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competing ions, like SiO3
2-, Cl-, NO3

– and PO4
3- as well as the regeneration capacity of the spent

adsorbent, was explored. The experimental data were modeled using several kinetics and isotherm

models to understand the mechanism related to the uptake process. As(V) uptake was relatively

rapid and highly dependent on pH. The Avrami-fractional-order expression supported data best,

while the Liu equation described well isotherm data at pH 5.0. The maximum uptake capability

(Liu) was 12.32 mg/g, and the highest removal performance (99 %) was obtained at optimum

pH 5.0. Molecular dynamics simulations were performed to more clearly illuminate the atomic-

level interactions between arsenic species and CS surface in both acidic and basic mediums. After

four adsorption–desorption cycles, CS exhibited more than 90 % As(V) removal efficiency. The

results of this study indicates that low cost shellfish derived chitosan is promising for efficient

removal of As(V) from water body and can be used to remove other pollutants from watewater.

� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Groundwater polluted by arsenic is a serious global concern due to its

natural presence, toxicity, and carcinogenicity (Sodhi et al., 2019).

Arsenic-contaminated groundwater threatens the well-being of many

people worldwide (Biswas et al., 2022). People in South-East-Asian

countries like Bangladesh, India, Taiwan, Vietnam, Nepal, and China

are severely affected (Das et al., 2021). Arsenic may be introduced to

groundwater from a variety of sources, including natural and man-

made sources (Varol et al., 2021). Various health complications,

including dermatological, skin lesions, cardiovascular, skin cancer,

and nervous system, are linked to prolonged intake of arsenic

(Palma-Lara et al., 2020). Recently, persistent arsenic (III/V) poison-

ing has been associated with DNA damage, inhibition of enzyme activ-

ities, and tumor promotion (Stevens et al., 2010). Thus, human intake

of arsenic is an important issue for concern (Palma-Lara et al., 2020).

Despite the adverse effects of arsenic(III/V), more than 200 million

people drink arsenic-contaminated water. Both organic and inorganic

forms of arsenic are available in the natural environment, and inor-

ganic forms such as As(III) and As(V) are much more prevalent and

thus cause further anxiety (Lekit et al., 2013). WHO (World Health

Organisation) action level is 10 mg/L, while many countries like Aus-

tralia, Bangladesh, India, China, and Nepal reported higher than

10 mg/L (Hao et al., 2018).

The treatment of water containing As(V) is a major environmental

concern because of its detrimental effects. To reduce the environmental

hazards of As(V), As(V)-polluted water must undergo thorough treat-

ment before releasing into the environment. Over a decade, various

methods were used for As(V) remediation. These include physicochem-

ical processes such as adsorption using a variety of materials

(Abdellaoui et al., 2021, 2020), precipitation, floatation, and coagula-

tion with iron and aluminum compounds (Lakshmanan and

Clifford, 2008), ion exchange and membrane separation such as reverse

osmosis process (Abejón et al., 2015), oxidation (Nicomel et al., 2015),

and biological processes such as phytoremediation (Cimá-Mukul et al.,

2019). Among these procedures, precipitation is the most applicable

and considered the most economical. However, this method produces

enormous amounts of precipitate sludge which require further treat-

ment. Other procedures make it possible to reduce As(V) pollution

effectively. However, their application was limited due to several disad-

vantages, including high operating and maintenance costs, regular

inspection of As(V) concentration, membrane fouling and inefficient

removal of As(V), including high operating and maintenance costs,

regular inspection of the As(V) concentration, clogging of membranes,

and ineffective removal of As(V) ions and the need for a pre-treatment

stage usually releasing notable amounts of highly toxic sludge and

other by-products to be disposed of (Podder and Majumder, 2015).

Compared with other procedures, adsorption is considered a cost-
effective, safer, and universal method for As(V) decontamination.

These advantages have led several research groups to use adsorption

to eliminate As(V) from the aquatic environment.

Recently, comprehensive research has been conducted to adsorb As

(V) from water. Numerous adsorbents have been used to remove As

(V), including iron, aluminum, manganese, zinc, and titanium oxides.

(Islam et al., 2018a, 2018b). However, most research is based on oxida-

tive procedures using a wide range of iron minerals and compounds

(Hao et al., 2018), such as using magnetite (Liu et al., 2015a), goethite

and hematite (Mohapatra et al., 2006), ferrihydrite, and amorphous

iron oxide (Huo et al., 2016), mesoporous magnetite nanocomposites

(Zubair et al., 2020) and GAC/MnFe2O4 composites (Podder and

Majumder, 2015). In addition, in recent years, metal oxide framework

(MOF) materials have achieved very good research results in the treat-

ment of As-containing wastewater (Guan et al., 2020; He et al., 2020a,

2020b; Li et al., 2021; Pandi and Choi, 2021; Zhang et al., 2018, 2021).

Other types of adsorbents such as biochar and bone biochar (Alkurdi

et al., 2019), MnO and CuO loaded biochar composites (Imran et al.,

2021a), TiO2 (Liu et al., 2015a), carbonaceous nanofiber (Cheng et al.,

2016), dried plants (Chiban et al., 2016), palm oil fuel ash (POFA)

(Yusof et al., 2020), loam and sandy loam (Rawat et al. 2021), clay

mineral (Mohapatra et al., 2007), red mud combined with phospho-

gypsum (de Souza Costa et al., 2021) and modified saxaul ash

(Rahdar et al., 2019), are being increasingly investigated. However,

most of these surfaces are less efficient due to their low adsorption

capacity and optimal performance at narrow pH ranges. Therefore,

many research groups have focused on searching for new classes of

adsorbents to adsorb effectively As(V) from contaminated water.

