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a b s t r a c t

A natural biosorbent containing amine functional groups, chitosan, and a novel sorbent, chitosan-
immobilized sodium silicate, were prepared and utilized for the selective sorption of As(V) from waters
prior to its determination by atomic spectrometric techniques, namely, hydride generation atomic
absorption spectrometry (HGAAS) and inductively coupled plasma mass spectrometry (ICP-MS). Chi-
tosan was synthesized from chitin and sodium silicate was used as the immobilization matrix due to its
straightforward synthesis. Through sequential sorption studies, it was shown that chitosan-immobilized
sodium silicate has exhibited a better chemical stability than the chitosan itself which demonstrates
the advantage of immobilization method. Both chitosan and chitosan-immobilized sodium silicate were
shown to selectively adsorb As(V), arsenate, from waters at pH 3.0 at which neither chitin nor sodium
silicate displayed any sorption towards As(V). The sorption of arsenate by chitosan is supposed to have
electrostatic nature since pH of 3.0 is both the point at which the amino groups in chitosan are proto-
nated and also the predominant form of As(V) is H2AsO4

−. A pre-oxidation step is required if both As(III)
and As(V) are to be determined. Desorption from the sorbents was realized with 1.0% (w/v) l-cysteine
prepared in a pH 3.0 solution adjusted with HCl. Among the possible interfering species tested, only
Te(IV) and Sb(III) were shown to cause a decrease in the sorption capacity especially at high interfer-
ant concentrations. High concentrations of Sb(III) also resulted in gas phase interference during hydride
generation.

The validity of the method was checked both via spike recovery experiments and also through the

analysis of a standard reference material. Spike recovery tests were carried out with four different types
of water; namely, ultra-pure, bottled drinking, tap, and sea water; and percent recovery values were
found to be 114 (±4), 112 (±2), 43 (±4), and 0 (±1), respectively. It was concluded that the proposed
methodology can be applied efficiently to low-to-medium ionic strength solutions, such as most drinking
waters. The accuracy of the method was additionally investigated through the analysis of a standard
reference material and a good correlation was found between the determined (26.6 ± 2.4 �g L−1) and the
certified (26.67 �g L−1) value.
. Introduction

In nature, arsenic can be found in food, water and air in organic
nd inorganic forms [1] and exists in the −3, 0, +3 and +5 oxida-
ion states [2–4]. Inorganic arsenic species occur as arsenite, As(III),
ith primary form of H3AsO3 and arsenate, As(V), with primary
orms of H2AsO4
− and HAsO4

2− in natural waters [1]. Arsenates
re stable under aerobic (oxidizing) conditions whereas arsenites
re predominant under anaerobic (reducing) conditions [3,5].

∗ Corresponding author. Tel.: +90 232 7507533; fax: +90 232 7507509.
E-mail address: ahmeteroglu@iyte.edu.tr (A.E. Eroğlu).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.09.053
© 2009 Elsevier B.V. All rights reserved.

Both natural and anthropogenic sources contribute to the
arsenic levels in the environment, which is distributed throughout
earth crust, soil, water, air and living organisms [5]. The presence
of arsenic in drinking water is related to the dissolution of min-
erals and ores [6]. Waste discharges from industrial and mining
activities, agricultural use of arsenical pesticides and use of chro-
mated copper arsenate (CCA) wood preservative may enhance the
anthropogenic arsenic contamination in air, water and soil [5]. Long
term consumption of drinking water contaminated with arsenic is

reported to cause cancers of the skin, lungs, kidney and liver. Short
term exposure to arsenic may result in vomiting, oesophageal,
and abdominal pain, and “rice water” diarrhea [2,6]. Hence, drink-
ing water containing arsenic is a potential threat to the health of
humans. The World Health Organization (WHO) revised the guide-

http://www.sciencedirect.com/science/journal/00399140
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ine for arsenic in drinking water from 0.05 to 0.01 mg L−1 and
as classified arsenic as the most toxic chemical with carcinogenic
ffects [6].

Because of the undesired health effects mentioned above, find-
ng/devicing economic, easily operable and nontoxic technologies
or removal of arsenic are a major goal especially when clean
ater sources are scarce. Arsenic removal methods from drinking
ater including precipitation, adsorption, ion exchange, mem-

rane filtration and some other alternative processes have been
eviewed [1,2,7]. All processes are limited with lower efficiency
or arsenite removal because of the uncharged state of the species
nder pH 8 which necessitates the oxidation of As(III) before the
emoval step. In last years, nanozero valent iron has become one
f the most attractive materials for arsenic removal which effec-
ively removes both inorganic forms [8,9]. Application of various
iomasses in arsenic removal has been reviewed by Mohan and
ittman [2]. Among numerous polysaccarides, cellulose and chitin
re the most abundant organic compounds on the earth, with the
argest amounts of production per year [10]. The shells of marine
rustaceans such as crabs and shrimps are available as waste from
he seafood processing industry and are used for commercial pro-
uction of chitin. Chitosan, the N-deacetylated form of chitin, is an
ttractive material with unique properties of non-toxicity, film and
ber forming properties, adsorption of metal ions, coagulation of
uspensions or solutes, and distinctive biological activities [10,11]
nd is produced by thermochemical alkaline treatment of chitin.
hitosan has been used as a sorbent for arsenic removal. For exam-
le, Kartal and Imamura studied arsenic removal from chromated
opper arsenate (CCA)-treated wood via biosorption by chitin and
hitosan in 1, 5 and 10 days periods; however, a quantitative
emoval was not obtained [12]. Chitosan was modified with molyb-
ate and it was shown that the modification increased the sorption
apacity by the ability of molybdate ion to complex As(V) [13–16].
hitosan was also used as a resin for arsenic sorption in column
tudies with improved resistance to shrinkage which was obtained
y cross-linked chitosan functionalized with 3,4-diamino benzoic
cid [17]. Boddu et al. used ceramic alumina dip-coated with chi-
osan for As(III) and As(V) removal in column and an improved
orption capacity was reported for As(III) [18].

