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Since As(V) and As(III) usually occur in groundwater simultaneously, the synthesis of novel adsorbents
for both As(V) and As(III) removal is attractive. In this paper, a Ce–Ti hybrid oxide adsorbent with high
sorption capacities for As(V) and As(III) was successfully prepared using a two-step reaction. Environ-
mental scanning electron microscopy (ESEM) revealed that the Ce–Ti oxide adsorbent was composed of
nanoparticles in the size range of 100–200 nm. Sorption isotherms show that the powdered adsorbent
e–Ti oxide adsorbent
orption capacity
orption mechanism
s(V)
s(III)

had high sorption capacity up to 7.5 mg/g for As(V) and 6.8 mg/g for As(III) at the equilibrium arsenic con-
centration of 10 �g/L, higher than most reported adsorbents. The optimum adsorption capacity on the
adsorbent was achieved at pH below 7 for As(V) and at neutral pH for As(III). Fourier transform infrared
(FTIR) analysis indicated that the hydroxyl groups on the adsorbent surface were involved in arsenic
adsorption, while X-ray photoelectron spectroscopy (XPS) provided further evidence for the involve-
ment of hydroxyl groups in the sorption and the formation of monodentate and bidentate complexes on

the adsorbent surface.

. Introduction

High arsenic concentration in groundwater has become a major
oncern for many years in countries such as Bangladesh, India,
nd China. Adsorption is regarded as one of the most promising
echniques for arsenic removal from water, and many adsorbents
uch as activated alumina, iron (hydr)oxide, Mg–Fe, Mn–Al, and
e–Ce bimetal oxides have been reported to be effective for arsenic
emoval [1–5]. Activated alumina is often used for arsenic removal,
ut has disadvantages including aluminum dissolution, relatively

ow sorption capacity and low optimum pH, which prevent it
rom wide application [1]. In recent years, iron-based adsorbents
ave been developed and used to remove arsenic from water
2–4]. In general, both As(V) and As(III) occur in groundwater, but
ome reported adsorbents are not effective for their simultaneous
emoval, having low sorption capacity for As(III) [6–8]. Therefore,
eveloping effective adsorbents for both As(V) and As(III) removal

rom drinking water is desirable from the viewpoint of actual pol-
ution.

Sorption capacity is one of the important characteristics in the
valuation of adsorbents used in arsenic removal from water. To
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increase the sorption capacity of arsenic, some novel adsorbents
have been prepared including nanocrystalline TiO2 adsorbent pre-
pared by the hydrolysis of titanium salts, which had a higher
sorption capacity for As(V) and As(III) than other conventional
adsorbents [9]. Cumbal and Sengupta reported an iron oxide loaded
resin with a high sorption capacity for As(III) and As(V) [10]. Arsenic
removal using a polymeric ligand exchanger prepared by loading
Cu2+ to commercially available resin also was reported to have
good sorption for As(V) [11]. Previous studies have showed that
the incorporation of La(III), Ce(III) and Mn(IV) into the iron oxide
and waste gels could significantly increase the sorption capacity for
arsenic [12,13]. Although considerable work has been done on the
preparation of aluminum or iron-based bimetal adsorbents, less
is known about TiO2-based adsorbents for arsenic removal. The
incorporation of other metals or organic materials into the lattice
structure of TiO2 might increase arsenic sorption capacity.

Most previous studies have suggested that the sorption mecha-
nism of arsenic on adsorbents occurs through anion exchange, but
experiments and analysis did not provide clear evidence for this
conclusion. Recent analytical techniques such as FTIR, XPS, and
extended X-ray absorption fine structure spectroscopic (EXAFS)
analysis are capable of providing better and quantitative informa-

tion into the sorption mechanism of arsenic [6,7,12]. Goh et al.
reported that Mg/Al layered double hydroxide exhibited enhanced
As(V) removal through anion exchange with possible formation
of outer-sphere complexes and ligand exchange with formation
of inner-sphere complexes [7]. Pena et al. suggested the efficient

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:dengshubo@tsinghua.edu.cn
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emoval of As(V) and As(III) by nanocrystalline TiO2 due to its high
urface area and the presence of high affinity surface hydroxyl
roups through FTIR and EXAFS analysis [14]. However, the sorp-
ion mechanism of arsenic on the modified-TiO2 adsorbent has not
een reported in the literature.

