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a b s t r a c t

A bifunctional sorbent, (NH2 + SH)silica, containing both amine and mercapto functional-
ities was prepared by modification of silica gel with 3-(triethoxysilyl)propylamine and
(3-mercaptopropyl)trimethoxysilane. In addition to the bifunctional sorbent, silica gel was modi-
fied individually with the functional mercapto- and amino-silanes, and the mono-functional sorbents,
namely (SH)silica and (NH2)silica, were also mechanically mixed ((NH2)silica + (SH)silica) for the sake
of comparison of sorption performances. It has been demonstrated that (SH)silica shows quantitative
sorption only to As(III) at two pH values, 1.0 and 9.0, while (NH2)silica displays selectivity only towards
As(V) at pH 3.0. On the other hand, the bifunctional (NH2 + SH)silica possesses the efficient features of
the two mono-functionalized sorbents; for example, it retains As(III) at a wider pH range, from 1.0 to at
least 9.0 with the exception at pH 2.0, and it also shows quantitative sorption to As(V) at pH 3.0. This
property gives the bifunctional (NH2 + SH)silica a better flexibility in terms of sorption performance
nductively coupled plasma mass
pectrometry

as a function of solution pH. The mechanically mixed (NH2)silica + (SH)silica exhibits a similar but less
efficient sorption behavior compared to the bifunctional sorbent. Desorption of both As(III) and As(V)
species can be realized using 0.5 M NaOH. The validity of the proposed method was checked through
the analysis of a standard reference material and a good correlation was obtained between the certified
(26.67 �g L−1) and determined (27.53 ± 0.37 �g L−1) values. Spike recovery tests realized with ultrapure
water (93.0 ± 2.3%) and drinking water (86.9 ± 1.2%) also confirmed the applicability of the method.
. Introduction

Arsenic is an omnipresent element which is found in atmo-
phere, soil, rocks, natural waters as well as in biological systems,
nd may exist in −3, 0, +3 and +5 oxidation states [1–4]. A variety
f organic and inorganic forms can be found in nature. Each arsenic
pecies has different chemical behaviors and toxicities. Especially,
norganic forms with the lower oxidation state are known as the

ost dangerous [2]. Distribution of the inorganic arsenic species
n environmental samples depends on the oxidative/reductive fea-
ures as well as the pH of the solution. Under aerobic conditions
he higher oxidation states can commonly be found where arsen-
te (AsO4

3−) is the predominant As(V) species. On the other hand,

nder anaerobic conditions lower oxidation states are predominant
nd arsenite (AsO3

3−) is the most expected form of As(III) species
5,6]. Arsenic is mobilized throughout the whole ecological system

∗ 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 © 2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

by a series of natural processes such as volcanic emissions, weath-
ering, leaching from rocks by ground water and biological activities.
In addition, human activities such as mining, use of arsenical pes-
ticides and wood preservatives have contributed to contamination
of ground and surface waters by various arsenic species [7].

Long term consumption of drinking water contaminated with
arsenic has been reported to increase the risk of cancers whereas
short term exposure may result in acute poisoning with symp-
toms of vomiting, abdominal pain and bloody diarrhea [5,8]. Hence,
drinking water contaminated with arsenic is a potential threat
to the health of humans. The World Health Organization (WHO)
revised the guideline for arsenic in drinking water from 0.05 to
0.01 mg L−1 and has classified arsenic as the most toxic chemical
with carcinogenic effects [8]. Distribution and toxicity differences
of arsenic species necessitate the qualitative and quantitative
determination of each form separately, rather than its total con-

centration, in water samples.

A variety of methods have been applied for arsenic determi-
nation in various matrices. Hydride generation atomic absorption
spectrometry (HGAAS) is the most widely used technique applied

dx.doi.org/10.1016/j.talanta.2011.06.021
http://www.sciencedirect.com/science/journal/00399140
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ither directly or after a suitable pre-treatment step [9–11].
ydride generation method has been reported to have the advan-

age of determining the different forms of arsenic (different
xidation states and forms bound to organic matter) on the basis
f different kinetics of hydride generation by each species [12].
nother advantage of hydride formation is the reduction of spectral

nterferences by separation of the analyte from the sample matrix.
owever, gas phase and liquid phase interferences can be seen dur-

ng or after the hydride generation step [13]. While inductively
oupled plasma-mass spectrometry (ICP-MS) is one of the most
ensitive techniques for As determination, the monoisotopic 75As+

ignal suffers from the spectral interference of 40Ar35Cl+ in the
hloride-containing matrixes. This interference can be eliminated
or reduced) by matrix separation through hydride generation
9,14], can be corrected with the use of interference-correction
quations, or the formation of ArCl+ is prevented by means of
ollision-cell techniques [15]. Inductively coupled plasma-atomic
mission spectrometry (ICP-AES) and HG-ICP-AES are other instru-
ental techniques used for arsenic determination [16,17].
Speciation of inorganic arsenic can be achieved through several

trategies; by manipulating the hydride forming ability of differ-
nt species, by liquid–liquid extraction of As forms, or by selective
dsorption of the species onto sorbents. Depending on the selec-
ivity of the sorbent towards the lower or higher oxidation step, a
re-oxidation or pre-reduction step is necessary before sorption.
or example, in a recent study, As(V) was selectively adsorbed on a
olid phase adsorbent and the total inorganic arsenic content was
etermined after pre-oxidation of As(III) to As(V) [18]. Although,
his has been a practical strategy in speciation studies, the search
f new sorbents capable of retaining both species under different
onditions has been an important area. An example of these types
f sorbents was described by Huang et al. [19] using dimercap-
osuccinic acid-modified mesoporous titanium. In the study both
rsenic species were retained onto sorbent under neutral condi-
ions while only arsenite was retained quantitatively at pH 10–11.
lternatively, modification of the available substrates with more