As revealed in the literature, effective use of chitosan as a sor-
ent can be based on the enhancement of its capacity through
articular modifications. In the meantime, the resistance of the bio-
aterial to shrinkage may be improved. Immobilization of chitosan

nto a supporting surface increases the surface area of sorbent
compared to chitosan itself) with a corresponding increase in the
umber of functional groups available for sorption. Using sodium
ilicate as an immobilization matrix has the advantage of tuning the
mmobilized amount of functional groups in a narrow synthesis
ime. Ease of the application and availability of low-cost chemi-
als are among the other advantages of the silicate-immobilization
ethod. In this study, both chitosan as synthesized and chitosan-

mmobilized sodium silicate were used in the sorption of As(V)
rom waters prior to determination by hydride generation atomic
bsorption spectrometry (HGAAS) and inductively coupled plasma
ass spectrometry (ICP-MS).

. Experimental

.1. Instrumentation and apparatus

A Thermo Elemental Solaar M6 Series atomic absorption spec-

rometer (Cambridge, UK) with an air-acetylene burner was used
n arsenic determination utilizing the Segmented Flow Injection
ydride Generation (SFI-HGAAS) unit. An arsenic hollow cath-
de lamp at the wavelength of 193.7 nm and a deuterium lamp
ere employed as the source line and for background correction,
 (2010) 1452–1460 1453

respectively. In HGAAS, the quartz tube atomizer was 10 cm long,
8 mm in internal diameter and 10 mm in external diameter with
a 4 mm bore inlet tube fused at the middle for sample introduc-
tion. Air-acetylene flame was used for heating the quartz tube
externally and nitrogen was used as the carrier gas. Operating
parameters for the HGAAS system were as follows: 200 mL min−1

carrier gas (N2) flow rate, 6.1 mL min−1 HCl flow rate, 2.0% (v/v) HCl
concentration, 3.0 mL min−1 NaBH4 flow rate, 1.0% (w/v) NaBH4
concentration (stabilized with 0.1%, w/v, NaOH), 7–8 mL min−1

sample flow rate. In addition to HGAAS, ICP-MS (Agilent 7500ce
Series, Tokyo, Japan) was also employed in validation and interfer-
ence studies.

In batch sorption studies, GFL 1083 water bath shaker
(Burgwedel, Germany) equipped with a microprocessor ther-
mostat was used for mixing. The elemental composition of
chitosan was determined by a LECO-CHNS-932 elemental analyzer
(Mönchengladbach, Germany). Determination of the molecular
weight was realized using a Petrotest capillary viscosimeter (Dahle-
witz, Germany). The crystallographic structure of the sorbent was
elucidated by a Philips X’Pert Pro X-Ray Diffractometer (Eind-
hoven, The Netherlands). The pH adjustments were performed
with Ino Lab Level 1 pH meter (Weilheim, Germany). Microim-
ages of sorbents were taken utilizing a Philips XL-30S FEG scanning
electron microscope (Eindhoven, The Netherlands). The thermal
properties of sorbents were analyzed using a Perkin Elmer Pyris
Diamond TG/DTA (Boston, MA, USA). The point of zero charge of
chitosan flakes was determined with a Zeta-Meter 3.0+ equipment
(Staunton, USA).

2.2. Reagents and solutions

All the chemicals were of analytical reagent grade. Ultra-pure
water (18.2 M�) was used throughout the study. Glassware and
plastic containers were cleaned by soaking in 10% (v/v) nitric acid
for 24 h and rinsed with deionized water prior to use.

Stock standard solutions of As(V) and As(III), 2000.0 mg L−1,
were prepared by dissolving As2O5 (Merck, product code:
1.09939, CAS no.: [1303-28-2]) and As2O3 (Fischer, CAS no.:
[1327-53-3]), respectively, in ultra-pure water. Stock standard
solution of Te(IV), 500.0 mg L−1 was prepared by pre-reduction
of Te(VI) (Aldrich, product code: 41058-6, CAS no.: [26006-71-
3]) by boiling with 6.0 M HCl. Stock solutions of Se(VI), Se(IV),
Sb(III) and Sb(V), 1000.0 mg L−1, were prepared by dissolving
Na2SeO4 (Fluka, product code: 71948, CAS no.: [13410-01-0]),
Na2SeO3·5H2O (Merck, product code: 1.06607, CAS no.: [26970-82-
1]), C8H4K2O12Sb2·3H2O (Sigma–Aldrich, product code: P-6949,
CAS no.: [28300-74-5]) and KSb(OH)6 (Riedel-de Haen, product
code: 31149, CAS no.: [12208-13-8]), respectively, in ultra-pure
water. Mo(VI) and V(V), 1000.0 mg L−1 standard stock solu-
tions were supplied from High-Purity Standards (product code:
100065-1) and Merck (product code: 1.70227), respectively. Lower
concentration standard solutions were prepared daily by appropri-
ate dilution from their stock standards before use.

Chitosan flakes were synthesized from practical grade chitin
(Sigma, product code: C923, CAS no.: [1398-61-4]).

Sodium borohydride solution was prepared for a daily use
from fine granular product (Merck, product code: 8.06373, CAS
no.: [16940-66-2]) and stabilized by NaOH (Merck, product code:
1.06498, CAS no.: [1310-73-2]) in water. l-cysteine (Merck, product
code: 1.02838, CAS no.: [52-90-4]) was added to all standards and
samples to reduce As(V) to As(III) before HGAAS determination.
N,N-Dimethylacetamide (Sigma, product code: D 5511, CAS
no.: [127-19-5]) containing 5.0% (w/v) LiCl (Aldrich, product code:
310468, CAS no.: [7447-41-8]) and 0.200 M NaCl (Riedel-de Haen,
product code: 13423, CAS no.: [7647-14-5]) containing 0.100 M
acetic acid (Riedel-de Haen, product code: 27225, CAS no.: [64-
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9-7]) were used in molecular weight determination of chitin and
hitosan, respectively.

