (75–85% deacetylation),
bentonite and kaolinite were purchased from Sigma-Aldrich
(USA). Potassium iodide and hydrochloric acid (37%

fuming) were acquired from Merck (Germany) while sand
was obtained from Aquatek (Taiwan). Vitamin C and di-
sodium hydrogen arsenate 7-hydrate (Na2HAsO4•7H2O)

were purchased from Fisher Chemical (UK) and PanReac
Applichem (Japan), respectively. All reagents obtained are
of analytical grade and used without further purification.

Synthesis of CCB, CCK and CCS

The preparative method utilized was similar to that of Wan

et al. () with some modifications. Chitosan (5 g) was
dissolved in 300 mL of 5% (v/v) HCl by stirring for 2 h.
Then, 100 g support material was added into the mixture

and was stirred for 3 h. Addition of 1 M NaOH into the
mixture was performed in a drop-wise method until pH 7
was attained. Adsorbent beads were washed with deio-

nized water, filtered and dried in an oven (Channel
Oven, DV452) for 24 h at 65 �C. Adsorbents with a particle
size range of 0.21 to 0.50 mm were utilized in the
experiments.

Characterization

The morphology of the adsorbents was observed using SEM
(S-3000N Hitachi, Japan) with a voltage of 20 kV under a
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vacuum atmosphere of 1.33 × 10�6 mBar. The surface area

and porosity of the adsorbents were determined using a
BET surface analyzer (Micromeritics ASAP 2010, USA) at
77 K under N2 gas. TGA was carried out using a thermo-

mechanical analyzer (Perkin Elmer Pyris TGA-4000, USA)
with a heating rate of 10 �C min�1 within the range of 30
to 800 �C. The spectra of chitosan, clay materials, sand,
CCB, CCK and CCS were determined using FT-IR (Nicolet

6700) in the range of 400 to 4,000 cm�1.
Batch adsorption study

Adsorption tests were carried out where 1 g adsorbent and
30 mL As(V) solution were agitated at 50 rpm using a reci-

procal shaker bath (YIH-DER-BT 350, Taiwan) at 25 �C
and pH 7.0 under varying initial concentration (50 to
1,000 μg/L) and contact time (0.5 to 24 h). Thereafter, the

solution was filtered through a 0.45 μm cellulose filter and
the filtrate was analyzed using an inductively coupled
plasma optical spectroscopy (ICP-OES, Perkin Elmer

Optima 2000 DV, USA).
Data analysis

The adsorption capacity at equilibrium, qe (mg/g) was com-
puted using Equation (1):

qe ¼ (C0 � Ce) × V
M

(1)

where V is the solution volume (mL), M is the adsorbent
mass (g), C0 and Ce refers to the initial and equilibrium
concentration (mg/L), respectively.

To determine the rate-determining step of the adsorp-

tion system, kinetic equations are applied. The pseudo-first
order (Lagergren ), pseudo-second order (Ho &
McKay ) and intraparticle diffusion (Weber & Morris

) equations are expressed as the following:

log (qe � qt) ¼ k1

2:303
tþ log qe (2)

t
qt

¼ t
qe

þ 1
k2q2e

(3)

qt ¼ kidt0:5 þ C (4)

where qt (mg/g) denotes the adsorption capacity at time t
(min), kid (mg/g•min0.5) denotes the rate constant of the
intraparticle diffusion model, C refers to the thickness of
om https://iwaponline.com/wst/article-pdf/78/3/676/482294/wst078030676.pdf
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the boundary layer (mg/g), and k1 (1/min) and k2 (g/

mg•min) refer to the kinetic rate constants of the pseudo-
first and pseudo-second order equation, respectively.