han one functional group can be a promising strategy for specia-
ion studies. Functionalization of the solid supports can be realized
y functional silane coupling reagents. The polysiloxane sorbents
unctionalized with mercapto and amine groups are revealed in
he literature as effective in the removal of metal ions [20–26] and
g(II) [27,28]. In addition, bifunctional sorbents containing two

unctionalities (amine and mercapto) on the same sorbent had been
repared and used for the removal of metal ions [29]. The advan-
age of the bifunctionalization can also be seen by the extraction of
wide spectrum of the hard and soft metal ions by the prepared

orbents.
The affinity of mercapto functionality to lower [30,31] and

mine functionality to higher [32] oxidation state of arsenic has
voked the search for a bifunctional sorbent with both groups. From
his point of view, the main purpose of the present study was to
ynthesize a novel bifunctional solid phase extraction sorbent with
oth mercapto and amine functional groups and to use the sorbent
or selective sorption of arsenic species.

. Experimental

.1. Instrumentation and apparatus

An inductively coupled plasma mass spectrometer (ICP-MS,
gilent 7500ce Series, Tokyo, Japan) was employed in the deter-

ination of arsenic concentrations at m/z: 75. In order to prevent

he possible matrix-based polyatomic interference of 40Ar35Cl+ on
5As+ signal, chloride-containing acids or solvents were not used
n the preparation of solutions except during desorption with KIO3
(2011) 1517–1525

which also contained HCl. Still, in case the use of any chloride
species would be inevitable in the pre-measurement steps, the
optimization of ICP-MS parameters was carried out in the collision
mode in octopole reaction system with He gas.

In batch sorption studies, GFL 1083 water bath shaker (Burg-
wedel, Germany) equipped with a microprocessor thermostat
was used for mixing. The pH of the solutions was adjusted with
0.01–1.0 M HNO3 and 0.01–1.0 M NH3 using Ino Lab Level 1
pH meter (Weilheim, Germany). The elemental composition of
sorbents was determined by a LECO-CHNS-932 elemental ana-
lyzer (Mönchengladbach, Germany). Microimages of sorbents were
obtained utilizing a Philips XL-30S FEG scanning electron micro-
scope (Eindhoven, The Netherlands). The thermal properties of
sorbents were examined using a Perkin Elmer Pyris Diamond
TG/DTA (Boston, MA, USA). Surface area measurements of the sor-
bents were performed with Micromeritics Gemini V Series Surface
Area Analyzer (Norcross, USA).

2.2. Reagents and solutions

All the chemicals were of analytical reagent grade. Deionized
ultrapure water (18.2 M� cm) 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 ultrapure water. Lower concentration standard
solutions were prepared daily by appropriate dilution from their
stock standards before use.

Silica gel was purchased from Merck (product code: 1.10184,
CAS no.: [7631–86–9]) and activated with acetic acid (Riedel-de
Haen, product code: 27225, CAS no.: [64–19–7]). Functionaliza-
tion of silica gel was realized with 3-(triethoxysilyl)propylamine
(APTES) (Merck, product code: 8.26619, CAS no.: [14814–09–6])
and (3-mercaptopropyl)trimethoxysilane (MPTMS) (Fluka, product
code: 63800, CAS no.: [4420–74–0]), respectively. Toluene (Riedel-
de-Haen, product code: 24529, CAS no.: [108–88–3]) was used both
as a reaction solvent and for removal of the unreacted reagent after
modification step; and acetone (Merck, product code: 1.00014, CAS
no.: [67–64–1]) as a further washing solvent. Nitric acid (Merck,
product code: 1.00456, CAS no.: [7697–37–2]) was employed for
the acidification of samples prior to ICP-MS determination. l-
Cysteine (Merck, product code: 1.02838, CAS no.: [52–90–4]) at a
concentration of 1.0% (w/v) was used as the eluent for the desorp-
tion of As(V) whereas the eluent for As(III) desorption was 0.050 M
KIO3 (Merck, product code: 1.02404, CAS no.: [7758–05–6]) in 2.0 M
HCl (Merck, product code: 1.00314, CAS no.: [7647–01–0]).

2.3. Synthesis of the sorbents

The procedure utilized in the functionalization of the silica sur-
face was compiled from literature [33] with some modifications.
The first step is the activation of the silica surface to convert the
siloxane groups to silanol. For this purpose, 5.00 g of silica was
treated with 50.0 mL of 0.010 M acetic acid for 1 h and then washed
with ultrapure water until a neutral filtrate was obtained. This step
was completed after drying the activated silica at 120 ◦C for 24 h in a
vacuum oven. The amine modification step was carried out by mix-
ing 5.0 g of activated silica, 3.0 mL of APTES and 9.0 mL toluene in a
two necked 25 mL flask. A condenser having anhydrous CaCl2 dry-

ing tube at the top was connected to the reaction flask. The reaction
was proceeded under an inert atmosphere provided with N2 bub-
bled through the side arm of the flask. The mixture was stirred for
24 h at 100 rpm under constant reflux in an oil bath at a temperature
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Table 1
Summary of the parameters and ranges used throughout the study.

Parameters investigated Range

pH of solution 1.0, 2.0, 3.0, 4.0, 5.0, 7.0, 8.0 and 9.0
Amount of sorbent (mg) 5.0, 10.0, 25.0, 50.0 and 100.0
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surface N, S, C, and H contents. The elemental analysis results are
given in Table 3. As seen, (NH2)silica contains 2.14% nitrogen while
(SH)silica contains 3.73% sulfur. The bifunctional sorbent contain-
ing both mercapto and amine groups, on the other hand, has 1.03%

Table 2
Surface area and pore width results.