The use of natural polymeric materials such as chitosan for differ-

ent applications is increasingly considered a simple, inexpensive, effi-

cient, and economical option (Juang et al., 2001; Sharififard et al.,

2018; Trung et al., 2006). Chitosan is an important natural polymer,

a poly-N-glucosamine species formed from the deacetylation of chitin

(Pontoni and Fabbricino, 2012). It is strongly hydrophobic and is iden-

tified by a chain of flexible polymers and several hydroxyl (–OH) and

amino (–NH2) groups with potential adsorption sites. Although chi-

tosan and its derivatives are promising and considered as a low-cost

product and easily available, much less recognized and studied is the

ability of CS to remove As(V). This performance is associated with

the acid-base properties of CS, which led to cationic behavior under

acidic situations, more or less significant based on the deacetylation

degree of the polymer. Besides, CS is effective in adsorbing metal ions

because of the presence of amino and hydroxyl groups that coordinate

and electrostatic interaction sites, respectively (Singh et al., 2016b).

Recently, chitosan and its derivatives were receiving more and more

attention as As(V) removing agents. Chitosan (Mcafee et al., 2001),

chitosan thiomer (Singh et al., 2016b), chitosan-modified diatomite

(Yadav et al., 2019), functionalized chitosan electrospun (Min et al.,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2016), DMAPAAQ (N, N-dimethylamino propyl acrylamide, and

methyl chloride quaternary) /FeOOH gel composite (Safi et al.,

2019), chitosan and nano chitosan (Kwok et al., 2014), chitosan–red

scoria (Ch-Rs) and chitosan–pumice (Ch-Pu) (Girma Asere et al.,

2017), chitosan-based porous magnesia loaded alumina (Saha and

Sarkar, 2016a), chitosan-coated biosorbent (Boddu et al., 2008),

iron-chitosan composite (Gupta et al., 2009), TiO2 loaded chitosan

bead (Miller and Zimmerman, 2010), magnetic nanoparticles loaded

chitosan (Wang et al., 2014) and magnetic chitosan nanoparticle

(Liu et al., 2015b) were used for As(V) adsorption. However, Moroc-

can shrimp shell-derived CS has not yet been examined for As(V)

uptake and subsequent desorption.

The mechanism of As(V) uptake onto CS-based substrates remains

controversial with speculation, including chemisorptions and surface

complexation (Kwok et al., 2014). It is reported that transition metal

ions uptake onto CS is primarily followed by coordination formation

with the unprotonated amino groups, while adsorption of anionic spe-

cies involves electrostatic attraction with the protonated amino groups

(Kwok et al., 2014). As(V) uptake onto metal, oxides have been spec-

ulated to involve outer and inner-sphere complexes (mono, bi, and tri-

dentate bond), mono/bidentate corner-sharing complexes, ligand

exchange, ion-exchange, and electrostatic interaction (Alkurdi et al.,

2019).

In our previous works, we have explored the composition of

chitosan-related materials and their composites and also the uptake

of Pb(II), Cr(VI), F-, and Fe(III) from aqueous solutions (Billah

et al., 2021a, 2021b, 2021c; El Kaim Billah et al., 2020) This work aims

to prepare chitosan (CS) from Moroccan chitin for As(V) adsorption

from an aqueous solution in a batch method. The performance of chi-

tosan in As(V) adsorption was studied by evaluating adsorption edges,

kinetics, and equilibrium isotherm, the effect of adsorbent dose, the

influence of competing anions, and the reusability of the surface. A

plausible uptake mechanism has been suggested for understanding

the uptake process considering the physic-chemical properties of CS.

Furthermore, an FT-IR study was presented before and after As(V)

uptake to identify the possible mechanism. Alongside the experimental

study, the binding mechanism of As(V) ions on the CS surface was

computationally explored by molecular dynamics simulations under

solvation conditions. To this end, this report will provide valuable

information on large-scale As(V) adsorption where both sustainable

and ecological substrates are not readily available, thereby advancing

our understanding of As(V) uptake mechanism on naturally available

low-cost substrates.

This work mainly deals with the recent application of shellfish

waste-derived mesoporous chitosan in As(V) adsorption, particularly

emphasizing the As(V) adsorption mechanism. This work is novel in

that there is no such study that primarily discusses the As(V) adsorp-

tion mechanism.

2. Materials and methods

2.1. Chemicals and adsorbent

Analytical-grade or even better quality chemicals were

employed for all purposes and used without further purifica-
tion. Sodium hydroxide (NaOH, Sigma Aldrich, � 99 %),
65 % nitric acid (HNO3, Sigma Aldrich), 37 % hydrochloric
acid (HCl, Sigma-Aldrich) were used as obtained. Sodium

hydrogen arsenate heptahydrate (Na2HAsO4�7H2O, Sigma
Aldrich) was employed as an As(V) source. A stock solution
of As(V) with a concentration of 1000 mg/L was made in

double-distilled water and used as required. Other chemicals
used were analytical reagent grades, such as KNO3, NaCl,
NaH2PO4, and Na2SiO3. Double distilled water was utilized

for all experimental purposes.
The chitosan (poly-B(1–4)-2-amino-2-deoxy-D-glucose) was
synthesized from crude chitin extracted from the Moroccan
shrimp shells. A schematic representation of the preparation

steps of CS is shown in Scheme-I. Firstly, the demineralization
was performed usingHCl (1M) (m/v 1:15) at room temperature,
and then deproteinization was performed using NaOH (5 %)