Equilibrium data are fitted using Langmuir, Freundlich

and Dubinin-Radushkevich (D-R) isotherms, which are
written as Equations (5) to (9):

1
qe

¼ 1
KLqmCe

þ 1
qm

(5)

log qe ¼ logKF þ 1
n
logCe (6)

ln qe ¼ ln qDR � βε2 (7)

E ¼ 1ffiffiffiffiffiffi
2β

p (8)

ε ¼ RT ln 1þ 1
Ce

� �
(9)

where qm refers to the maximum adsorption capacity at
monolayer coverage (mg/g), KL is the Langmuir constant
that refers to the heat of adsorption (L/mg), 1/n refers to

the linearity of adsorption (L/mg), KF is the Freundlich
adsorption capacity of the adsorbent (mg/g), qDR is the
D-R monolayer adsorption capacity (mg/g), β refers to the

D-R constant regarding the mean free energy of the adsor-
bent (mol2/kJ2), E is the free energy of adsorption (kJ/
mol), ε refers to the Polanyi potential (mol/kJ), R is the
empirical gas constant (8.314 J/mol•K), and T is the operat-

ing temperature (K). The Langmuir isotherm assumes a
monolayer adsorption occurring onto binding sites with
homogenous energy levels where no further adsorption

takes place at occupied sites (Langmuir ). The Freun-
dlich isotherm, which is based on an empirical equation,
refers to the adsorption of a solid adsorbent with energeti-

cally heterogeneous surfaces (Freundlich ; Wan Ngah
& Fatinathan ). Meanwhile, the D-R isotherm is derived
from the adsorption of sub-critical vapors on energetically
irregular surfaces (Dubinin & Radushkevich ).

Linear and non-linear methods were used in evaluating
the kinetic and equilibrium data. In Microsoft Excel, the
Solver add in function was utilized in data analysis using

non-linear equations. The linear form of the models was
assessed using the linear regression method.
Error analysis

Error functions are used in order to evaluate the fit of the
kinetic and isotherm equations with the experimental data.



Figure 1 | Characterization analysis illustrating the SEM images of (a) CCS, (b) CCK and (c) CCB and TGA of (d) CCB, chitosan and bentonite, (e) CCK, chitosan and kaolinite, and (f) CCS,

chitosan and sand.
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The sum of squares error (SSE) and root means square error
(RMSE) were computed using Equations (10) and (11)
(Karri et al. ):

SSE ¼
Xn
i¼1

jqie, exp l � qie,theorj (10)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn
i¼1

(qie,theor � qie, exp l)
2

vuut (11)
s://iwaponline.com/wst/article-pdf/78/3/676/482294/wst078030676.pdf
where n is the number of observations, qie,expl refers to the
measured concentration (μg/L) and qie,theor stands for the
predicted value of the model (μg/L).
RESULTS AND DISCUSSION

Characterization

Figure 1(a) to 1(c) illustrate the surface morphology of CCS,
CCK and CCB. The surface irregularity and roughness of the
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adsorbents can be arranged in the following order: CCB>
CCK>CCS. Moreover, CCS has a smoother exterior mor-
phology with few ridges and wrinkles covering its surface,
while CCB and CCK displayed aggregation with a coarse

surface.
Based on BET analysis, both chitosan and CCK were

determined to be mesoporous materials while CCB and
CCS exhibited macroporosity. Pure chitosan displayed a

low surface area (2.12 m2/g), pore volume (0.032 cm3/g)
and diameter (11.61 nm) while coating chitosan onto a sup-
port material resulted in a higher BET surface area, pore

volume and average pore diameter for CCB (9.22 m2/g,
0.048 cm3/g, 80.54 nm) and CCK (5.52 m2/g, 0.035 cm3/g,
29.98 nm). Among the adsorbents, CCS showed the least

surface area (0.47 m2/g) and pore volume (0.004 cm3/g)
but has the largest average pore diameter (683.80 nm).
Figure 2 | FT-IR spectra of (a) bentonite, chitosan, and CCB; (b) CCK and kaolinite; and (c) CCS

om https://iwaponline.com/wst/article-pdf/78/3/676/482294/wst078030676.pdf
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Figure 1(d) to 1(f) illustrate the TGA curves of CCB,