In this study, a novel Ce–Ti hybrid oxide adsorbent with high
orption capacity for both As(V) and As(III) was prepared and used
o remove arsenic from water. Sorption behavior, especially sorp-
ion capacity, was investigated in detail. The adsorbents before and
fter arsenic sorption were characterized by ESEM, FTIR and XPS,
nd the possible sorption mechanisms were discussed.

. Materials and methods

.1. Materials

Chemicals including Ti(SO4)2, polyvinyl alcohol (PVA),
nd Ce(NO3)3·6H2O were purchased from Sigma–Aldrich Co.
000 mg/L of arsenic stock solution was prepared by dissolving
a2HAsO4·7H2O or NaAsO2 in deionized water.

.2. Preparation of the Ce–Ti hybrid adsorbent

A typical synthesis process via hydrolysis and subsequent pre-
ipitation was performed as follows: hydrous TiO2 (TiO2·xH2O)
recipitate was first produced by the hydrolysis of 0.2 M Ti(SO4)2
olution in the presence of 0.16% PVA at 80 ◦C in a thermostatic
ater bath for 2 h, and then Ce(NO3)3 solution was added to reach

.02 M, followed by a pH adjustment to about 8 through the addi-
ion of NaOH solution. The resulting precipitates were filtered and
ashed with deionized water and finally heated in an oven at

0 ◦C until the sample reached constant weight. The dried adsor-
ent was crushed and screened, and the adsorbent particles smaller
han 0.074 mm in diameter were used as powder adsorbent, while
he adsorbent in the size range of 0.28–0.60 mm was defined as
ranular adsorbent. For the control study, pure hydrous TiO2 was
repared by the hydrolysis method, while pure hydrous cerium
xide was obtained by the precipitation method according to the
ame process described above.

.3. Batch sorption experiments

Batch sorption experiments were conducted to examine the
orption kinetics, sorption isotherm, as well as the effect of solution
H on arsenic sorption. All sorption experiments were carried out

n 250 mL flasks, each containing 100 mL As(V) or As(III) solution
y the addition of arsenic stock solution in deionized water. After
he addition of 0.01 g of adsorbent each, the flasks were shaken
nder dark condition in a thermostatic shaker at 150 rpm and 25 ◦C
or 12 h (a kinetic study showing that the sorption equilibrium
f As(V) and As(III) was achieved within 12 h). In the investiga-
ion of sorption isotherms, the initial arsenic concentrations ranged
rom 20 �g/L to 20 mg/L, and pH values were adjusted to 6.5 and
ept constant throughout the sorption experiment by adding HCl
nd NaOH solutions at regular time intervals. The effect of pH on
rsenic sorption was conducted in 5 mg/L As(V) or As(III) solution
t an initial pH ranging from 4 to 10, and the final solution pH was
easured.
After adsorption, the adsorbent was separated from the solution
y filtration through a 0.22 �m membrane, and the residual arsenic
oncentration in the filtrate was measured with an inductively cou-
led plasma optical emission spectrometry (ICP-OES, IRIS Interpid II
SP, USA). If the measured arsenic concentration was below 1 mg/L,
raphite furnace atomic absorption spectroscopy was utilized.
ournal 161 (2010) 106–113 107

2.4. Adsorbent regeneration and reuse

0.01 g adsorbent was added into 100 mL of 5 mg/L As(V) or As(III)
solution at pH 6.5, and the flask was shaken at 150 rpm in a ther-
mostatic shaker at 25 ◦C for 12 h. After adsorption, the As-loaded
adsorbent was filtered and rinsed with water. In the desorption test,
the spent adsorbent was put into 100 mL of 0.5 M NaOH solution
in a 250-mL flask, and the mixture was shaken at 150 rpm at 25 ◦C
for 12 h. After the desorption process, the adsorbent was filtered,
and the arsenic concentration in filtrate was analyzed. The regen-
erated adsorbent was washed with deionized water until neutral
pH was reached, and then the adsorbent was filtered and dried at
50 ◦C for reuse in the next cycle. The adsorption–desorption cycles
were repeated five times, and the sorption capacity for arsenic in
each sorption experiment was calculated.

2.5. Morphology observation

The surface morphology of the granular Ce–Ti adsorbent was
observed using an environmental scanning electron microscope
(FEI Quanta 200 FEG, Netherlands).