BET surface area (m2 g−1) Average pore size ( ´̊A)
Shaking time (min) 1, 5, 15, 30, 60 and 120
Solution temperature (◦C) 25, 50 and 75

f 110 ◦C. After the reaction had been completed, amine-treated sil-
ca was washed sequentially with 10.0 mL portions of acetone and
oluene and then dried in an oven at 50 ◦C overnight. The same pro-
edure was applied for mercapto-modification of the silica using
3-mercaptopropyl)trimethoxysilane instead of APTES. Bifunction-
lization of the silica was realized with the simultaneous addition
f the same amounts of both functional silanes into the reaction
ixture under the same experimental conditions.

.4. Characterization of the sorbents

A variety of methods were applied for the characterization
f the modified silica samples. Elemental analysis was used for
he determination of nitrogen, sulfur and carbon contents. Images
nd elemental mapping of unmodified silica (silica), mercapto-
odified silica ((SH)silica), amine-modified silica ((NH2)silica)

nd mercapto-amine bifunctionalized silica ((NH2 + SH)silica) were
btained using scanning electron microscopy (SEM). Surface area
nd thermal gravimetric degradation behavior of the sorbents were
lso investigated.

.5. Sorption studies

Sorption studies were performed through a batch process for
ll the sorbents prepared; namely, silica, (SH)silica, (NH2)silica
nd (NH2 + SH)silica. In order to examine the possible changes
n the sorption of bifunctionalized sorbent, a mechanical (1:1)

ixture of amine-modified silica and mercapto-modified silica
NH2)silica + (SH)silica was also prepared as an alternative sorbent
or the bifunctional silica.

Batch sorption studies were carried out at 25 ◦C with each sor-
ent separately after the initial pH of solutions was adjusted to 1.0,
.0, 3.0, 4.0, 5.0, 7.0, 8.0 and 9.0 with dilute HNO3 or NH3. After pH
djustment step, 50.0 mg sorbent was added into each of the 50 mL
entrifuge tubes containing 20.0 mL aliquots of 100.0 �g L−1 As(V)
r 100.0 �g L−1 As(III) solutions. The mixtures were placed in a ther-
ostated water bath shaker and shaken for 30 min, then they were

ltered through blue-band filter papers. The filtrates were analyzed
or arsenic concentration by ICP-MS. Prior to ICP-MS measurements
ll samples and standard solutions were acidified with the addi-
ion of appropriate amounts of concentrated HNO3 to produce 1.0%
v/v) HNO3 in the final solution. The effects of the amount of sor-
ent, shaking time, solution temperature and repetitive use of the
orbents were investigated throughout the study. The investigated
arameters and ranges are summarized in Table 1.

.6. Desorption studies

Initial desorption studies were performed on
xidation–reduction basis of the sorbed As(III) and As(V). For
he oxidation of As(III) to As(V), 0.050 M KIO3 in 2.0 M HCl was
sed while 1.0% (w/v) l-cysteine solution with pH adjusted to 3.0
as the eluent for the reduction of As(V) to As(III). In addition to
he oxidative-reductive eluents, 0.50 M NaOH and 0.50 M HNO3
ere also used as alternative. Matrix-matched standardization
as applied in each case. Before desorption studies, the following
arameters were used for As(III) sorption: arsenite ion concentra-
(2011) 1517–1525 1519

tion of 100.0 �g L−1, solution volume of 20.0 mL, sorbent amount
of 50.0 mg, shaking time of 30 min, reaction temperature of 25 ◦C
and solution pHs of 1.0, 3.0, 5.0 and 8.0. In the case of As(V), similar
sorption parameters were applied at the solution pH of 3.0.

2.7. Method validation

The proposed methodology was validated both through the
analysis of a standard reference material (SRM from NIST, Natu-
ral Water – Trace Elements, Cat. No. 1640) and via spike recovery
experiments. (NH2 + SH)silica was used in the validation study
because of the absence of information about the oxidation state of
arsenic in the reference material. Before the sorption/desorption
steps, the acid content of the SRM was removed in a way that
5.0 mL of the solution was diluted with 10.0 mL of ultrapure water
in a Teflon beaker and the mixture was evaporated to dryness. The
residue in the beaker was dissolved in 10 mL of ultrapure water,
transferred to a centrifuge tube where pH was adjusted to 3.0,
diluted to 15.0 mL, and then used in the sorption/desorption. The
expected concentration of the SRM in the final solution was, thus,
8.89 �g L−1.

In addition to SRM analysis, the applicability of the methodol-
ogy was also tested by spike recovery tests using drinking water.
The spike concentration was 30.0 �g L−1 as this value was close
to the concentration of SRM (26.67 �g L−1). Moreover, similar
dilution and pH adjustment steps were employed before the sorp-
tion/desorption cycles.

3. Results and discussion

As explained in Section 2.1, concentration of arsenic species in
the final solutions was determined using ICP-MS at m/z ratio of 75.
In case the use of any chloride species would be inevitable in the
pre-measurement steps, the optimization of ICP-MS parameters
was carried out in the collision mode in octopole reaction system
with He gas in order to prevent the possible matrix-based poly-
atomic interference of 40Ar35Cl+ on 75As+ signal. Under the studied
conditions, the calibration line equation was y = 1836.5x + 370.3
with a correlation coefficient of R2 = 0.9991. The limit of detection
(LOD3s) and the limit of quantitation (LOQ10s) were 0.041 �g L−1

and 0.135 �g L−1, respectively. These figures of merits were con-
sidered to be sufficient for the purpose of the study; therefore, no
attempt was tried to enhance these values.