(m/v 1:20) at 90 �C in flux with gentle stirring for 10 h. Then
deacetylation process was followed using NaOH (48 % by
weight) at 100C for 6 h with a solid–liquid ratio of 1:20 to

remove acetyl groups from chitin. Then the resulting product
was washed several times with distilled water until neutral pH
was achieved. Finally, the product was dried at 50 �C in an oven
and labeled chitosan (CS). The detailed preparation and charac-

terization have been provided elsewhere (Billah et al., 2021a; El
Kaim Billah et al., 2020). The XRD analysis confirmed that the
as-obtainedCSwasweakly crystalline, while SEM-EDS showed

some holes, cracks, and leaf-shaped morphology and was free
from any foreign material. The materials’ BET-specific surface
area (SBET) was 27.5 m2/g with a pore diameter of 13.4 nm,

implying amesoporous hierarchical structure. The point of zero
charge (pHPZC) obtained by the pH drift method was 6.9. In
addition, the FTIR analysis before and after As(V) uptake

was performed using a thermo-scientific spectrometer in the
region between 400 and 4000 cm�1 with a resolution of
4 cm�1. (Scheme 1).

2.2. Adsorption studies

The uptake experiments of As(V) were carried out in duplicate
in a batch system in a 50 mL glass reaction vessel by mixing 2 g

L-1 CS with 50 mL of As(V) solution on a rotary shaker at
600 rpm at 25 �C unless declared otherwise. The initial pH
(usually 5.0) of the suspension was maintained by adding

HCl (0.1 M) or NaOH (0.1 M) solution dropwise. Kinetic
experiments were conducted at various prefixed time intervals,
ranging from 10 to 150 min, with an As(V) solution of 16 mg/L

at a pH of 5.0. The resulting samples were taken at various
fixed time intervals. The influence of pH was investigated by
maintaining the pH within 4.0 to 9.0. Reaction vessels were
then shaken for 24 h to hydrate the surface functional groups.

The impact on As(V) concentration was performed with a con-
centration of As(V) in the order of 2 to 8 mg/L. The effect of
adsorbent dosage was carried out by different amounts of

adsorbent in a range of 2–40 g L-1 for As (V) adsorption
(16 mg/L). The influence of four typical co-existing anions
such as phosphate (PO4

3-), silicate (SiO3
2-), chloride (Cl-), and

nitrate (NO3
–) on As(V) uptake was studied under other opti-

mal experimental conditions. Finally, the regeneration study
of the adsorbent after As(V) uptake was conducted using
NaOH, NaCl, and HCl as eluent to verify the potential

reusability and reliability. In all cases, the residual concentra-
tion of As(V) was measured using an Inductive Couple Plasma
(ICP) technique.

The amount of As(V) uptake qe (mg/g) at equilibrium and
the percentage of As(V) removal was estimated using the fol-
lowing equations:

qe ¼
Co � Ctð ÞV

m
ðiÞ

%Removal ¼ Co � Ctð Þ
Co

� 100 ðiiÞ



Scheme 1 Schematic demonstration of the preparation steps of chitosan (Cs) from shrimp shells.

4 R. El Kaim Billah et al.
Where Co and Ct express the amounts of initial and
adsorbed As (V) in the solution at time t (mg/L), respectively.

V represents the solution volume (L), while m denotes the mass
of CS (g).

2.3. Uptake data analysis

The knowledge of process kinetics is essential for the practical
application of CS for As(V) removal (Lima et al., 2021, 2015).

Therefore, As(V) uptake kinetics data were simulated using
pseudo-first-order (PFO) and pseudo-second-order (PSO)
and Avrami-fractional-order models to understand the chemi-

cal nature of the uptake process (Ho and Mckay, 1998;
Lagergren, 1898; Weber and Morris, 1963). The models are
articulated as follows:

qt¼q1:½1-expð-k1tÞ� ðiiiÞ

qt ¼
k2:q

2
e :t

1þ qe:k2:t
ðivÞ

qt ¼ qe:½1� expð�kAV:tÞnAV� ðvÞ
Where qe (mg/g) denotes the amount of As(V) adsorbed at

equilibrium, qt (mg/g) represents the amount of As(V)

adsorbed at time t. The parameters k1 (min�1) and k2 (mg/g
min�1), KAV (min�1) are PFO and PSO and Avrami-
fractional-order uptake rate constants, respectively.

Besides, the knowledge of equilibrium uptake isotherm
allows the identification of the maximum surface coverage
and adequately designs the uptake system. Equilibrium iso-
therm study shows how adsorbate ion distributes between liq-
uid and solid phase in equilibrium.

Therefore, in this study, Langmuir, Freundlich, and Liu
models were simulated to explain the obtained equilibrium iso-
therm data and propose the involved As(V) adsorption mech-

anism. These equations are articulated as follows (Freundlich,
1906; Langmuir, 1918):

qe ¼
QmaxKLCe

1þ KLCe

ðviÞ

qe ¼ KF:C
1=nF
e ðviiÞ

qe ¼
Qmax:ðKg:CeÞnL
1þ ðKg:CeÞnL

ðviiiÞ

Where qe is the amount of As(V) adsorbed in mg/g, Qmax

(mg/g) represents the maximum sorption capacity, KL (L/mg)
and Kg L/mg) represent the Langmuir and Liu equilibrium
constant, Ce (mg/L) denotes the concentration of solution at

equilibrium. KF is the Freundlich constant (mg/g) (mg L–1)–

1/n), while nF and nL expresses the Freundlich and Liu expo-
nent (dimensionless), respectively.

2.4. Molecular dynamic simulation

Molecular dynamic simulation (MDS) has been performed

using the Forcite module implemented in Materials Studio
software. Several simulations have been done to investigate
the adsorption of arsenate species over the CS surface



Fig. 2 Impact on solution pH for As(V) uptake onto Cs.