BaCl2·2H2O (Riedel-de Haen, product code:11411, CAS no.:
10326-27-9]) was used to prepare 0.1 M solution by dissolv-
ng appropriate amount in distilled water. Silicate-immobilization

atrix was prepared from sodium silicate solution (Sigma–Aldrich,
roduct code: 338443, CAS no.: [1344-09-8]).

.3. Synthesis and characterization of chitosan

.3.1. Synthesis of chitosan
Chitosan flakes were synthesized from chitin under inert

tmosphere by the method of Rigby and Wolfrom given in the
onograph by Muzzarelli [19]. Briefly, 15.0 g of chitin was treated
ith 720 mL of 40.0% (w/w) aqueous NaOH solution in a 1-L three-
ecked round bottomed flask with reflux condenser connected to

ts middle neck. A thermometer was connected to control the tem-
erature during the reaction and N2 gas was bubbled through the
olution from the side arm to provide inert atmosphere in the reac-
ion medium. Constant reflux was obtained at 115 ◦C and continued
or 6 h. After cooling the alkaline mixture to room temperature, chi-
osan flakes were washed with distilled water until a neutral filtrate
as obtained. The resulting chitosan flakes were dried at 60 ◦C for
h before use.

.3.2. Characterization of chitosan
A variety of methods were applied for the characterization of

ynthesized chitosan flakes. Elemental analysis and potentiometric
itrimetry were used for the determination of the degree of deacety-
ation as reported in the literature [20,21]. The molecular weights
f chitin and chitosan were determined by viscosimetric method
hich relates intrinsic viscosity of polymer to its molecular weight

ccording to Mark–Houwink–Sakurada relation as described in
he literature [21–26]. Images of chitosan, sodium silicate, and
hitosan-immobilized sodium silicate were taken with scanning
lectron microscopy (SEM). XRD crystallographic properties and
hermal gravimetric degradation were also investigated.

.4. Immobilization of chitosan on sodium silicate

Chitosan was immobilized on polysilicate matrix after slight
odification in the method described by Karunasagar et al. [27]

n which sodium silicate was used as the immobilization matrix for
he plant Coriandrum sativum. In the present study, the immobi-
ization procedure was as follows: 6.0% (w/w) sodium silicate was
dded dropwise into 15.0 mL of 5.0% (v/v) H2SO4 until pH rose to 2.
he solution pH was checked with pH paper instead of pH meter in
rder not to cause any damage to the electrode system due to use
f silicate solution. Then, 50.0 mL of 2.0% (w/v) chitosan dissolved
n 2.0% (v/v) acetic acid was added dropwise to the silicate solu-
ion and the mixture was stirred for 15 min. The polymer gel was
ormed by increasing the pH to 7 by dropwise addition of sodium
ilicate solution. Formed gel was washed with ultra-pure water
ntil the solution is free of sulphate ion. This was checked by the
ddition of 0.200 M BaCl2 solution to the filtrate. Usually cloudiness
s observed as a result of precipitation reaction between barium
nd sulphate ions when sulphate is at an appreciable concentra-
ion. After the immobilization procedure had been completed, the
hitosan-immobilized sodium silicate was dried at 50 ◦C overnight
nd ground by mortar and pestle prior to use.
.5. Sorption studies

Sorption studies were performed for all the sorbents prepared;
amely, chitin, chitosan, sodium silicate and chitosan-immobilized
odium silicate through batch process. Effect of the sorbent amount,
 (2010) 1452–1460

shaking time, solution pH, reaction temperature and successive
loadings was investigated. In all these experiments, batch sorption
was followed by the filtration of the mixture through blue-band
filter paper and analysis of the filtrate for its arsenic content using
HGAAS. Before HGAAS measurements all samples and standard
solutions were acidified with the addition of appropriate amount
of concentrated HCl to produce 1.0% (v/v) HCl in the final solution.
For As(V) determination, l-cysteine was also added to all solutions
so as to have 0.5% (w/v) concentration in the final solution which
guaranteed the pre-reduction of As(V) to As(III).

2.6. Sorption isotherm models

Sorption isotherm is a constant-temperature curve that
describes the retention of a substance on a solid at various concen-
trations and is used to predict the mobility of the substance in the
environment [28]. Sorption isotherm defined by Langmuir assumes
that the energy of sorption is constant and sorption occurs at a
fixed number of definite localized homogeneous sites with mono-
layer coverage [28–30]. The nonlinear form of Langmuir isotherm
is given in Eq. (1):

Qe = Qmax
bCe

1 + bCe
(1)

Here, Qmax (mmol/g) and b (L/mmol) are Langmuir constants; Qmax

is the amount of arsenate ion sorption corresponding to monolayer
coverage, b is the affinity of arsenate for the sorbent, Ce (mmol/L) is
the amount of arsenate in liquid phase at equilibrium and Qe is the
amount of arsenate adsorbed on the surface of sorbent (mmol/g)
at equilibrium. The values of constants were evaluated from the
linearized form of the equation which is given in Eq. (2):

1
Qe

= 1
Qmax

+ 1
QmaxbCe

(2)

The intercept and slope of the plot of 1/Qe versus 1/Ce were used
for determination of Qmax and b.