3.1. Characterization of sorbents

The results of the surface area and pore width measurements of
the prepared sorbents (Table 2) indicate that the modification has
slightly decreased both the surface area and the pore size of the
novel sorbents with respect to the unmodified silica. These results
indicate the modification of the silica surface with the employed
functional groups. The extent of modification was also followed
by the characterization of the functional groups on the basis of
Silica 253.9 17.3
(NH2)silica 168.9 14.1
(SH)silica 189.6 14.1
(NH2 + SH)silica 183.9 14.1
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Table 3
Elemental analysis results (%).
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Fig. 2. Effect of pH on the sorption of 100.0 �g L−1 (a) As(III) and (b) As(V).
(�) (NH2)silica, (�) (SH)silica, (�) (NH2 + SH)silica, (�) unmodified silica and (�)
(NH2)silica 6.03 1.63 2.14 –
(SH)silica 5.62 1.31 – 3.73
(NH2 + SH)silica 6.48 1.51 1.03 2.52

itrogen and 2.52% sulfur. The modification of the silica surface
ith the organic groups is also indicated by thermal gravimetric

nalysis (TGA) curves of the sorbents, as given in Fig. 1. Unmod-
fied silica shows two-stage weight losses at the thermal ranges
f 25–200 ◦C (4%) and 200–600 ◦C (2.4%). This is possibly caused by
he removal of physically adsorbed water, and a further loss caused
y the condensation of free silanol groups to siloxane groups on
he surface of silica, respectively [34]. (NH2)silica has a character-
stic weight loss (4.6%) between 25 and 200 ◦C due to the removal
f physically adsorbed water, and a second loss (7.1%) between
00 and 600 ◦C possibly because of the thermal decomposition
f the organic functional groups of the modified silica. Similarly,
SH)silica displays 1.5% and 10.2% weight losses in the same tem-
erature ranges for the same reasons. Similarly, (NH2 + SH)silica has
characteristics thermograph between (SH)silica and (NH2)silica
ith weight losses of 3.0% and 9.5% corresponding, respectively, to

he removal of physisorbed water and the thermal degradation of
rganic functional groups.

.2. Sorption studies

.2.1. Effect of pH on the sorption of As(III) and As(V)
The sorption percentages of the sorbents towards As(III) and

s(V) as a function of pH are shown in Fig. 2. The unmodified silica
hows no appreciable sorption to any of the two As species. Alter-
atively, (SH)silica shows quantitative sorption only to As(III) at
he two extreme points in the investigated pH range, namely, pH
.0 and 9.0 while As(V) is not retained. This result is in accordance
ith similar literature studies which suggest that mercapto group

s selective generally to the lower oxidation states of the hydride
orming elements [30,31,35,36]. On the other hand, (NH2)silica
emonstrates selectivity only towards As(V), and this response is

ndicative of the affinity of amine functionality to arsenate ion.
he nature of sorption at pH 3.0 has been suggested, in a previ-
us study, as being electrostatic attraction between the protonated

mine groups of (NH2)silica and H2AsO4

− ion, which is the main
pecies at this pH [32].

As can be deduced from Fig. 2(a) and (b), the most striking fea-
ure of the bifunctional (NH2 + SH)silica, in contrast to (SH)silica,

Temperature (oC)
6005004003002001000

W
ei

gh
t (

%
)

86.0

88.0

90.0

92.0

94.0

96.0

98.0

100.0
a
b
c

d

ig. 1. TGA curves of (a) (SH)silica, (b) (NH2 + SH)silica, (c) unmodified silica, and
d) (NH2)silica.
(NH2)silica + (SH)silica (reaction time: 30 min, sorbent amount: 50.0 mg, sample vol-
ume: 20.0 mL, sorption temperature: 25 ◦C, n = 3). Error bars indicate the standard
deviation of the triplicate measurements at 95% CL.

is its quantitative sorption capability towards As(III) at a relatively
wide pH range. The bifunctional sorbent can be used for As(III) sorp-
tion from pH 1.0 to at least 9.0 with an exception at pH 2.0 only.
This improvement in the sorption percentage of the bifunctional
sorbent compared to (SH)silica needs further investigation and, for
the present, can be attributed to the synergistic effect of the amine
groups on the sorbent in addition to the mercapto groups. Another
important property of (NH2 + SH)silica is that it can be applied for
the quantitative sorption of As(V) at pH 3.0. From these results, it
can be argued that the bifunctional sorbent possesses the efficient
features of the two functional groups. In addition, with a simple
pH adjustment step (to pHs greater than 4.0) before the sorption,
(NH2 + SH)silica can be employed for the sorption of As(III) only;
or for the sorption of both As(III) and As(V) simultaneously at pH
3.0. A similar but less efficient sorption behavior was also observed
with the mechanically mixed (NH2)silica + (SH)silica. The sorbent
mixture can be used for the sorption of As(III) quantitatively at a
wide pH range but, in contrast to (NH2 + SH)silica, there is not a
single pH for the simultaneous quantitative sorption of As(III) and
As(V). The percentage sorption of the sorbent mixture to As(III) at
pH 3.0 is not reproducible.

The results outlined in the previous two paragraphs have

demonstrated the high flexibility of the sorbent systems developed
in the present study. Depending on the purpose of investiga-
tion, that is whether As(III) or As(V) is to be determined, either
(NH2)silica or (SH)silica can be used after a pH adjustment step. In
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ddition to the mono-functionalized silicas, a better strategy could
e the application of the bifunctional (NH2 + SH)silica due to its
electivity to either As(III) or both As(III) and As(V) after a simple
H adjustment step.