Contact time: 90 min; Adsorbent amount = 2.0 g/L; pH = 4.0–

9.0; [As(V)]0 = 10 mg/L and T = 25 �C.
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(Abdellaoui et al., 2022). To this end, CS crystal structure was
cleaved to (010) direction and extended to (1x1) supercell,
comprising two layers. An amorphous cell module was used

to create solvent layers that included ten arsenate species with-
out water molecules and in the presence of 50, 200, and 500
water molecules to investigate the effect of solvent on the sta-

bility of adsorption. Arsenates adsorption has been simulated
using H2AsO4

- and HAsO4
2- to investigate the effect of the

chemical state on the interaction strength. CS and solvent lay-

ers were used to build simulation boxes using the Build module
of Materials Studio. Then, all simulation systems were opti-
mized using the Dreiding force field (Mayo et al., 1990).
MDS were performed using 2000 ps simulation time, 1 fs time

step under NVT ensemble, and Dreiding force field. All other
parameters were equivalent to the ‘‘Fine” quality of the For-
cite module.

3. Results and discussion

3.1. Influence of equilibration time

The influence of equilibration time on As(V) uptake on CS is

shown in Fig. 1. The adsorption of As (V) by chitosan is rela-
tively fast, with more than 97 % of the arsenic being removed
within the first 90 min (Fig. 1), because of the greater abun-

dance of a large number of uptake sites and less resistance to
mass transfer at the adsorbent surface, and increases slowly
over time until it reaches saturation. This is typical behavior

of the uptake process and has been reported previously in
other investigations (Abdellaoui et al., 2021). Adsorption
achieved equilibrium in approximately 90 min, with an
observed removal efficiency of 97.4 %.

3.2. Influence of solution pH

pH is one of the most influential factors in the uptake process

(Abou Oualid et al., 2020). The speciation of arsenic is greatly
Fig. 1 Impact on equilibration time for As(V) uptake onto Cs.

Contact time: 10–150 min; Adsorbent amount = 2.0 g/L;

pH = 5.0; [As(V)]0 = 10 mg/L and T = 25 �C.
dependent on the pH and redox potential of water bodies
(Abatal et al., 2018; Singh et al., 2016b). Hence, the pH value
of water could notably influence As(V) uptake performance.

Therefore, the influence of the initial pH of As(V) solutions
on uptake performance of CS was explored for percentage
removal of As(V) by varying pH from 4.0 to 9.0. The impact

of pH on As(V) uptake onto CS is shown in Fig. 2. It is
noted from Fig. 2 that at low pH 4.0, As(V) uptake is lower,
and the highest removal of 96 % was achieved at pH 5.0. The

percentage removal decreased further with the increase in pH
and was nearly 85 % at pH 7.0, 55 % at pH 8.0, and 40 % at
pH 9.0. The difference in percentage adsorption as a function

of pH could be articulated by the change of the surface
charge of CS and the arsenic speciation. As(V) exists mainly
as neutral species H3AsO4 at pH less than 3. Only the phys-
ical adsorption forces between H3AsO4 and the substrate

were present, leading to lower adsorption. In the range of
pH 4.0–6.0, the predominant species is H2AsO4

- . The amount
of H2AsO4

- reaches its maximum at pH 5.0, which leads to the

strongest electrostatic interaction between H2AsO4
- and

protonated-amino groups on the surface of the CS; therefore,
the optimal pH for the removal of As(V) is 5.0. As(V) is pre-

sent as a neutral species H3AsO4 (pH 1.0–2.5) while it is in
the form of anionic species H2AsO4 (pH 3–7) and HAsO4

2-

(pH 7–12). CS with –NH2 groups are in non-ionic form

amongst this range, which results in maximum uptake for
ionic As(V) due to strong interaction. Better results of As
(V) uptake in acidic pH may be due to the strong electrostatic
interaction between protonated CS and anionic H2AsO4,

which is the predominant species in this pH range. This fur-
ther confirms the electrostatic nature of the As(V) uptake.
Thus, pH 5.0 was chosen as the optimum for As(V) uptake.

Similar pH dependence results have been reported for As
(V) uptake onto chitosan thiomer (Singh et al., 2016b) and
chitosan–red scoria and chitosan–pumice (Ch-Pu) (Girma

Asere et al., 2017).



Fig. 3 Effect of initial concentration on As(V) uptake. Contact

time: 90 min; Adsorbent amount = 2.0 g/L; [As(V)]0 = 4–30 mg/

L, pH = 5.0; and T = 25 �C.
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3.3. Influence of initial As(V) concentration

The effect of the initial concentration of As(V) on As(V)
uptake was explored by testing various concentrations of
adsorbate (4.0–30.0 mg/L). The percentage removal of As

(V) is reduced when the initial concentration of As(V) is
improved (Fig. 3). The decrease in uptake could be attributed
to the higher ratio of As(V) over accessible active substrate
sites with increasing As(V) concentration at fixed adsorbent

doses. However, the uptake capacity improved with rising ini-
tial As(V) concentration until maximum uptake performance
(Fig. 3) was achieved at an initial As (V) concentration of

30 mg/L. This is a typically noted phenomenon in the uptake
process and has also been observed in other studies for As
(V) uptake (Asere et al., 2017; Singh et al., 2016a).
Fig. 4 Effect of adsorbent dosage on As(V) uptake onto Cs.