Freundlich isotherm is among the most widely applied
isotherms. This isotherm can be applied for heterogeneous sur-
faces over a wide range of concentrations. The nonlinear form of
this isotherm is described by Eq. (3) [31]:

Qe = KFC1/n
e (3)

where KF and n are constants for a given sorbent–sorbate system.
These constants can be evaluated from the linearized form of Eq.
(3) given as follows:

log Qe = log KF + 1
n

log Ce (4)

The intercept and slope of the plot of log Qe versus log Ce in Eq. (4),
give KF and 1/n, respectively.

Dubinin–Radushkevich (D–R) isotherm model assumes that the
ionic species bind preferentially to most energetically favorable
sites of sorbent material and allows for multilayer sorption of ions
[13]. D–R isotherm is generally described by Eq. (5) [32]:

Qe = qs exp (−Bε2) (5)

where

ε = RT ln
(

1 + 1
C

)
(6)
e

The D–R parameter, B, provides information about the mean free
energy of sorption defined as the energy required to transfer one
mole of ions to the surface of the solid from infinity in the solution.
The constant, qs corresponds to the sorption monolayer capacity
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in the literature [36,37]. As in the case of chitosan, sodium silicate
matrix shows a weight loss of about 9% in the same tempera-
ture range due to release of water molecules from the structure.
The chitosan-immobilized sodium silicate demonstrates interme-
diate thermal characteristics between chitosan and immobilization
E. Boyacı et al. / Tala

33]. The mean free energy of sorption can be calculated from D–R
arameter B using Eq. (7):

= (2B)−1/2 (7)

he qs and B constants are, respectively, obtainable from the inter-
ept and the slope of the experimental plot of ln Qe versus ε2.

.7. Desorption/dissolution studies

Two different strategies were followed to take the adsorbed
rsenate ion back into solution from chitosan or chitosan-
mmobilized sodium silicate. Firstly, 2% (v/v) acetic acid in which
hitosan was completely soluble was used. Secondly, desorption
as carried out in l-cysteine which reduces the adsorbed form of

rsenic (As(V), arsenate) to the non-adsorbed form (As(III), arsen-
te). In both strategies, calibration standards were also prepared in
he same matrixes using the same method of preparation (matrix-

atched standards). Before HGAAS measurements both samples
nd standards were acidified with concentrated HCl to produce
.0% (v/v) of HCl in the final solution. For reduction of As(V) to
s(III) l-cysteine was added to produce 0.5% (w/v) in the solution

This step was skipped if desorption matrix had already contained
-cysteine.).

.8. Interference studies

Interference effects of two groups of compounds on arsenic
etermination were investigated. The first group contained hydride
orming ions possessing different oxidation states of several ele-

ents; namely, Sb(III), Sb(V), Te(IV), Te(VI), Se(IV), and Se(VI) ions.
he second group included Mo(VI) and V(V) for which chitosan is
resumed to show sorption affinity [17,34]. Two types of interfer-
nces were expected: firstly, during the sorption of arsenate, and
econdly, during hydride generation [35].

Initially, the sorption characteristics of chitosan towards each
f the possible interfering ions were investigated in the absence
f arsenate. For this purpose, 100.0 and 1000.0 �g L−1 concentra-
ions of the ions were mixed with chitosan and shaken under the
onditions optimized for arsenate sorption. The percent sorption
f each ion was determined by ICP-MS after acidification with con-
entrated HNO3 so as to have 1.0% (w/v) acid concentration in the
nal solution.

In addition, 10.0, 100.0, 1000.0 �g L−1 of each of the interfer-
ng species were added in separate experiments into both 10.0
nd 100.0 �g L−1 As(V) solutions in order to see the interference
ffect in presence of arsenate. The sorption experiments were per-
ormed under optimized conditions for arsenate described in the
revious paragraph. After proper acidification and pre-reduction
l-cysteine) steps, ICP-MS and HGAAS were used for the analyses.

.9. Method validation

The proposed methodology was validated both through the
nalysis of a standard reference material (SRM from NIST, Natu-
al Water – Trace Elements, Cat. No. 1640) and via spike recovery
xperiments. Due to the absence of any information about the oxi-
ation state of arsenic in the SRM, initial experiments were carried
ut in two ways: shaking with chitosan first directly, and second,
fter a pre-oxidation step with concentrated HNO3. The oxidation
as carried out by diluting 5.0 mL of SRM with 10.0 mL of ultra-

ure water in a teflon beaker. After addition of 3.0 mL concentrated
NO3, heating was applied on hot plate until evaporation of solu-

ion was completed. The remaining residue was dissolved in about
0 mL of ultra-pure water and after pH was adjusted to 3.0, the
olution was diluted to exactly 15.0 mL to provide an As(V) con-
 (2010) 1452–1460 1455

centration of 9.0 �g L−1 in the final solution. The same procedure
was also applied to the SRM directly without pre-oxidation step. In
line with these experiments, both As(III) and As(V) standard solu-
tions were also subjected to the same procedure; namely, with or
without pre-oxidation with HNO3.

Spike recovery tests were performed with four different types
of water; namely, tap, distilled, sea and bottled drinking water.
Spiked samples were subjected to the same sorption/elution cycles
as previously and recoveries were calculated.

In addition to the validation tests described above, solutions
containing both As(III) and As(V) were analyzed with the proposed
method to see if there is a mutual interference. In these exper-
iments, both chitosan and chitosan-immobilized sodium silicate
were used in a two-stage batch type process. Three different solu-
tions, namely, As(III) only, As(V) only and the mixture of As(III) and
As(V) were prepared in a way that the concentrations of the species
were 100.0 �g L−1 in each case. After the addition of 50.0 mg of chi-
tosan or chitosan-immobilized sodium silicate, the mixture was
shaken for 30 min and then was filtered through blue-band filter
paper. The solid and the liquid parts were separated and the filtrate
was kept for determination of its arsenic concentration. Solid chi-
tosan (or chitosan-immobilized sodium silicate) remained on the
filter paper was taken into 30.0 mL of 1.0% (w/v) l-cysteine solu-
tion of which pH was adjusted to 3.0 and shaking was continued
for a further 30 min for desorption. This eluate was analyzed by
ICP-MS for its arsenic concentration by using matrix-matched stan-
dards which were prepared under the same sorption/desorption
conditions described above.