2.6. Zeta potential measurement

A 0.1 g portion of the adsorbent before and after arsenic sorp-
tion was placed into 100 mL of deionized water and stirred for 12 h.
The solution pH was adjusted with 0.1 M NaOH or HCl solution
to a desired value. After 1 h of stabilization, the final solution pH
was recorded, and the supernatant was then decanted and used
to conduct zeta potential measurements with a Delsa NanoC Zeta
potential instrument (Beckman Coulter, USA). All data were deter-
mined five times, and the average value was adopted.

2.7. FTIR spectroscopy

The samples of the Ce–Ti adsorbent before and after As(V) and
As(III) sorption were blended with KBr, and then pressed into
disks for FTIR analysis. The spectra were recorded on a FTIR spec-
trophotometer (Nicolet 6700, USA) in the wavenumber range of
400–4000 cm−1 under ambient conditions.

2.8. XPS analysis

The Ce–Ti adsorbent before and after As(V) and As(III) sorption
were analyzed using XPS (PHI Quantera 5300X, Japan) with an Al
K� X-ray source (1486.71 eV of photons) to determine the C, O, Ce,
Ti and As contents on the adsorbent surface. The X-ray source was
run at a reduced power of 150 W, and the pressure in the analysis
chamber was maintained at less than 10−8 Torr during each mea-
surement. All binding energies were referenced to the neutral C1s
peak at 284.8 eV to compensate for surface charge effects. The soft-
ware package XPSpeak 4.1 was used to fit the XPS spectra peaks,
and the full width at half-maximum was maintained constant for
all components in a given spectrum.

3. Results and discussion

3.1. Adsorbent characterization

In the adsorbent preparation experiments, different modified-
TiO2 adsorbents were prepared in the presence of AlCl3, Ce(NO3)3,

FeCl3, Zr(SO4)2, or La(NO3)3, through precipitation or hydrolysis
methods. It was found that the novel Ce–Ti adsorbent obtained by
hydrolysis and subsequent precipitation had the highest sorption
capacity for both As(V) and As(III) among the modified adsorbents.
The preparation of Ce–Ti adsorbent was optimized for Ti/Ce ratio,
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species in solution at different pH values. It is well known that As(V)
mainly exists as its anionic forms within the pH range from 4 to
10 (H2AsO4

− as the main species at pH from 3 to 6, HAsO4
2− and

AsO4
3− as major species at pH above 8), while As(III) is present
Fig. 1. ESEM micrographs of the granular pristine Ce

VA concentration, and drying temperature in our previous study
15]. The adsorbent used in this study was prepared under the opti-

ized conditions shown in Section 2. Due to the presence of PVA,
he granular adsorbent had a strong mechanical strength and could
e directly used in the column study.

The granular Ce–Ti adsorbent was observed by ESEM, and the
icrographs are shown in Fig. 1. As presented in Fig. 1a, the gran-

lar adsorbent had an irregular shape, but the adsorbent surface
as smooth. Fig. 1b shows an enlarged image on the surface of

he granular adsorbent, and the nanoparticles in the size range of
00–200 nm as well as some aggregates were observed. If no PVA
as added in the solution during the adsorbent preparation, the

dsorbent was composed of large particles above 1 �m diameter
15]. Evidently, PVA not only increased the mechanical strength
f the granular adsorbent, but also facilitated the formation of
anoparticles during the hydrolysis process. The specific surface
rea of the Ce–Ti adsorbent was measured to be 137.4 m2/g using
he Brunauer–Emmett–Teller method. The total pore volume was
.267 cm3/g, and the micropore and mesopore surface areas were
0.8 m2/g and 38.2 m2/g respectively, indicating a porous structure

n the Ce–Ti adsorbent. The ESEM-EDX analysis showed that the
i/Ce molar ratio on the adsorbent surface was about 8.6, which
as close to the reactant content in the preparation. The surface

harge and functional groups on the adsorbent were also analyzed
sing zeta potential, FTIR and XPS spectra in the following sections.

In addition, X-ray diffraction analysis showed that no strong
eaks were found in the spectrum, indicating an amorphous phase

n the hybrid adsorbent. It should be noted that the weak crys-
alline phase of the Ce–Ti hybrid adsorbent may be attributed to
he interference of PVA in the preparation and low drying temper-
ture. The high sorption capacity of arsenic on the Ce–Ti adsorbent
ay be related to its amorphous structure and the hydroxyl groups

n the adsorbent surface. Wu et al. also reported that the amor-
hous Fe–Al–Ce adsorbent also had a high sorption capacity for
uoride, but the sorption capacity decreased significantly when this
dsorbent formed a crystalline structure at high calcination tem-
eratures [16]. It has been reported that the adsorption capacity
f As(III) onto the calcined sanding waste decreased at high calci-
ation temperatures due to the decreased surface area and highly
eveloped crystallinity [17].