Contact time: 90 min; Adsorbent amount = 0.2–2.0 g/L;

pH = 4.0–9.0; [As(V)]0 = 10 mg/L and T = 25 �C.
3.4. Effect of adsorbent dose

The adsorbent amount effect on As(V) uptake was evaluated
using different quantities of CS (2–40 g/L) at pH 5.0. The As
(V) removal percentage notably increased with rising dose

from 2 to 40.0 g/L and thereafter (Fig. 4). The increase in
uptake efficiency with an increase in the amount of dose is
caused by the larger abundance of active surface sites for As
(V) binding at an elevated adsorbent amount (Abdellaoui

et al., 2019; Girma Asere et al., 2017). However, above an
adsorbent amount of 20.0 g/L, an increase of As(V) removal
was negligible, which may be considered the optimal dose. This

observation is essential for the actual application of CS for
treating As(V) polluted water, especially in developing coun-
tries, since CS is a low-cost and locally available adsorbent.

3.5. Adsorption kinetics

The rate expression is an essential factor in understanding the

mechanism of As(V) uptake and the performance of the CS for
As(V) removal (Saha and Sarkar, 2016a). Adsorption is influ-
enced by the physicochemical process of the surface (Torrik
et al., 2019). All time-dependent data were analyzed using

PFO, PSO, and Avrami-fractional-order models to understand
the nature of uptake. The reliability of the experimental data
with the values obtained from the calculation of the model

obtained using the adjusted determination coefficients (R2
adj)

and the standard deviation of the residues (SD) [56] Fig. 5
and Table 1. The values of Radj

2 of Avrami-fractional-order

were found to be close to 1.00, and the values of SD were
the lowest (Table 1), indicating that the kinetic data were best
fitted using this kinetic model. The PFO was the worse model
with higher SD values, and PSO was the intermediate kinetic

model.
Considering that it is challenging to compare the constant

rates of different kinetic models because they present different

units, this work employed t1/2 and t0.95, which present units of
time that can be compared. The parameters t1/2 and t0.95 are
Fig. 5 Pseudo-first-order (PF1) (a) and pseudo-second-order

(PS2) models for As(V) uptake on to CS.



Table 1 Kinetics parameters for As(V) uptake onto CS.

Order Parameters Value

Pseudo-first-order (PS1)

q1 (mg/g) 4.861

k1 (min�1) 0.0433

t1/2 (min) 15.88

t0.95 (min) 66.88

R2
adj 0.9863

SD (mg/g) 0.1680

Pseudo-second-order (PS2)

q2
(mg/g)

5.786

k2
(g/mg

min�1)

0.00895

t1/2 (min) 14.61

t0.95 (min) 86.98

R2
adj 0.9971

SD (mg/g) 0.07800

Avrami-Fractional-order

qA
(mg/g)

5.345

kAV

(min�1)

0.03576

nAV 0.6909

t1/2 (min) 14.34

t0.95 (min) 87.12

R2
adj 0.9985

Table 2 Equilibrium isotherm parameters for As(V) uptake

onto CS.

Isotherm model Parameters Value

Langmuir

Qmax (mg/g) 9.953

KL (L/mg) 7.799

R2
adj 0.9537

SD (mg/g) 0.7409

Freundlich

KF ((mg/g)(mg/L)-1/nF) 7.420

nF (dimensionless) 4.860

R2
adj 0.9587

SD (mg/g) 0.7000

Liu

Qmax (mg/g) 12.32

KL (L/mg) 3.631

nL (dimensionless) 0.5464

R2
adj 0.9979

SD (mg/g) 0.1568

Shellfish waste-derived mesoporous chitosan for impressive removal of arsenic(V) from aqueous solutions 7
the time of attaining 50 % and 95 % saturation, respectively.
Furthermore, considering that the Avrami-fractional-order

was the best-fitted model, it is necessary to use times of contact
between the adsorbent and the adsorbate higher than 90 min to
perform the isotherm of adsorption (see Table 1).

3.6. Adsorption isotherm

In order to explore more insight into how As(V) ions were

adsorbed over the CS surface, the equilibrium data were fitted
using the Langmuir, Freundlich, and Liu isotherms (Fig. 6);
the associated parameters are summarized in Table 2. In con-
Fig. 6 Non-linear representation of Langmuir isotherm (a) and

Freundlich isotherm (b) for As(V) uptake onto Cs.
cordance with the values of Radj
2 and SD, the Liu equilibrium

model exhibited satisfactory appropriateness for interpreting

the adsorption of As(V) ions on the CS adsorbent. Therefore,
the suitability of the Liu isotherm model portrayed that the As
(V) adsorption process is unique and does not follow ideal

monolayer adsorption characteristics.

3.6.1. Comparison of As(V) uptake capacity

In order to justify the applicability of CS as adsorbents for

uptake, its uptake capacity must be compared with other var-
ious adsorbents used for As(V) uptake. Therefore, the uptake
capacity of the CS for As(V) has been further evaluated by

comparing the adsorption performance with some other sur-
faces reported in the literature. However, uptake capacity
enormously varies by the surface and experimental conditions,
so an accurate comparison of adsorbents is difficult. Table 3

lists the adsorption capacity of different adsorbents. CS has
a good adsorption capacity for As(V) among reported sur-
faces. Besides, the adsorbent has wider pertinence with the

pH range. The other substrates listed in Table 3 belong to
either uptake performance at a particular pH or are not func-
tional for the speciation.

Moreover, the uptake capacities of some substrates are
higher than the levels reported for CS. For example, maximum
adsorption capacity for As(V) uptake onto chitosan-based

MCS/ZnO@Alg gel microspheres (Wang et al., 2019) and
core–shell/bead-like ethylenediamine-functionalized Al-
pillared montmorillonite/calcium alginate (Song et al., 2019)
were 63.69 mg/g and 61.94 mg/g, respectively. Nevertheless,

the data published this at a relatively higher concentration.
Therefore, CS has been promising for As(V) uptake from
aqueous solutions. The As(V) uptake capacity differences are

ascribed to the surface characteristics of each surface structure,
functional groups, and specific surface areas (Choong et al.,
2007).