CCK and CCS. In general, chitosan displayed a weight
loss of 12% that occurred between 70 �C to 97 �C, which
is attributed to loss of physically adsorbed water. The

second and third decomposition stages occurred between
232 �C to 550 �C and were due to decomposition of the
chitosan backbone such as D-glucosamine and N-acetylglu-
cosamine (Soon et al. ). Then, chitosan was burnt out

completely at 550 �C.
For bentonite, 5% weight loss at<100 �C was due to loss

of physically adsorbed water molecules in the interlayer

(Figure 1(d)). A second weight loss of 4% at 400 �C to
700 �C was attributed to the evaporation of water molecules
contained within the crystal lattice (Belbachir & Makhoukhi

). Figure 1(e) illustrates two decomposition stages of
kaolinite: 2% loss at 200 �C to 470 �C and 6% loss at
and sand.



681 C. M. Futalan et al. | Arsenate removal using chitosan-coated support materials Water Science & Technology | 78.3 | 2018

Downloaded from http
by guest
on 20 November 2019
470 �C to 620 �C due to physically adsorbed water and dihy-

droxylation of kaolinite samples, respectively (Drweesh
et al. ). Meanwhile, sand displayed only 2% weight
loss starting at 80 �C due to loss of physically adsorbed

water (Figure 1(f)). The curves of CCB, CCK and CCS are
a combination of degradation profiles of chitosan and the
support materials. When compared with the support
materials’ profile, the weight loss observed were higher
Figure 3 | Effect of contact time on As(V) adsorption capacity of (a) CCB, (b) CCK and (c) CCS

s://iwaponline.com/wst/article-pdf/78/3/676/482294/wst078030676.pdf
such as 10%, 15% and 2.5% for CCB, CCK and CCS,

respectively. Based on the TGA curves, 4.7%, 4.8% and
2.1% of chitosan were coated onto bentonite, kaolinite
and sand, respectively.

Figure 2 illustrates several peaks that are attributed to
chitosan: 3,411 cm�1 refers to the primary amine and
hydroxyl groups stretching vibration, 2,808 cm�1 refers to
the stretching of C-H in CH2 groups, 1,414 cm�1 refers to
and the pseudo-second order kinetic plots of (d) CCB, (e) CCK and (f) CCS.
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the –N-H amide stretching and 1,077 cm�1 is due to stretch-

ing vibration of C-OH (Zhang et al. ; Cao et al. ;
Igberase et al. ). The spectrum of bentonite shows
bands at 3,411 and 828 cm�1 that refer to the stretching

vibration of –OH and Al-O groups, respectively (Huang
et al. ). From the kaolinite spectrum, peaks at 541 and
468 cm�1 refer to bending vibrations of Al-O-Si and Si-O-Si,
914 cm�1 refers to the inner surface –OH bending,

1,039 cm�1 is due to the apical Si-O stretching, and
3,618 cm�1 refers to the stretching vibration of the inner
Al-OH group (Fatimah ). In sand, the peak at

1,086 cm�1 refers to the Si-O-Si bridge asymmetric stretching,
and peaks at 795 and 690 cm�1 are due to symmetric stretch-
ing of Si-O bridging oxygen atoms (Chaudhry et al. ). The
Table 1 | Kinetic parameters derived using linear regression method for the adsorption of As(

Model Initial concentration Parame

Pseudo-first order 100 k1
q1
R2

RMSE
500 k1

q1
R2

RMSE
1000 k1

q1
R2

RMSE

Pseudo-second order 100 k2
q2
R2

RMSE
500 k2

q2
R2

RMSE
1000 k2

q2
R2

RMSE

Intraparticle diffusion 100 kid
R2

RMSE
500 kid

R2

RMSE
1000 kid

R2

RMSE
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spectra of the composite materials demonstrate the presence

of several peaks that are mainly attributed to the support
material (bentonite, kaolinite and sand) with a few bands con-
tributed by chitosan including 3,441 to 3,660 cm�1 (N-H and

O-H stretching), 2,912 to 2,936 cm�1 (C-H stretching) and
1,649 cm�1 (amine stretching) (Huang et al. ).