3. Results and discussion

3.1. Characterization of chitosan

Surface morphology of chitosan flakes, sodium silicate and
chitosan-immobilized sodium silicate was examined from differ-
ent locations on their surfaces using SEM. The images (not shown)
reveal the increasing surface porosity of chitosan-immobilized
sodium silicate in comparison to chitosan.

The thermal gravimetric analysis of chitosan shows two notable
weight loss stages (Fig. 1). The first stage results in about 9% loss
in weight and corresponds to the weight loss of water molecules
adsorbed onto surface (25–98 ◦C) and weight loss of bonded water
(98–266 ◦C). The second stage weight loss occurred between 266
and 328 ◦C due to rapid thermal degradation of chitosan and
resulted in 33% weight loss. The results are in agreement with ther-
mal gravimetric analysis reported for chitosan by different studies
Fig. 1. TGA curves of (a) sodium silicate, (b) chitosan and (c) chitosan-immobilized
sodium silicate.
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Fig. 3. Effect of pH on the sorption of (a) 100.0 �g L−1 As(V) and (b) 40.0 �g L−1 As(III)
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atrix. Careful investigation of the weight loss percentages in ther-
ograms is also indicative of around 30% (w/w) of chitosan in the

mmobilization matrix of silicate.
The degree of deacetylation of chitosan was determined by

wo methods: elemental analysis and titrimetry, and the results
btained were in good agreement (84.7% versus 85.4%, respec-
ively). In addition, the percentage of chitosan-immobilized onto
odium silicate was calculated from the carbon ratios of chitosan-
mmobilized sodium silicate to pure chitosan sample. The amount
f chitosan in sodium silicate matrix was calculated as 33.3% in the
otal mass which is also in accordance with TGA results.

Molecular weights of chitin and chitosan were determined using
he Mark–Houwink–Sakurada equation [21–26] and found to be
215 and 910 kDa, respectively. These results are in accordance
ith the results in the literature where very scattered molecular
eights are reported. The wide range of the reported molecular
eight values, especially for chitin, is thought to be arising from the

imited solubility of chitin in the given solvent system which pre-
ents accurate determination of the molecular weight. As reported
n [26 and the references therein], two factors are effective on
ncomplete dissolution. Firstly, high molecular weight chitin chains
re not soluble, and secondly, the presence of proteins in the unpu-
ified chitin may associate with the N-acetyl groups in the structure
nd make the product insoluble. To eliminate the possible error in
he determination of the molecular weight of the chitin, the insol-
ble part was filtered, dried, and weighed as suggested in [26];
nd the true molecular weight of the chitin was calculated after
ubtracting the weight of the insoluble part from the total weight
aken at the beginning. The calculated molecular weights indicate
hat the chitin used in this study is of high molecular weight and
he deacetylation process not only removes the acetyl groups but
lso decreases the molecular weight of chitosan by cleavage of gly-
osidic bonds.

The X-ray diffraction patterns for chitin and chitosan are given
n Fig. 2. The most significant difference observed between the
wo XRD patterns is the decreasing crystallinity of the compound

fter deacetylation process. Deacetylation procedure involves the
isappearance of small peaks; only the peaks at 2� = 9–10◦ and
� = 19–20◦ remain. The decrease in the crystallinity when going
rom chitin to chitosan was also observed by different research

Fig. 2. X-ray diffraction patterns for (a) chitin and (b) chitosan.
solutions. (�) chitosan, (©) sodium silicate, (�) chitin, (�) chitosan-immobilized
sodium silicate, n = 3. Reaction conditions: 30.0 mL sample volume, 30 min shaking
time, 50.0 mg sorbent, 25 ◦C sorption temperature. The insets obtained with VISUAL
MINTEQ software show speciation diagrams of As(V) and As(III).

groups in the literature who reported that the retained peaks cor-
responded to hydrated crystals of chitosan [38,39].

3.2. Sorption studies

3.2.1. Effect of pH on sorption of As(V) and As(III)
The sorption characteristics of chitin, chitosan, sodium silicate

and chitosan-immobilized sodium silicate towards As(V) and As(III)
are given in Fig. 3. Chitosan and chitosan-immobilized sodium sil-
icate have maximum sorption at pH 3.0 while sodium silicate and
chitin do not show any affinity for As(V) as indicated in the figure.
In case of As(III), all sorbents showed the same trend; arsenite ions
were not adsorbed significantly (<15% sorption) by any of the sor-
bents under the working conditions applied. The nature of sorption
behavior of chitosan at pH 3.0 can be explained by the electro-
static attraction between the protonated amine groups of chitosan
and H2AsO4

− ion, which is the main (approximately 85% of the
As(V)) species at pH 3.0 (Fig. 3a inset). Chitosan flakes start to dis-
solve below pH 3 and this property precludes the possibility of
them to be used as a biosorption material below this pH. Through
zeta potential measurements, the isoelectric point of chitosan was
determined to be 4.8–4.9. As the pH of the solution was lowered,
positive charge on chitosan flakes increased. This also supported
the electrostatic nature of the sorption. As can be seen from the
speciation graphs of As(V) and As(III) (Fig. 3 insets), there is no any
other pH with the same electrostatic behavior that biosorbent and
arsenic species have opposite charges.