3.7. FTIR analysis before and after As(V) adsorption

To explore the notable functional groups responsible for As(V)

uptake, Cs was subject to the FTIR study. The FTIR spectra
of Cs before and after As(V) uptake is shown in Fig. 7. It is
noted from Fig. 7 that the spectrum of Cs exhibits peaks at



Table 3 As(V) adsorption performance with other Cs-based

adsorbents.

Adsorbent pH Qmax

(mg/

g)

References

Chitosan-modified diatomite 5.0 11.95 (Yadav et al.,

2019)

Chitosan thiomer 6.0 17.66 (Singh et al.,

2016b)

Chitosan 4.0 58.0 (Kwok et al.,

2014)

Chitosan related electrospun

nanofiber

7.2 0.5 (Min et al.,

2016)

Iron functionalized chitosan-

based electrospun nanofiber

7.2 11.2 (Min et al.,

2016)

Magnetic chitosan nanoparticle

(MCNP)

6.8 65.5 (Liu et al.,

2015b)

Chitosan–red scoria (Ch-Rs) 7 0.72 (Girma Asere

et al., 2017)

Chitosan-pumice (Ch-Pu) 7 0.71 (Girma Asere

et al., 2017)

Chitosan-based porous magnesia

impregnated alumina

7.0 17.2 (Saha and

Sarkar, 2016a)

Iron-chitosan composite 7 22.5 (Gupta et al.,

2009)

TiO2-impregnated chitosan bead 7.7 2.05 (Miller and

Zimmerman,

2010)

Magnetic nanoparticles

impregnated chitosan beads

6.8 35.7 (Wang et al.,

2014)

Chitosan-based MCS/ZnO@Alg

gel microspheres

/ 63.69 (Wang et al.,

2019)

Core–shell/bead-like

ethylenediamine-functionalized

Al-pillared

montmorillonite/calcium alginate

4.0 61.94 (Song et al.,

2019)

Mesoporous chitosan (CS) 5.0 12.32 This study

Fig. 7 FT-IR spectra of Cs before and after As(V) uptake onto

Cs.
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3362 cm�1 due to the overlapping of OAH and –NH2 stretch-
ing bands, related to extra molecular hydrogen bonding,
2881 cm�1 for aliphatic CAH stretching, 1585 cm�1 for

NAH bending (amide II). 1658 cm�1 for deformation of
C‚O (amide I), it indicates the partially acetylated form of
chitin, 1420 and 1375 cm�1 for deformation of CAH,

1323 cm�1 for CAN (amide II), 1148 cm�1, 1076 cm�1, and
1031 cm�1 for CAOAC stretching (an asymmetric stretch of
the CAOAC bridge), (skeletal vibration creating the stretch

CO) are characteristics of glucosamine residues in chitosan
(Saha and Sarkar, 2016b; Singh et al., 2016a).

The peaks originally at 3361.1 cm�1, 2881.5 cm�1,
1658 cm�1, and 1420.2 cm�1 were shifted with some decrease

in intensity to 3353.4 cm�1, 2876.7 cm�1, 1649.2, and
1416.8 cm�1, there is also a remarkable change in the intensi-
ties of the infrared bands after adsorption of As(V) (Singh

et al., 2016a). This may be attributed to interference between
the functional groups and As (V) during uptake and most
likely the existence of H-bonding produced by OH. . ..As,

because at acidic pH, the chitosan fractions, initially neutral
in Cs, become positively charged, which causes the electro-
static interaction between these groups and the arsenic-

negative species of As (V) (Saha and Sarkar, 2016b). More-
over, the well-noted bands centered at about 845 and
1459 cm�1 in the spectra after As(V) uptake might be attribu-
ted to characteristics vibrations of As-O in H2AsO4

- (Saha and

Sarkar, 2016b; Singh et al., 2016a). The findings suggest the
presence of arsenic species and their binding with Cs via the
van der Waals attraction force.

3.8. Effects of competitive anions

It is well-known that multiple cations and anionic species are

present in groundwater together with arsenic (Girma Asere
et al., 2017). The presence of these ions could influence the
As(V) uptake. PO4

3-, SiO3
2-, Cl- and NO3

– are generally found

in the aquifers, which can compete with arsenic at adsorption
sites of adsorbents. Hence, the effect of various common ions
(PO4

3-, SiO3
2-, Cl- and NO3

–) with different concentrations of 0.1,
0.5, 1, and 10 mM for each ion were chosen to investigate the

influence on the uptake capacity of As(V) onto CS (Fig. 8).
Before adding these ionic salts, the removal performance of
As(V) by CS was 99 %. As shown in Fig. 8, silicate had the

largest effect. In contrast, the effect of NO3
–, PO4

3- and Cl- is less
significant than that of SiO3

2- because they are slightly compet-
ing for adsorption sites; indeed, the influence of silicate could

be due to a reduction in the surface potential of the CS or a
polymerization that can inhibit the adsorption of arsenate by
steric effects and can associate with the weak silicic acid species
allocation with pH (John et al., 2018). The oxyanion NO3

–, and

PO4
3- did not impact As(V) removal. As a result, the order of

competitive ions hindering As(V) uptake was SiO3
2- > Cl- >

NO3
– > PO4

3-. Similar adverse effects have also been seen in

past studies (Girma Asere et al., 2017; Min et al., 2016).