.2.2. As(III) sorption
The percentage sorption of the mono-functional (SH)silica,

he bifunctional (NH2 + SH)silica and the mechanically mixed
NH2)silica + (SH)silica towards As(III) was investigated at three pH
alues decided from Fig. 2, namely, pH 1.0, 3.0, and 9.0. The solu-
ion pH of 1.0 and 9.0 were chosen since the percentage sorption of
he related sorbents was quantitative at these pHs. In addition, the
ercentage sorption was also examined at pH 3.0 which is a critical
H for As(V) as well. For all pHs, the effects of the sorbent amount,
he reaction time, and the reaction temperature were studied. The
elated results regarding As(III) sorption are given as Supporting
nformation in Figs. 1S–3S, whereas those of As(V) are shown in
ig. 4S.

.2.2.1. pH 1.0. The results of the As(III) sorption studies carried out
t pH 1.0 are summarized in Fig. 1S. As can be seen from Fig. 1S(a),
he quantitative sorption was obtained at the sorbent amount of
0.0 mg for (NH2 + SH)silica and (NH2)silica + (SH)silica, whereas a

ower amount of (SH)silica (25.0 mg) was sufficient to attain a sat-
ration plateau. The indicated sorbents showed a similar sorption
ehavior as a function of reaction time, and 30.0 min was sufficient
o obtain a quantitative sorption (Fig. 1S(b)). The effect of reaction
emperature on sorption is shown in Fig. 1S(c). The graph reveals

slight exothermic nature of the sorption, with the percentage
orption amounting to more than 95% sorption even at 75 ◦C.

.2.2.2. pH 9.0. The results of the sorption studies obtained at the
olution pH of 9.0 were similar to those at pH 1.0, as shown in
ig. 2S. For (SH)silica and (NH2)silica + (SH)silica, quantitative sorp-
ion was obtained with 50.0 mg sorbent amount, whereas 25.0 mg
f (NH2 + SH)silica was sufficient to reach the maximum sorption
Fig. 2S(a)). As seen in Fig. 2S(b), the bifunctional (NH2 + SH)silica
emonstrated faster sorption behavior, and even 5.0 min of con-
act time was sufficient to exceed 96% sorption percentage. For
SH)silica and (NH2)silica + (SH)silica, it was necessary to shake the

ixture for at least 30.0 min to attain a saturation plateau. The
eaction temperature did not have a significant influence on sorp-
ion and the percentage sorption was always quantitative at all the
xamined temperatures (Fig. 2S(c)).

.2.2.3. pH 3.0. It has been demonstrated in Section 3.2.1
hat the solution pH of 3.0 deserved a more close examina-
ion. Fig. 2(a) shows that the reproducibility of sorption by
he mono-functionalized (SH)silica and the mechanically mixed
NH2)silica + (SH)silica was not good at pH 3.0, as can be concluded
rom the wide error bars whereas the bifunctional (NH2 + SH)silica
isplayed a better sorption performance. Additional experiments
ere carried out in order to investigate the sorption behavior

f the chosen sorbents at pH 3.0, and the results are summa-
ized in Fig. 3S. As can be seen from the figure, the bifunctional
NH2 + SH)silica always demonstrated a superior sorption behav-
or over the other two sorbents. A sorbent amount of only
5.0 mg and a reaction time of 30.0 min were sufficient to
chieve maximum sorption. In the case of the mechanically mixed
NH2)silica + (SH)silica, a higher amount (50.0 mg) and a longer
quilibration time (120.0 min) were necessary to attain quanti-
ative sorption. The situation was completely different for the
ono-functionalized (SH)silica for which the quantitative sorp-
ion was never obtained even with the increase in the sorbent
mount. Although longer shaking times increased the sorption per-
entage, as shown in Fig. 3S(b), quantitative sorption was never
Fig. 3. Effect of the sorbent amount on the sorption of 100.0 �g L As(V)
((�) (NH2)silica, (�) (NH2 + SH)silica, (�) (NH2)silica + (SH)silica, sample volume:
20.0 mL, solution pH 3.0, n = 3).

approached and the results were irreproducible. The effect of
reaction temperature elucidated important differences in the per-
formances of the sorbents. Fig. 3S(c) indicates that the extent of
sorption on the bi-functional (NH2 + SH)silica and the mechanically
mixed (NH2)silica + (SH)silica were slightly affected by tempera-
ture change within the range of 25–75 ◦C, and tended to display
exothermic behavior. On the other hand, the sorption behavior of
the mono-functionalized (SH)silica was distinctively endothermic,
with the sorption percentage increasing drastically form 52% at
25 ◦C to about 95% at 75 ◦C.