Kinetic study

As shown in Figure 3(a) to 3(c), results displayed a rapid
initial uptake of As(V) within 2 h that could be attributed
to the availability of numerous adsorption sites. At an initial

As(V) concentration of 1,000 μg/L, adsorption capacity of
23.02, 17.35 and 16.92 mg/g was attained for CCB, CCK
V) by CCB, CCK and CCS

ters

Adsorbent

CCB CCK CCS

0.1785 0.2546 0.5122
1.24 1.69 1.83
0.6618 0.9514 0.8532
8.2471 14.0599 12.6801
0.3183 0.2612 0.1707
4.72 8.51 5.13
0.9617 0.9215 0.9799
6.2270 15.6020 16.9264
0.2079 0.3551 0.1451
7.26 8.26 4.32
0.9623 0.9562 0.7763
18.8478 9.1224 12.9304

0.7771 0.3237 0.2603
3.15 2.75 1.05
0.9970 0.9974 0.9847
5.0440 6.0775 3.1382
0.5622 0.1690 0.1527
20.45 18.68 15.80
0.9983 0.9927 0.9993
4.0903 7.2969 7.2902
0.1038 0.0899 0.0211
54.35 18.02 35.59
0.9991 0.9934 0.9952
8.2272 6.0555 9.1833

0.3462 0.8147 0.3097
0.8264 0.9484 0.7927
16.8871 21.7228 18.7336
0.6258 0.7522 0.5853
0.8801 0.9606 0.9204
22.2578 24.9178 13.8562
0.4987 0.413 0.846
0.8564 0.7522 0.9127
15.6356 11.0741 21.9178
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and CCS, respectively. After which, adsorption capacity was

observed to increase slowly until equilibrium was attained in
4 h at 100 μg/L and 12 h at 500 and 1,000 μg/L. A low con-
centration would indicate that there is less amount of As(V)

present in the solution, hence there is less competition and
ions bind easily onto the adsorbent. At higher concentration,
the effect of steric crowding becomes more significant since
there would be shorter distances between As(V) ions present

in the solution, where repulsive forces would be exerted
between ions, which would contribute to the delay in the
attainment of equilibrium.

Based on Table 1 and 2, the high values of the coeffi-
cient of determination (R2) for CCB (R2� 0.9970), CCK
(R2� 0.9923) and CCS (R2� 0.9847) derived from linear

and non-linear equation indicate a good correlation between
Table 2 | Kinetic parameters derived using non-linear method for the adsorption of As(V) by C

Model Initial concentration Param

Pseudo-first order 100 k1
q1
R2

RMSE
500 k1

q1
R2

RMSE
1000 k1

q1
R2

RMSE

Pseudo-second order 100 k2
q2
R2

RMSE
500 k2

q2
R2

RMSE
1000 k2

q2
R2

RMSE

Intraparticle diffusion 100 kid
R2

RMSE
500 kid

R2

RMSE
1000 kid

R2

RMSE

s://iwaponline.com/wst/article-pdf/78/3/676/482294/wst078030676.pdf
the experimental and predicted data generated by the

pseudo-second order equation. Figure 3(d) to 3(f) display
the goodness of fit of the experimental data with the linear
plots generated by the pseudo-second order model. More-

over, the low error values of RMSE for CCB, CCK and
CCS further validate that the pseudo-second order equation
best describes the adsorption system. This implies that the
rate-determining step is chemisorption, wherein a covalent

bond is formed through sharing a pair of electrons between
As(V) and the active sites of the adsorbents. It is observed
that the non-linear equations provided lower RMSE error

values and higher R2 values in comparison to the linear
equation.