3.2.2. Effect of sorbent amount and shaking time on the sorption
of As(V)

The percentage sorption of As(V) as a function of different

amounts of chitosan and chitosan-immobilized sodium silicate is
given in Fig. 4. As seen from the figure, similar sorption percent-
ages were obtained with both sorbents at each amount tested; and
50.0 mg appeared to be the optimum amount for both sorbents
under the conditions applied (the concentrations employed were
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Fig. 4. Effect of sorbent amount on the sorption of 30.0 mL 100.0 �g L−1 As(V) solu-
tion at pH 3.0, 25 ◦C sorption temperature. (�) chitosan, (�) chitosan-immobilized
sodium silicate, n = 3.
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arsenate on the immobilized sorbent, the amount of arsenate even
at the tenth load is approximately 0.016 mmol/g which is about half
of the maximum sorption capacity of chitosan-immobilized sodium
silicate.
ig. 5. Effect of shaking time for 50.0 mg sorbent at pH 3.0 in 30.0 mL
00.0 �g L−1 As(V) solution at 25 ◦C sorption temperature. (�) chitosan, (�)
hitosan-immobilized sodium silicate, n = 3.

ower than the sorption capacity of the sorbents). Otherwise, the
mount of chitosan-immobilized sodium silicate would be about
hree times that of the chitosan itself since the immobilized sorbent
ontains about 33% chitosan. This behavior can also be explained by
he increased surface area of the immobilized sorbent (32.6 m2/g)
ompared to that of chitosan (9.1 m2/g).

Effect of shaking time on the percentage sorption was investi-
ated for 1, 5, 15, 30, 60 and 120 min; the results are given in Fig. 5.
s seen in the figure, the results are very similar for both sorbents
specially after 15 min which can be taken as the equilibration
ime. However, the sorption rate before 15 min for the immobilized
orbent was sharper than that of chitosan which can be the indi-
ation of less diffusion restricted sorption in chitosan-immobilized
odium silicate.

.2.3. Effect of solution temperature on the sorption of As(V)
The extent of sorption of As(V) by chitosan and chitosan-

mmobilized sodium silicate decreases as temperature increases.
his behavior is reflected into the negative values of �Ho, given
n Table 1, which designate the exothermic nature of sorption.

o
he negative �S values suggest that sorption is associated with
decrease in system entropy probably due to the restriction on

he mobility of the sorbate ions that results from binding to the
orbent surface. The process thus appears to be enthalpy-driven.
oth parameters contribute to negative �Go values which in turn

able 1
hermodynamic parameters of chitosan and chitosan-immobilized sodium silicate
50.0 mg sorbent, 30.0 mL of 100.0 �g L−1 As(V) at pH 3.0, n = 3).

�Go (kJ/mol) �Ho (kJ/mol) �So (J/mol K)

298 K 323 K 298 K 323 K

Chitosan −20.2 −19.8 −24.7 −15.1 −15.1
Chitosan-immobilized

sodium silicate
−21.1 −20.9 −23.8 −9.1 −9.1
 (2010) 1452–1460 1457

results when the equilibrium position of a reaction occurs closer to
the products.

3.2.4. Successive loading
Sequential sorption of arsenate by chitosan and chitosan-

immobilized sodium silicate for two different concentrations was
investigated. It can be seen from Fig. 6a that the sorption per-
centage starts to decrease with the third loading and previously
sorbed arsenate even starts to be released from chitosan surface
after the sixth loading. This observation cannot be related to the
sorption capacity of chitosan since a similar trend was observed
for both 100.0 and 1000.0 �g L−1 concentrations. In order to clar-
ify this further, the cumulative amount of arsenate on the sorbent
was also determined which was approximately 0.015 mmol/g at the
sixth load. This amount is still lower than the maximum sorption
capacity of chitosan. Several reasons can be suggested to explain
the decrease in sorption capacity. Firstly, a gradual dissolution of
flakes was observed after each loading which might have caused a
decrease in the sorption capacity. More importantly, the dissolu-
tion of chitosan flakes must have been associated with the release
of previously adsorbed species from the surface which eventu-
ally increased the arsenate concentration in the solution. Secondly,
although it needs further consideration, it can be speculated that
the surface positive charge of chitosan after each loading could have
been reduced which might also have resulted in a decrease in the
sorption percentage after each step.

In contrast to chitosan, chitosan-immobilized sodium silicate
has shown a better chemical stability in a way that no negative
sorption (no release from chitosan surface) was observed although
the sorption percentage started to decrease after the second load for
both concentrations (Fig. 6b). As in the case of chitosan, the decrease
in the sorption percentage of chitosan-immobilized sodium silicate
cannot be explained by the reduction in the sorption capacity of
the immobilized sorbent. Similarly, from the cumulative amount of
Fig. 6. Percent sorption of (a) chitosan and (b) chitosan-immobilized sodium sili-
cate for 10 successive loadings in pH 3.0, 30.0 mL of 100.0 and 1000.0 �g L−1 As(V)
concentrations, 50.0 mg sorbent, 30 min at 25 ◦C batch sorption, n = 3.
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ig. 7. Linear fits of (a) Langmuir, (b) Freundlich, (c) Dubinin–Radushkevich models
or arsenate sorption by (�) chitosan and (�) chitosan-immobilized sodium silicate.

.3. Sorption isotherm models

Freundlich, Dubinin–Radushkevich and Langmuir isotherm
odels were tested for sorption of arsenate by chitosan and

hitosan-immobilized sodium silicate. The linearized forms of
odels (Fig. 7) were used for the calculation of coefficients and
he results are summarized in Table 2. According to the linear cor-
elation coefficients (R2), Langmuir model, with R2 close to unity,
ppears as the most suitable isotherm for describing the sorption
f arsenate on chitosan and chitosan-immobilized sodium silicate.

able 2
ummary of models coefficients (Solution volume, shaking time, solution pH, sorbent am
espectively, n = 3.).

Adsorption model Parameter

Langmuir R2

Qmax (mmol/g)
B (L/mmol)

Freundlich R2

KF

1/n

Dubinin–Radushkevich R2

B (mol/kJ)2

qs

E (kJ/mol)
 (2010) 1452–1460

However, D–R isotherm can be considered also to provide adequate
description of the sorption data.