3.2.3. As(V) sorption
The percentage sorption of the mono-functional (NH2)silica,

the bifunctional (NH2 + SH)silica and the mechanically mixed
(NH2)silica + (SH)silica towards As(V) was investigated at pH 3.0.
This was the only pH at which (NH2)silica displayed quantita-
tive sorption (see Fig. 2(b)) and therefore, any comparison among
the selected sorbents containing amine functionality can only be
performed at this point. In this context, the effects of the sor-
bent amount, the reaction time, and the reaction temperature
were studied and the results are shown in related figures. The
percentage sorption graphs of (NH2)silica, (NH2 + SH)silica and
(NH2)silica + (SH)silica as a function of sorbent amount demon-
strate the different behaviors of these sorbents towards As(V)
(Fig. 3). For all the sorbents, 50.0 mg appears to be an optimum
quantity for maximum sorption. This amount forms the point at
which a saturation plateau was reached for (NH2 + SH)silica and
(NH2)silica + (SH)silica. The most noticeable and unexpected fea-
ture of the figure, however, is the decrease of the percentage
sorption for the mono-functional (NH2)silica after 50.0 mg. In order
to test whether (or not) this observation is actually due to the
increase in sorbent amount, a detailed pH study was performed,
bearing in mind the observation that the sorption of (NH2)silica
is restricted to pH 3.0. For this purpose, sorption was carried out
in both buffered and unbuffered As(V) solutions. The percentage
sorption results are shown in Fig. 4 together with the change in the
solution pH as a function of the sorbent amount. From these results
it can be argued that the decrease in the sorption percentage occurs
as a consequence of the change in the solution pH, rather than being
related with the sorbent amount. This finding was made further
clear by monitoring the variation in the solution pH as a function of

time for different amounts of the sorbent (NH2)silica (Fig. 5). As can
be deduced from the figure, the solution pH is shifted to even basic
pHs in a few seconds in the unbuffered solution, depending on the
amount of (NH2)silica. The reason for the increase in the solution pH
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ig. 4. Effect of the amount of (NH2)silica on the sorption of 100.0 �g L As(V) in
�) unbuffered and (�) buffered solutions (variation of pH in (©) unbuffered and
�) buffered solutions), sample volume: 20.0 mL, solution pH 3.0, n = 3.

ust be protonation of the amine functional groups in (NH2)silica
nd thereby decreasing the hydronium ion concentration in the
olution. Since any pH ≥4.0 is not suitable for the sorption of As(V),
he sorption percentage decreases. Moreover, the amount where
he sorption percentage starts to decrease may be affected by the
ercentage of the amine functional groups used in the modification
f the silica surface, and probably also by batch-to-batch variations.
his result demonstrates further the superior performance of the
ifunctional (NH2 + SH)silica over the mono-functional (NH2)silica.

The effect of the reaction time on the sorption percentages
f the selected sorbents, namely, (NH2)silica, (NH2 + SH)silica and
NH2)silica + (SH)silica was also investigated and the results are
hown in Fig. 6. As shown in the figure, with small differences,
ll three sorbents exhibit similar performance in the time inter-
al of 5–60 min. The sorption percentage is higher than 85% even
ithin the initial 5 min of contact, indicating ease of accessibility to

he sorbent groups/sorption sites. As in the previous section, and
n relation with the amount of sorbent, the sorption percentage
btained with (NH2)silica decreases to below 20% in a very short
ime. In order to enlighten this issue, a detailed pH study was again
arried out in both buffered and unbuffered As(V) solutions. The

ercentage sorption results together with the change in the solu-
ion pH in the course of the reaction are shown in Fig. 7. From
hese results it can be suggested that the decrease in percentage
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ig. 5. Variation in the solution pH as a function of reaction time for different
mounts of (NH2)silica, sample volume: 20.0 mL, solution pH 3.0 (experiment were
erformed under unbuffered conditions).
Fig. 6. Effect of the reaction time on the sorption of 100.0 �g L−1 As(V)
((�) (NH2)silica, (�) (NH2 + SH)silica, (�) (NH2)silica + (SH)silica, sample volume:
20.0 mL, solution pH 3.0, n = 3).

sorption can once again be referred to the change in the solution
pH, and is not a consequence of the reaction time. This conclusion
can also be drawn from Fig. 5 which shows that, depending on the
amount of (NH2)silica in the unbuffered solution, the solution pH
was not equal to 3.0, and has immediately shifted to higher val-
ues in a matter of seconds where no sorption of As(V) occurs. This
result illustrates, once again, the better sorption performance of the
bifunctional over the mono-functional silica.

The effect of reaction temperature on the sorption of As(V) by
the selected sorbents is shown in Fig. 4S (supporting informa-
tion). As explained in the previous two paragraphs, the sorption
percentage is strongly affected by the solution pH, and buffer-
ing the solution at pH 3.0 had always a positive influence on the
extent of sorption. At 25 ◦C and under the employed experimen-
tal conditions, all three sorbents displayed quantitative sorption
in both the unbuffered and the buffered solutions although the
pHs of the unbuffered solutions after the sorption step had
risen to 8.05, 6.90, and 6.50 for (NH2)silica, (NH2)silica + (SH)silica
and (NH2 + SH)silica, respectively. These high sorption results
can be ascribed to the fast kinetics of the sorption with the
selected sorbents. At 50 ◦C, the sorption of (NH2)silica and

(NH2)silica + (SH)silica in the unbuffered solutions have decreased
below 10% whereas the respective sorption results were 83% and
76% in the buffered solutions. Although these results are indica-
tive of exothermic nature of sorption with these two sorbents,
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Fig. 7. Effect of the reaction time on the sorption of 100.0 �g L−1 As(V) by (NH2)silica
in (�) unbuffered and (�) buffered solutions (variation of pH in (©) unbuffered and
(�) buffered solutions), sample volume: 20.0 mL, solution pH 3.0, n = 3.
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Table 4
Summary of Dubinin–Radushkevich coefficients (solution volume, shaking time and reaction temperature were 20.0 mL, 30 min and 25 ◦C, respectively, n = 3).