Under all concentration ranges studied, the highest k2
constant occurred with CCB followed by CCK and CCS.
CB, CCK and CCS

eters

Adsorbent

CCB CCK CCS

0.1293 0.2498 0.5021
2.68 1.73 1.08
0.6975 0.9320 0.8861
8.8183 9.1224 11.3299
0.3692 0.2164 0.2150
6.80 5.38 4.85
0.9026 0.8252 0.9275
12.6801 9.9294 10.0586
0.2131 0.3298 0.1237
9.44 7.45 5.57
0.9224 0.9614 0.9036
8.0555 12.2584 9.1157

0.7511 0.3222 0.2751
3.99 3.17 1.91
0.9994 0.9923 0.9987
5.7640 7.0576 5.0435
0.5063 0.1726 0.1382
22.84 16.87 14.77
0.9998 0.9936 0.9987
8.3245 7.8318 6.6386
0.1097 0.0775 0.0138
52.83 19.02 33.91
0.9991 0.9952 0.9947
5.6386 2.2458 7.1247

0.3462 0.8147 0.3097
0.8264 0.9484 0.7927
25.4516 19.2272 16.4939
0.6258 0.7522 0.5853
0.8258 0.9365 0.9072
16.8760 24.9178 14.2158
0.4987 0.413 0.846
0.8635 0.7822 0.8910
20.8179 15.0710 18.2584
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The high rate constant of CCB would imply rapid adsorption

rates and high adsorption capacity. For all adsorbents, the
kinetic rate constant, k2, was observed to decrease as the
initial concentration was increased from 100 to 1,000 μg/L.

This denotes that there is tighter competition between ions
at high concentration that leads to a lower rate constant
and decreased adsorption capacity.
Isotherm study

Based on Table 3, the high R2 values (R2� 0.9753) and low
error values of SSE and RMSE imply that the Langmuir iso-

therm best describes the adsorption system. This denotes
that uptake of As(V) by CCB, CCK and CCS occurs as a
monolayer coverage onto binding sites with homogenous

sorption energies. Results show that the parameters derived
from linear and non-linear equations do not have the same
values. The discrepancy in the values is attributed to the

use of linear equations (Narayanan et al. ). However,
the parameters displayed a similar trend whether linear or
non-linear equations were utilized. The values of the Lang-
muir constant qm can be arranged in the order: CCB>
CCK>CCS, where the high adsorption capacity of CCB
can be attributed to its high surface area and large pore
diameter. Hence, the preferential adsorption of As(V) is

due to the higher number of binding sites available for
CCB. Moreover, a larger pore diameter would mean
Table 3 | Parameters derived from isotherm models for adsorption of As(V) by CCB, CCK and

Isotherm Parameters

Adsorbent

CCB

Linear Non-linear

Langmuir qm (mg/g) 67.11 62.64
KL (L/mg) 0.008 0.001
R2 0.9832 0.9921
SSE 16.2651 12.2111
RMSE 3.0122 5.5081

Freundlich KF (mg/g) 3.11 3.36
n (mg/L) 1.225 1.628
R2 0.9120 0.9312
SSE 28.8450 13.9930
RMSE 11.6788 9.3818

D-R qDR (mg/g) 12.79 13.05
E (kJ/mol) 0.017 0.035
R2 0.9658 0.9632
SSE 24.1716 12.8545
RMSE 8.9632 15.8653

om https://iwaponline.com/wst/article-pdf/78/3/676/482294/wst078030676.pdf
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accessibility of As(V) with a thermochemical radius of

0.248 nm into the pore network, which results in better
adsorption rates (Chen et al. ).