.2. Effect of solution pH
Fig. 2a shows the effect of equilibrium pH on As(V) and As(III)
orption onto the powder Ce–Ti adsorbent, and their sorption pro-
les are completely different. The adsorbed amount of As(III) on
he adsorbent first increased and then decreased with increasing
olution pH, and the highest sorption capacity of 35.1 mg/g was
ide adsorbent at (a) low and (b) high magnification.

achieved at pH 7.1. The adsorbent had a relatively high sorption
capacity for As(III) in the whole pH range studied. By contrast, the
adsorption capacity of As(V) was high and stable at pH values from
4.1 to 6.8, but decreased rapidly from 39.7 mg/g to 3.5 mg/g when
the solution pH increased from 6.8 to 9.8. It has been reported that
other adsorbents such as TiO2 and Ce–Fe adsorbents also have low
sorption capacities for As(V) under alkaline conditions [18,19].

The different sorption capacities of As(V) and As(III) on the
adsorbent are related to the adsorbent surface charge and arsenic
Fig. 2. Effect of pH on (a) arsenic sorption on the Ce–Ti oxide adsorbent and (b) zeta
potential before and after arsenic sorption.
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ig. 3. Sorption isotherms of As(V) and As(III) on the powder and granular Ce–Ti o
ranular adsorbent, (c) As(III) sorption on powder adsorbent and (d) As(III) sorption

s neutral HAsO2 at pH below 8 and H2AsO3
− becomes dominant

t pH above 9.2 [10]. Solution pH also affects the adsorbent surface
harge. The zeta potentials of the adsorbent as a function of solution
H are shown in Fig. 2b, and it can be seen that the Ce–Ti adsor-
ent has a zero point of zeta potential at pH 6.2, suggesting that
he adsorbent surface is positive at pH below 6.2, and the adsor-
ent is favorable for anionic As(V) removal from water from the
iewpoint of electrostatic attraction. However, the As(V) sorption
n the adsorbent at pH above 6.2 cannot be interpreted via the
lectrostatic interaction since the electrostatic interaction between
he adsorbent and As(V) should be electrically repulsive, and other
nteractions may be involved instead. Similarly, electrostatic attrac-
ion is impossible in As(III) sorption on the adsorbent. At low pH,
ome hydroxyl groups were protonated and were not involved in
he sorption of As(III) on the adsorbent, leading to a lower sorption
apacity for As(III), while the decrease in sorption capacity at high
H was attributed to the electrostatic repulsion between H2AsO3

−

nd an anionic adsorbent surface. However, the adsorbent had high
orption capacity for As(III) over a wide pH range. One possible rea-
on is that the hydroxyl groups on the adsorbent surface played a
ominant role in the sorption process, which will be fully discussed

n Section 3.5.

.3. Sorption capacity

The Ce–Ti hybrid adsorbent used in this study had a sorp-
ion capacity of 41.3 mg/g for As(V) when 0.01 g adsorbent was
dded in 100 mL of 5 mg/L As(V) solution at pH 6 for 12 h. By
ontrast, a pure TiO2 adsorbent was also prepared in the pres-
nce of PVA using the hydrolysis method, and its sorption capacity
or As(V) was only 20.1 mg/g under the same sorption conditions;
he pure cerium oxide adsorbent obtained by the precipitation
ethod had a sorption capacity of 24.9 mg/g. Obviously, the
e–Ti hybrid oxide adsorbent had a much higher sorption capac-

ty than the pure TiO2 and cerium oxide adsorbents, indicating
he synergistic effect of Ti and Ce oxides in the sorption pro-
ess.
dsorbent at pH 6.5. (a) As(V) sorption on powder adsorbent, (b) As(V) sorption on
ranular adsorbent.