3.4. Desorption studies

As described in Section 2.7, two different elution strategies were
followed to take the sorbed arsenate ion back into solution from chi-
tosan or chitosan-immobilized sodium silicate. In the first method,
2% (v/v) acetic acid was used and chitosan was completely dissolved
together with the previously sorbed arsenate. On the other hand, in
the case of chitosan-immobilized sodium silicate, acetic acid was
not effective even though acid concentration and volume, and des-
orption time were doubled. Therefore, as a second method, 1.0%
(w/v) l-cysteine prepared in a pH 3.0 solution adjusted with HCl
was used as the eluent which was expected to reduce the adsorbed
arsenate (As(V)) to arsenite (As(III), non-adsorbed form) through
the thiol groups [35 and the references therein]. In the meantime,
arsenic in the solution was converted to the hydride forming form.
This eluent worked with 100% efficiency and was used in all des-
orption studies.

3.5. Interference studies

As explained in Section 2.8, two groups of possible interfer-
ants were prepared; the first group contained the hydride forming
elements; namely, Sb(III), Sb(V), Te(IV), Te(VI), Se(IV), and Se(VI)
ions, and the second group included the oxyions of Mo(VI) and
V(V) which are expected to be adsorbed by chitosan. It should also
be mentioned that the interference effect was classified into two:
firstly, whether the ion caused the sorption to increase-or-decrease
at least 30% of the original signal obtained with As(V) only, and sec-
ondly, the adsorbed ion caused at least 30% increase-or-decrease
in the hydride signal of As. For this purpose, all the solutions were
analyzed with both HGAAS and ICP-MS.

As a starting point, the sorption of chitosan towards each of the
ions mentioned above was investigated under the conditions opti-
mized for arsenate sorption but in the absence of arsenate; and it
was found that chitosan shows affinity to all species except Te. The
sorption percentage was almost 100% for Mo(VI), V(V) and Se(VI)
in both concentrations; namely, 100.0 and 1000.0 �g L−1. These
results were in agreement with several studies of Guibal et al. in
which they report that the sorption of Mo(VI) by cross-linked chi-
tosan beads was maximum at pH 3 [13]. Similarly Qian et al. found
that optimum pH value for maximum sorption of V(V) ions was 3
[40].
for an As(V) concentration of 10.0 �g L−1 although chitosan shows
high affinity for Se(VI). On the other hand, when As(V) concen-
tration was 100.0 �g L−1, a decrease in sorption percentage was
observed in the presence of 1000.0 �g L−1 Se(IV). Sb(V) and Sb(III)

ount and reaction temperature were 30.0 mL, 30 min, pH 3.0, 50.0 mg, and 25 ◦C,

Chitosan Chitosan-immobilized
sodium silicate

0.9963 0.9918
0.03038 0.01276

133.43 222.25

0.9649 0.9781
1.655 0.9309
0.9054 0.8883

0.9822 0.9804
1 × 10−8 1 × 10−8

0.1166 0.0781
7.07 7.07
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Table 3
The comparative spike recovery of As(V) and As(III) ions from chitosan and chitosan-immobilized sodium silicate (Sorption conditions: solution volume, shaking time,
solution pH, sorbent amount and reaction temperature were 30.0 mL, 30 min, pH 3.0, 50.0 mg, and 25 ◦C, respectively, n = 3; elution conditions: eluent volume, shaking time,
solution pH and reaction temperature were 30.0 mL of 1.0% (w/v) l-cysteine solution, 30 min, pH 3.0 and 25 ◦C, respectively, n = 3.).

Solution Spike recovery (%)

Chitosan Chitosan-immobilized sodium silicate

ICP-MS HGAAS ICP-MS HGAAS

100.0 �g L−1 As(V) 110.0 (±3.7) 96.3 (±2.5) 104.6 (±3.5) 102.2 (±5.8)
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100.0 �g L−1 As(III) 10.6 (±0.4)
100.0 �g L−1 As(V) + 100.0 �g L−1 As(III) 111.2 (±2.4)

ehaved differently from the other hydride forming elements in
way that they caused a decrease in hydride signal of arsenic
hen their concentrations were 1000.0 �g L−1. This finding is in

ccordance with the results obtained in one of our earlier stud-
es which was about the gas phase interference of Sb(III) during
ydride formation in HGAAS system [41]. The interference caused
nly during hydride formation can be eliminated with the use of
CP-MS if it is available in the laboratory. An unexpected interfer-
nce (decrease in the arsenate sorption percentage by chitosan)
as observed for both As(V) concentrations in the presence of

000.0 �g L−1 Te(IV). As mentioned in the previous paragraph, chi-
osan demonstrates a very low affinity to Te(IV) (<1%) under the
ptimized sorption conditions for As(V). It should not be speculated
uch on this observation; but it can be stated that the presence of

e(IV) may change the reaction conditions during the sorption of
s(V) by chitosan which needs further investigation. Although chi-

osan showed high affinity for V(V), this property did not cause
ny reduction in the signal due to the high capacity of chitosan.
nstead, V(V) caused a small increase in As(V) sorption which neces-
itates the close control of this oxyion in the sample matrixes.
otally different behavior was obtained in the case of Mo(VI) for two
ifferent As(V) concentrations; when As(V) was only 10.0 �g L−1,
one of the Mo(VI) concentrations caused interference. However,
hen As(V) and Mo(VI) concentrations were both 100.0 �g L−1, a
ecrease in the sorption capacity of chitosan towards As(V) was
bserved.