Parameter (SH + NH2)silica (SH)silica + (NH2)silica (SH)silica (NH2)silica

As(III)
pH 1.0

R2 0.9802 0.9759 0.9897
Qmax (mmol/g) 0.0063 0.0072 0.0072 –
E (kJ/mol) 15.8 15.8 22.4

pH 3.0
R2 0.982 0.9956 0.9974
Qmax (mmol/g) 0.0360 0.0210 0.0470 –
E (kJ/mol) 12.9 12.9 9.1

pH 9.0
R2 0.9851 0.861 0.9844
Qmax (mmol/g) 0.0390 0.0021 0.0044 –
E (kJ/mol) 12.9 22.4 15.8

As(V)
pH 3.0

2 0.9966
0.0121
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R 0.9660
Qmax (mmol/g) 0.0039
E (kJ/mol) 15.8 1

t seems that the sudden decrease in sorption can be attributed
o the increase in the solution pH to values where no sorption
ccurs, rather than being a thermal effect. Following the sorp-
ion step, the pH values of the solutions were 8.50 and 7.83 for
NH2)silica and (NH2)silica + (SH)silica, respectively. This finding
lso shows the importance of buffering the solutions if (NH2)silica
r (NH2)silica + (SH)silica are planned to be used. The situation for
he bifunctional (NH2 + SH)silica was different from the two sor-
ents in a way that the sorption was again quantitative for both
he unbuffered and the buffered solutions. At 75 ◦C, the sorption
ecreased to almost 0% for the unbuffered, and below 25% for
he buffered solutions, for (NH2)silica and (NH2)silica + (SH)silica,
espectively. For (NH2)silica and (NH2)silica + (SH)silica, the pH val-
es of the unbuffered solutions following the sorption step were
.70 and 7.76, respectively. On the other hand, the pH did not
hange in the buffered solutions and the decrease in the sorption
ercentage can, therefore, be ascribed to exothermic nature of sorp-
ion on these two sorbents. The sorption of (NH2 + SH)silica was not
ffected by the temperature increase and was quantitative even at
5 ◦C. These results verifies the robust nature and the applicability
f the bifunctional (NH2 + SH)silica even at such relatively unusual
onditions.

In addition to the sorption studies with As(III) and
s(V), the capacity of the sorbents was determined via
ubinin–Radushkevich (D–R) isotherm model, as explained

n a previous study [32]. The model was applied at pH 1.0, 3.0 and
.0 for As(III) and pH 3.0 for As(V). The results are summarized in
able 4. The linear correlation coefficients (R2) were generally high,
uggesting that the isotherm is suitable for describing the sorption
f both arsenic species. During the sorption studies, the arsenic
mount was 0.00053 mmol As/g sorbent (As initial concentration:
00.0 �g L−1, solution volume: 20.0 mL and sorbent amount:
0.0 mg) and according to the maximum sorption capacity, Qmax,
alues of the sorbents (Table 4) only a small fraction of the capacity
f the sorbents appears to be used for sorption, which is ascribed to
he low initial sorbate concentration. Overall, the calculated values
f sorption energy correspond to electrostatic type of interaction.

.3. Desorption studies

.3.1. Desorption of As(III)
As explained in Section 2.6, the first strategy followed
or desorption of As(III) from (SH)silica, (NH2 + SH)silica and
NH2)silica + (SH)silica was to oxidize the adsorbed As(III) to As(V)
sing the oxidative eluent 0.050 M KIO3 in 2.0 M HCl. This eluent
esorbed As(III) over 89% by oxidizing to As(V) when the sorption
0.9962
– 0.1312

11.2

was performed at pH values of 1.0 and 3.0; and lower desorption
(between 70 and 77%) was achieved when sorption was performed
at pH of 5.0 and 8.0. In the case of 0.50 M NaOH, almost complete
desorption of As(III) was observed which was possibly caused by
removal of functional groups of the sorbents when sorption was
realized at pH values of 1.0 and 3.0. On the other hand, desorption
percentages were between 60 and 70 when sorption was carried
out at pH values of 5.0 and 8.0. The wide range of the desorption
percentages obtained using the same eluent at different sorption
pH values can be ascribed to the different types of interaction of
the analyte ion with the functional groups on the modified silicas.

3.3.2. Desorption of As(V)
A similar strategy was followed for elution of As(V) from

(NH2)silica, (NH2 + SH)silica and (NH2)silica + (SH)silica by reduc-
ing the adsorbed As(V) to As(III) with l-cysteine. The results showed
that nearly 90% desorption was achieved from (NH2)silica while
(NH2 + SH)silica and (NH2)silica + (SH)silica underwent only 20%
and 57% desorption percentages, respectively. A possible reason
for the lower desorption with mercapto containing sorbents is the
affinity of the mercapto group towards As(III) produced after reduc-
tion step. The second strategy to elute As(V) from the sorbents was
to leach the sorbent with 0.50 M HNO3 or 0.5 M NaOH. The des-
orption percentage of the As(V) when HNO3 is used as eluent from
(NH2)silica and (NH2)silica + (SH)silica was above 85%, but this elu-
ent was not much effective for (NH2 + SH)silica (43% desorption).
0.50 M NaOH was able to desorp As(V) over 92% from each sorbent.
The main reason for desorption of arsenate from the prepared sor-
bents can be explained by the leaching of the functional groups
(amino and/or mercapto) from the silica surface under basic con-
ditions.