3.9. Thermodynamics of As(V) uptake

Thermodynamic analyses were used to establish a relationship
between adsorbent and temperature and to get valuable infor-
mation to further understand the uptake process (Chiban

et al., 2016; Imran et al., 2021b; Rawat et al., 2022). The ther-



Fig. 8 Effects of coexisting anions on As(V) adsorption onto Cs.
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modynamic parameters, namely change of free energy (DG),
change of enthalpy (DH), and change of entropy (DS) were

determined using equations as follows:

Kd ¼ qe=Ce ðvÞ

lnKd ¼ DS=R� DH=RT ðviÞ

DG ¼ DH� TDS ðviiÞ
Where qe (mg g�1) expresses the equilibrium uptake capac-

ity, Ce (mg L-1) denotes solution concentration at equilibrium,

Kd denotes uptake equilibrium constant and R represents uni-
versal gas constant.

A typical plot of lnKd vs 1/T is shown in Fig. 9 for the esti-
mation of thermodynamic parameters. The estimated values of

thermodynamic parameters are shown in Table 4. It is noted in
Table 4 that the values of DG were negative for all studied tem-
peratures implying that As(V) uptake process was spontaneous
Fig. 9 A plot of ln Kd vs (1/T) for estimation of the

thermodynamic parameters for As(V) uptake onto Cs.
(Chiban et al., 2016; Imran et al., 2021b; Rawat et al., 2022).
However, the reducing value of DG with increasing tempera-
ture signifies that the uptake process’s spontaneity degree

enhances with increasing temperature. The value of change
of enthalpy was positive, indicating that the uptake process
was endothermic and chemisorption in nature. This finding

is also supported by the increase in the value of adsorption
capacity with the temperature rise. Moreover, the positive
value of entropy indicates that the degrees of free active sites

are enhanced at the solid-water interface during the uptake
(Liu et al., 2015a). In an aqueous medium, Cs produce hydrox-
ide that can cause structural disorder by ligand exchange with
As(V). During uptake, the adsorbed H2O which is displaced by

the surface, As(V) implies some structural changes in the solid-
water interface. This provided the existence of randomness in
the system (Saha and Sarkar, 2016b).

3.10. Molecular dynamic simulation

Molecular dynamics simulation is a well-recognized computa-

tional method that has successfully been used to analyze the
adsorption behavior of organic and inorganic species over dif-
ferent adsorbents (Srivastava et al., 2017). In this section,

MDS is employed to assess the adsorption of As(V) in its dif-
ferent chemical states over chitosan, aiming to provide addi-
tional insights into the adsorption process. To this end,
simulations were conducted in a vacuum and different aqueous

states for H2AsO4
- and HAsO4

2-. Ten arsenate species are con-
sidered as the reference in all simulations. Fig. 10 (a, b, c, d)

represents the most stable adsorption configuration of

H2AsO4
- over the chitosan surface in vacuum, and in the pres-

ence of 50, 200, and 500 water molecules, respectively. Inspect-
ing this Figure, we notice that, in the presence of water

molecules, some of As(V) species adsorb close to the CS sur-
face while others are directed towards the solvent layer. Most
arsenate species tend to adsorb near the CS surface in the vac-

uum phase. Such behavior can be explained by the competitive
adsorption between arsenate species and water molecules for
the CS surface. However, visual inspection is far from accurate
in describing adsorbate adsorption strength over the CS sur-

face. Therefore, results can be more accurately described by
estimating the energy of interaction between adsorbates and
adsorbent’s surface. The interaction energy of arsenic species

over CS surface in vacuum phase is �44.65 kcal/mol. Adding
50 water molecules into the simulation box increases the inter-
active forces, leading to an �82.03 kcal/mol interaction energy.

For simulation boxes including a higher number of water
molecules, interaction energies are �129.07 and �139.36 kcal/-
mol, respectively, for 200 and 500 water molecules. It can be
observed that the solvent has a positive effect on the adsorp-

tion strength of arsenate species. In other words, this notable
difference between interaction energies in vacuum and aqueous
phase signifies that adsorbate species do not strongly interact

with solvent molecules. Furthermore, the fact that the interac-
tion energy becomes more significant with a higher amount of
water signifies that the solvent has a stabilization effect

(Abdellaoui et al., 2021).
To extend the discussion of the above results, simulations

are performed in a basic medium under the same conditions.

Arsenate species are simulated here using HAsO4
2-, which char-

acterizes a basic medium, as shown in the above-mentioned



Table 4 Thermodynamic parameters for As(V) uptake onto Cs.

Adsorbent DH�
(KJ/mol)

DS�
(J/mol. K)

DG� (KJ/mol)

298 K 303 K 313 K 323 K

Cs 91.37 328.85 �6.18 �7.26 �9.74 �14.59

Fig. 10 The most stable adsorption configurations of H2AsO4
- arsenate species on Cs(010) surface are obtained by molecular dynamics

simulation; (a) Vacuum state, (b)-(d) in presence of 50, 200, and 500 water molecules, respectively.
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results. The most stable adsorption configurations are shown
in the supplementary material (Fig. S1). However, energetic

outcomes are the most important in investigating the effect
of the basic medium on the interactive forces of arsenate spe-
cies compared to the acidic medium.

Results show a substantial decrease in interaction energy
values for all systems. For example, it shows interaction ener-
gies of �35.46 kcal/mol in a vacuum and �70.53, �70.04,

�69.33 kcal/mol in the presence of 50, 200, and 500 water
molecules, respectively. Besides, it can be noted that the sol-
vent has a strong negative effect on the adsorption strength
of arsenate species, leading to a decreased interaction energy

value with an increase in water amount. This behavior suggests
that arsenate species probably have strong interactions with
solvent molecules, negatively affecting their adsorption over
the CS surface. Similar results were recently reported on the

adsorption of arsenate species over fly ash-based zeolites
(Abdellaoui et al., 2021). Together, these results confirm the
experimental ones that demonstrated a low adsorption capac-

ity of arsenates in the basic medium.