The Freundlich constant n would indicate whether the

adsorption process is chemical (n< 1) or physical (n> 1)
in nature (Veli & Alyuz ). For CCB, CCK and CCS,
the n values were determined to be within the range of
1.225 to 2.303, which implies that the adsorption system is

physical in nature. Figure 4(a) to 4(c) illustrate the Freun-
dluch, Langmuir and D-R models plotted against the
experimental data. A good correlation is observed between

experimental and predicted data generated by the Langmuir
model, which further validates that Langmuir is the most
appropriate isotherm to describe the adsorption process in

the present work.
Among the isotherm models applied, D-R provided the

lowest R2 values (R2� 0.9658) and high error values
(RMSE� 8.5436; SSE� 12.8545) that signifies unsatisfactory

correlation between predicted and experimental data. The
D-R constant E describes the change in free energy when a
mole of adsorbate from solution diffuses onto the adsorbent

surface (Chen et al. ). Its value provides information on
whether the adsorption behavior is related to physical
adsorption (E< 8 kJ/mol), ion-exchange mechanism (8 kJ/

mol<E< 16 kJ/mol) or chemisorption (E> 16 kJ/mol).
The values obtained for CCB, CCK and CCS lie within the
range of 0.017 to 0.143 kJ/mol, which indicates that physical

adsorption predominates in the uptake of As(V).
CCS using linear and non-linear methods

CCK CCS

Linear Non-linear Linear Non-linear

64.85 58.01 16.78 21.73
0.002 0.003 0.001 0.010
0.9753 0.9985 0.9986 0.9897
5.4763 1.5194 1.1979 0.3262
3.0385 6.6053 8.5123 3.0651

2.54 3.02 1.39 0.94
1.473 1.517 1.713 2.030
0.9597 0.9686 0.9823 0.9483
9.5904 3.9287 12.2457 8.5011
6.5176 12.7548 9.8239 12.3490

11.87 14.16 10.58 11.88
0.081 0.143 0.082 0.079
0.8611 0.8978 0.7974 0.8292
35.2093 30.9167 18.4171 15.3262
10.1767 21.7141 8.5436 11.5561



Figure 4 | Adsorption isotherms using (a) Freundlich, (b) Langmuir and (c) D-R equation and the plots of (d) effect of temperature and (e) van ’t Hoff equation on As(V) adsorption using CCB,

CCK and CCS.
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In Table 4, the As(V) adsorption capacity of CCB,
CCK and CCS was compared with various other adsor-

bents reported in the literature. Among the adsorbents,
Fe3O4-GO-LDH provided the highest adsorption capacity
followed by CCB and CCK. It is essential to empha-

size that CCB and CCK are derived from low cost and
s://iwaponline.com/wst/article-pdf/78/3/676/482294/wst078030676.pdf
readily available materials when compared to Fe3O4-
GO-LDH, where the latter would require a more com-

plicated fabrication procedure. Results indicate that
CCB and CCK can be applied as low-cost adsorbents in
removing As(V) from waste effluents under neutral

conditions.



Table 4 | Comparison of As(V) adsorption capacity of different adsorbents

Adsorbent
Surface area
(m2/g)

Adsorption
capacity (mg/g) Reference

Iron-coated
seaweeds

——— 7.30 Vieira et al.
()

Perilla leaf
derived biochar

473.40 7.21 Niazi et al.
()

Fe3O4-GO 165.00 59.60 Sheng et al.
()

Fe3O4-GO-LDH 123.30 73.14 Wu et al.
()

Magnetite 189.94 9.44 Yoon et al.
()

CCS 0.47 16.78 This study

CCK 5.52 64.85 This study

CCB 9.22 67.11 This study

Table 5 | Thermodynamic parameters of As(V) adsorption by CCB, CCK and CCS

Adsorbent Temperature (K) ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (J/mol•K)

CCB 298 �7.21 33.30 0.0785
308 �8.71
318 �9.43
328 �9.63

CCK 298 12.06 � 33.28 0.1514
308 12.85
318 15.30
328 16.31

CCS 298 �1.06 55.28 0.1388
308 �1.43
318 �4.78
328 �6.21
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Thermodynamic study

The effect of temperature on the As(V) adsorption by CCB,
CCK and CCS under varying temperature is shown in

Figure 4(d). Results show that As(V) uptake increased
from 10.81 to 11.72 mg/g as temperature was increased
from 298 to 328 K for CCK while adsorption of As(V)

decreased from 15.18 to 12.83 mg/g for CCB and from
8.75 to 4.98 mg/g for CCS with higher temperature.