3.4. Reusability of the sorbents

Based on the results of sorption studies, the pH of 3.0 had been
chosen as the critical pH for sorption and speciation studies. For
this reason, the reusability of the sorbents was tested at pH of
3.0 for both arsenic forms. For As(V), 1.0% (m/v) l-cysteine was
used as the eluent for (NH2)silica, 0.50 M NaOH for (NH2)silica,
(NH2)silica + (SH)silica and (NH2 + SH)silica, and 0.50 M HNO3 for
(NH2)silica, (NH2)silica + (SH)silica and (NH2 + SH)silica. The results
demonstrate that (NH2)silica can be used at least 5 times when 1.0%

(m/v) l-cysteine is used as the eluent since more than 88% sorption
was obtained even after five sorption/elution cycles. When 0.50 M
HNO3 was used for elution, the sorption percentage decreased
gradually form 97 to 78 between the first and the fifth cycles.
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Table 5
Spike recovery results obtained using (NH2 + SH)silica for a drinking water sample
(solution pH 3.0, sorption time: 30 min, sorbent amount: 50.0 mg, sample volume:
15.0 mL, sorption temperature: 25 ◦C, eluent: 0.5 M NaOH, desorption time: 60 min,
n = 3).

Concentration (�g L−1) Recovery (%)

Initial Spiked Determineda

Ultrapure
water

0.0 30.0 27.9 (±0.7) 93.0 (±2.3)

Drinking water 2.7 30.0 28.4 (±0.4) 86.9 (±1.2)
Drinking water

(1/3 diluted)
0.9 10.0 9.0 (±0.2) 82.6 (±2.1)

SRMb 26.67 0 27.53 (±0.37) 103.2 (±1.4)
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a Concentration determined after sorption/desorption steps.
b SRM solution (1/3 diluted).

he highest desorption was obtained using 0.50 M NaOH; how-
ver, when this eluent is used the sorbent cannot be used further
ince the functional groups are deteriorated. In the case of As(III)
orption, only two sorbents, namely, (NH2)silica + (SH)silica and
NH2 + SH)silica were investigated for their reusability after elution
ith 0.50 M NaOH, 0.50 M HNO3 and 0.05 M KIO3 in 2.0 M HCl. The

esults show that only 0.50 M HNO3, with higher than 80% sorption
fter the fifth sorption/elution cycle, can be used if the sorbents are
o be reused. On the other hand, 0.50 M NaOH and 0.05 M KIO3 in
.0 M HCl can be used only once because of the degradation of the
urface functional groups. Nevertheless, these eluents can be used
or As(III) and As(V) in many applications where the reusability of
he sorbent is not of concern.

.5. Method validation

As can be deduced from both the sorption and the desorp-
ion results, the bifunctional (NH2 + SH)silica is advantageous over
he mono-functionalized (NH2)silica and (SH)silica, and also the

echanically mixed (NH2)silica + (SH)silica. It offers better sorp-
ion features for both As(III) and As(V) compared to the other
orbents. For this reason, the accuracy of the method was inves-
igated through the analysis of a standard reference material
sing (NH2 + SH)silica as the sorbent. The result obtained with the
roposed methodology was 27.53 ± 0.37 �g L−1 which is in good
greement with the certified value of arsenic in the SRM (NIST
640, 26.67 �g L−1). In addition, a spike recovery test was applied
o drinking water to further test the validity of the method. The
ercent recovery values given in Table 5 indicate that the proposed
ethodology is practical to use with ultrapure and drinking water

s well as SRM with the percentage recovery values of 93.0 (±2.3),
6.9 (±1.2) and 103.2 (±1.4), respectively.

. Conclusions

Modification of silica surface was successively achieved with
mine and/or mercapto groups using the functional silanes APTES
nd/or MPTMS, respectively. The prepared sorbents were used for
orption of As(III) and As(V), and the sorption results demonstrated
he high specificity of the sorbents. For example, mercapto-
unctionalized (SH)silica shows selectivity only to As(III) and
etains the species quantitatively at the pH of 1.0 and 9.0. The
echanism of sorption can be attributed to the chelate forma-

ion between the arsenite ions in the solution and the mercapto
unctional groups on the silica surface. Amine-functionalized
NH2)silica, on the other hand, displays sorption towards only As(V)

t pH 3.0, due to electrostatic attraction between the protonated
mine groups of the sorbent and H2AsO4

− ion which is the predom-
nant species in the solution at this pH. The strong dependence of
he sorption of (NH2)silica on the solution pH necessitates the use

[
[

[

(2011) 1517–1525

of a buffer to fix the pH at 3.0 to prevent the possible increase of
the pH to higher values where no sorption of As(V) occurs. Bifunc-
tional (NH2 + SH)silica has shown superior sorption performance
compared to the mono-functionalized sorbents in terms of solu-
tion pH, sorbent amount, reaction time, reaction temperature, and
batch-to-batch reproducibility. Bifunctional (NH2 + SH)silica makes
the speciation of As(III) and As(V) possible by enabling the sorp-
tion of both As(III) and As(V) species at pH 3.0 and only As(III) at
pH 1.0 or any pH higher than 4.0. As(V) can then be determined
from the difference. Eluents, such as 0.05 M KIO3 in 2.0 M HCl and
1.0% (w/w) l-cysteine can be used for the desorption of As(III) and
As(V), respectively. However, simultaneous quantitative desorp-
tion of both As(III) and As(V) can only be achieved using 0.5 M
NaOH, bearing in mind that this eluent restricts the use of the
silica-based sorbents to only once.

The advantageous sorption results obtained for As(III)/As(V)
speciation have boosted further research on the application of the
bifunctional sorbent to similar species which will be the topic of
further studies.
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32] E. Boyacı, A.E. Eroğlu, T. Shahwan, Talanta 80 (2010) 1452–1460.

33] X.D. Liu, S. Tokura, M. Haruki, N. Nishi, N. Sakairi, Carbohydr. Polym. 49 (2002)

103–108.
34] L.N.H. Arakaki, C. Airoldi, Polyhedron 19 (2000) 367–373.
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