3.11. Elucidation of As(V) adsorption mechanisms

Based on experimental data with the exploration of isotherms,
kinetics model, and FTIR analysis and surface functional
groups, the stepwise mechanisms of As(V) uptake onto CS
can be as follows:
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(i) Electrostatic interaction between the positively charged

center (OH) and negatively charged As(V) species and
under acidic conditions (pH < pHPZC = 6.9) (Hao
et al., 2018).

(ii) The negatively charged arsenic species (AsO33- or
H2AsO3- and AsO43- or H2AsO4

- ) bind via electrostatic
attraction to CS functional groups (Hao et al., 2018).
The FTIR findings established this character of attrac-

tive force between CS and As(V) because of the forma-
tion of a new peak at near 845 cm-1, the feature of
OAH. . .As vibration band on the arsenic laden CS

(Saha and Sarkar, 2016b). With an increase in solution
pH, the surface gradually achieved negative charges,
which repelled As(V), and therefore As(V) adsorbed by

the electrostatic attraction in basic solution was pre-
vented (Saha and Sarkar, 2016b).

(iii) The formation of surface complexation, including both
outer and inner sphere, might be a notable pathway

for the elimination of As(V) (Hao et al., 2018)
(iv) The ligand or ion-exchange reactions between positively

charges surface center and AsO33- or H2AsO3- and

AsO43- or H2AsO4- (Hao et al., 2018; Podder and
Majumder, 2015). This was also established by forming
a broad peak at 3420 cm-1 in the FTIR study (Saha and

Sarkar, 2016b).
(v) Surface precipitation or condensation of metal hydrox-

ides onto CS may also occur (Hao et al., 2018) and

(vi) The mesoporous spaces of CS can be filled by the As(V)
during uptake (physisorption) (Hao et al., 2018).

The proposed stepwise mechanisms for As(V) adsorption

onto CS are shown in Fig. 11.
Fig. 11 Proposed As(V) upt
3.12. Regeneration and reusability of spent adsorbent

Substrate regeneration is a notable aspect to be evaluated in an
uptake process (Girma Asere et al., 2017). In this study, the
capacities of CS to regenerate after adsorption of As(V) using

three desorbing agents such as NaOH, NaCl, and HCl, with a
concentration of 0.5 M were used as eluent. According to the
results, 0.5 M NaOH exhibited the best desorption efficiency
along with all solvents (Fig. 12a). The regeneration of CS

was studied in 6 adsorption–desorption cycles (Fig. 12b), and
the removal efficiency was still 99.7 % after three cycles. How-
ever, after five cycles, the performance decreased by 24 %, i.e.,

the porous structure attributed to CS. The result suggested
that the prepared CS could decontaminate As(V) ions at least
6 times. The data implies that the CS showed satisfactory

reusability, and the CS can be used to treat As(V) polluted
water. Similar findings were reported for regenerating mag-
netic chitosan nanoparticles (Liu et al., 2015b) and chitosan-

modified materials (Girma Asere et al., 2017).

4. Conclusion

The adsorption of As(V) by chitosan (CS) was performed with a vari-

ation of equilibration time, pH, mass, and initial As(V) concentration

and was considered a cheap and environmentally friendly, and natu-

rally available bio-adsorbent. The extent of As(V) adsorption was

rapid and notably influenced by a combination of factors, including

experimental parameters and the coexistence of substances. Kinetic

study showed that the As(V) uptake was fast in the first 90 min and

thereafter increased slowly to sufficient equilibrium in approximately

2 h. The maximum As(V) removal was achieved at pH, and this pH

value, 97.4 % As(V), was removed. The PS2model is the most suitable

to describe the uptake kinetics of arsenic, and the established adsorp-
ake mechanism onto CS.



Fig. 12 (a) Percentages (%) of As(V) recovered by different

eluting agents and (b) Adsorption-desorption cycles for As(V)

recovered by CS.
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tion isotherms showed that the adsorption of arsenic by CS is perfectly

correlated with the Langmuir model. The maximum monolayer perfor-

mance capacity was 8.19 mg/g. Finally, the regeneration test shows the

possibility of recycling the CS for wastewater treatment containing As

(V) ions at least 6 times without a notable reduction in adsorption

capacity. Based on the macroscopic findings and surface properties

of CS, the interaction mechanism between CS and As(V) was proposed

to be physisorption, van der Waals attraction, ion-exchange, surface

complexation, and electrostatic attraction for charged species. The

SiO3
2- co-ion had a strong competitive influence on As(V) uptake effi-

ciency, while PO4
3-, Cl- and NO3

– ions had little influence on As(V)

removal. Molecular dynamics simulations were carried out to shed

light on the As(V) ions adsorption mechanism under basic and acid

conditions on the CS surface. The energetic outcomes showed a strong

negative effect on the adsorption strength of arsenate species in the

basic medium.

Most importantly, the removal performance of As(V) showed no

notable decrease after six adsorption–desorption cycles. The result of

this study shows that a negligible amount of CS is sufficient to adsorb

a notable concentration of As(V), and the substrate can be employed
for adsorption of various pollutants from large-scale environmental

samples from both industrial wastewater (sparingly acidic) and natural

groundwater (pH 7.0). The primary advantageous uptake findings pro-

duced for As(V) will advance further research on the practical applica-

bility of the cheaply synthesized adsorbent.
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