Thermodynamic parameters such as standard Gibbs free
energy (ΔG�, kJ/mol), enthalpy (ΔH�, kJ/mol) and entropy

(ΔS�, kJ/mol•K) were calculated using Equations (12) to
(14) (Liu ):

ΔG0 ¼ �RT ln
KL

γe
(1mol � L�1)

� �
(12)

log γe ¼ �z2I1=2e (13)

ln
KL

γe
(1mol � L�1)

� �
¼ ΔS0

R
� ΔH0

RT
(14)

where γe is the activity coefficient at equilibrium, z is the

charge of As(V) and Ie is the ionic strength of As(V) at equi-
librium. Equation (12) was utilized based on As(V) being a
charged species under high concentration, where γe has
been taken into account.

Based on Table 5, the negative values of ΔG0 of CCB
and CCS from 298 to 328 K indicate that the adsorption of
As(V) proceeds spontaneously. Meanwhile, non-spon-

taneous adsorption occurs at 298 to 328 K for CCK. A
more negative value of ΔG� would favor adsorption. Since
om https://iwaponline.com/wst/article-pdf/78/3/676/482294/wst078030676.pdf
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the value of ΔG� for CCB yields to be the most negative,
adsorption using CCB was favored over CCK and CCS.

For CCB and CCS, the values of ΔG0 become more negative
with increase in temperature, implying that adsorption is
more feasible at higher temperatures. This implies that
adsorption was more feasible at 328 K due increase in the

diffusion rates of the As(V). On the other hand, ΔG0

values of CCK were observed to become more positive at
higher temperature. An increase in temperature could indi-

cate less stable bonds between the binding sites and As(V),
which led to decreased adsorption capacity (Yoon et al.
). In all adsorbents, the positive ΔS0 values imply that

there is an increase in randomness after adsorption of
As(V) onto the adsorbent surface. Meanwhile, the negative
value of ΔH0 indicates that As(V) uptake onto CCK is

exothermic in nature while As(V) uptake using CCB and
CCS is an endothermic process.
CONCLUSIONS

In the present study, the viability of utilizing CCB, CCK and

CCS in the uptake of As(V) from aqueous solution was eval-
uated. Equilibrium data of the three adsorbents were fitted
using the linear and non-linear isotherm models. Results

show that the data correlated well with the Langmiur iso-
therm, which indicates that As(V) adsorption occurs at a
monolayer coverage onto binding sites with homogenous
energy levels. Based on both linear and non-linear methods,

low values of error functions (RMSE� 8.5123; SSE�
16.2651) with high R2 values (�0.9753) were attained for
the Langmuir isotherm. At pH 7.0 and 298 K, the maximum

adsorption capacity derived from the Langmuir model was
determined to be 67.11, 64.85, and 16.78 mg/g for CCB,
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CCK and CCS, respectively. In addition, the obtained values

are comparable or higher than the values of various adsor-
bents reported in the literature. CCB was shown to have
the highest adsorption capacity for As(V) over CCK and

CCS, which suggests easily accessible and higher number
of available binding sites due to its high surface area and
large pore diameter. The E values (0.017 to 0.143 kJ/mol)
derived from the D-R isotherm imply that the adsorption

process is governed by physical adsorption. High R2 values
(�0.9847) and low error function values (RMSE� 9.1833)
indicate that the pseudo-second order equation best

describes the kinetic data of As(V) adsorption. This denotes
that chemisorption is the rate-limiting step of the adsorption
system. Adsorption of As(V) results in an increase in the

randomness at the solution-solid interface. Moreover,
adsorption of As(V) by CCK is exothermic in nature and
endothermic for CCB and CCS. This study demonstrated
the feasibility of using CCB and CCK for the removal of

As(V) from water.
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