.6. Method validation

The proposed methodology was validated, as explained in
ection 2.9, both via spike recovery experiments and also
hrough the analysis of a standard reference material. Initially,
rsenate/arsenite speciation was performed using chitosan and
hitosan-immobilized sodium silicate. As seen in Table 3, both chi-
osan and chitosan-immobilized sodium silicate have been found
ffective in arsenate recovery from spiked solutions whereas they

ave demonstrated a very low sorption (about 10%) towards arsen-

te. In addition to the above solutions containing only one arsenic
pecies, either As(V) or As(III), solutions containing both As(III) and
s(V) were analyzed with the proposed method to see if the pres-
nce of As(III) affected the sorption of As(V). The results indicate

Table 4
Percent recovery for spiked arsenate ion with ultra-pure, bottled, tap
parameters: solution volume, shaking time, solution pH, sorbent am
50.0 mg, and 25 ◦C, respectively, n = 3.).

Water type Spiked As(V) concentrat

Initial

Ultra-pure 10.0
Bottled drinking 10.0
Tap 10.0
Sea 10.0
10.0 (±0.7) 13.1 (±0.2) 13.6 (±2.3)
95.9 (±3.3) 104.1 (±1.0) 102.4 (±2.7)

that sorption of As(V) is not affected from the presence of As(III)
under the conditions employed as expected and this demonstrates
the arsenic speciation capability of the chitosan and the chitosan-
immobilized sodium silicate.

Subsequently, spike recovery tests were also carried out with
four different types of water; namely, ultra-pure, bottled drinking,
tap, and sea water. Spiked samples were subjected to the same
sorption/elution cycles as previously. The results given in Table 4
show that the proposed methodology works efficiently for ultra-
pure and bottled drinking water samples where the recovery values
were very close to 100%. The municipality tap water of Urla where
the IYTE campus is situated is very hard with high carbonate con-
tent. The hard matrix of this tap water had caused a change in
Sb(III)/Sb(V) equilibrium in a previous study in which the use of
l-cysteine was required to reduce Sb(V) to Sb(III) before the sorp-
tion of Sb(III) by Duolite GT-73 chelating resin [42]. Here, the low
recovery value given in Table 4 (43.2%) is thought to be due to
the high ionic strength of the tap water rather than its effect on
the As(III)/As(V) equilibrium. The situation was even worst in the
case of spiked sea water in which arsenate could not be recovered
because of the very high ionic strength of the solution.

Finally, the accuracy of the proposed methodology was investi-
gated through the analysis of a standard reference material, SRM
from NIST (Natural Water – Trace Elements, Cat. No. 1640). Since
the oxidation state of arsenic was not stated in the certificate, the
SRM was analyzed both with and without a pre-oxidation step
and the results compared. The same strategy was also followed
with both As(III) and As(V) standard solutions to see the effect
of the pre-oxidation step. As expected, SRM and As(III) solutions
gave almost the same recovery value of 0% which also showed
the importance of pre-oxidation step for unknown samples. When
HNO3 pre-oxidation step was applied, As(V) signal was assumed to
be the reference (matrix-matched standard) and As(III) signal was
compared to this signal after being oxidized to As(V). A conver-
sion of 95% indicated the success of the oxidation process which
also guaranteed the As(III) → As(V) conversion in the SRM. The

results demonstrate the good agreement between the result of
the proposed method (26.6 ± 2.4 �g L−1) and the certified value
(26.67 �g L−1). This strong agreement may also indicate the validity
of the method to the natural water samples of low and intermediate
ionic strength.

and sea water samples after desorption from chitosan (Sorption
ount and reaction temperature were 15.0 mL, 30 min, pH 3.0,

ion (�g L−1)

Final Recovery %

11.4 (±0.5) 114.2 (±4.5)
11.2 (±0.2) 112.3 (±1.6)

4.3 (±0.4) 43.2 (±4.2)
0.0 (±0.1) 0.0 (±0.8)
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. Conclusions

It has been shown that chitosan and chitosan-immobilized
odium silicate can be applied in the sorption of As(V) from sev-
ral water types. Sodium silicate as an immobilization matrix has
he advantage of tuning the immobilized amount of biomass, in this
ase chitosan, in a narrow synthesis time. The optimum pH for As(V)
orption for both the chitosan and chitosan-immobilized sodium
ilicate was shown to be 3.0 at which amino groups of chitosan
re protonated and the predominant form of As(V) is H2AsO4

−.
herefore, sorption was assumed to be electrostatic in nature. Spe-
iation of As species was shown to be feasible since no sorption was
btained for As(III) at any pH investigated. If both As(III) and As(V)
re to be determined, a pre-oxidation step is necessary. Desorption
rom the sorbents was realized with 1.0% (w/v) l-cysteine prepared
n a pH 3.0 solution adjusted with HCl.

Among the isotherm models tested, Langmuir model appeared
o be the most appropriate. Sorption of As(V) by the two sorbents
ecreased with increase in solution temperature. This exother-
ic behavior is associated with a decrease in system entropy.

hrough sequential sorption studies, it was shown that chitosan-
mmobilized sodium silicate has exhibited a better chemical
tability than the chitosan itself which demonstrates the advantage
f immobilization strategy.

The results of the interference study have shown that As(V)
orption by chitosan can be decreased especially at high interfer-
nt concentration. An exception to this observation was obtained
ith Sb species which caused gas phase interference during hydride

eneration rather than decreasing the sorption percentage. In addi-
ion, when the concentration of As(V) is 100.0 �g L−1, the presence
f V(V) in the samples causes an increase in As(V) sorption.

It can be concluded that the chitosan and chitosan-immobilized
odium silicate sorbents can be used in the sorption/speciation
f As(V) from medium-to-low ionic strength solutions prior to its
etermination with atomic spectrometric techniques like AAS, ICP-
ES, or ICP-MS. In addition, the sorbents can be used in the removal
f As(V) (or As(III) after a proper oxidation step) from drinking
ater.
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