Fig. 3 shows the sorption isotherms of As(V) and As(III) on the
powder and granular Ce–Ti oxide adsorbents. It can be seen that the
adsorbent had a high sorption capacity for both As(V) and As(III).
To determine the maximum sorption capacity, the Langmuir model
was used to fit the experimental data. As shown in Fig. 3a–d, this
model successfully described the adsorption of As(V) and As(III)
on the powder and granular adsorbents. The maximum sorption
capacity on the powder adsorbent was 44.9 mg/g for As(V), and
55.3 mg/g for As(III). It is interesting that their sorption isotherms
exhibited different profiles. The maximum sorption capacity of
As(V) on the powder adsorbent was achieved at low equilibrium
concentration, while the adsorbed amount of As(III) increased grad-
ually, and the maximum sorption capacity was not obtained in the
concentration range studied. In addition, the sorption capacity of
As(V) and As(III) on the granular adsorbent was lower than that of
the powder adsorbent.

The maximum sorption capacities of arsenic on the adsorbents
were usually obtained at high arsenic concentration and used to
evaluate the adsorbents [20]. However, the sorption capacity of
arsenic at low equilibrium concentration is extremely important
in actual drinking water treatment since arsenic concentration in
raw groundwater is normally below 100 �g/L and the final arsenic
concentration in drinking water must be below 10 �g/L. Fig. 3
demonstrates the sorption capacity of As(V) and As(III) on the
powder and granular adsorbent at the equilibrium arsenic concen-
tration of 10 �g/L. The sorption capacities of As(V) on the powder
and granular adsorbent were 7.5 mg/g and 2.5 mg/g, respectively.
The sorption capacity for As(III) was about 6.8 mg/g on the powder
adsorbent and 0.9 mg/g on the granular adsorbent.

Table 1 lists the sorption capacities of As(V) and As(III) on the
different adsorbents as reported in the literature. Since the sorption
capacities of arsenic on the reported adsorbents were obtained at

different solution pH and equilibrium concentrations, it is difficult
to make direct comparisons. Activated alumina is the most com-
monly used adsorbent in actual application for arsenic removal,
but its sorption capacity for arsenic is not satisfactory. Iron-based
adsorbents, especially the Fe–Mn and Ce–Fe binary oxides, had
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Table 1
Comparison of adsorption capacity of arsenic on various adsorbents.

Sorbates Adsorbents Equilibrium concentration (mg/L) Solution pH Sorption capacity (mg/g)a Ref.

As(V) Activated alumina 1 7.2 8.8 [1]
Ferric hydroxideb 0.01 6.5 1.1 [3]
Granular ferric hydroxide (GFH)b 0.01 7.0 8 [21]
Fe–Mn binary oxide 1.9 5.0 63.8 [12]
Fe-Ce adsorbent 0.07 5.0 4.5 [18]
ZrO2 sphereb 0.01 6.4 0.8 [22]
Zr-loaded resinb 0.2 4.0 19.5 [23]
Aminated Fibersb 0.01 7.0 1.7 [6]
Red mud 1 3.2 0.35 [24]
Nanocrystalline TiO2 0.15 7.0 11.2 [9]
Powder Ce–Ti sorbent 0.01 6.5 7.5 This study
Granular Ce–Ti sorbent 0.01 6.5 2.5 This study

As(III) Activated aluminab 0.1 7.6 0.08 [25]
Fe–Mn binary oxide 0.75 5.0 73.5 [12]
MnO2-loaded resinb 3 7.0–8.5 26 [26]
Zr-loaded resinb 0.14 9.0 29.2 [22]
Modified bauxiteb 0.13 – 0.37 [27]
Red mud 3 9.5 0.33 [24]
Nanocrystalline TiO2 0.6 7.0 8.3 [9]
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to study surface interactions between adsorbates and adsorbents
in the adsorption process [6,7,28,29]. The interactions between
arsenic and the functional groups on adsorbents can be detected
through the characteristic peak shift and intensity change in the
FTIR and XPS spectra.
Powder Ce–Ti sorbent 0.01
Granular Ce–Ti sorbent 0.01

a Calculated by the isotherm model or evaluated from the sorption isotherms.
b Granular adsorbent.

igher sorption capacities for As(V) and As(III). As shown in Table 1,
he sorption capacity of As(V) and As(III) on the Fe–Mn binary oxide
eached 63.8 mg/g at equilibrium concentration of 1.9 mg/L and
3.5 mg/g at 0.75 mg/L at pH 5, respectively. The granular ferric
ydroxide had a sorption capacity up to 8 mg/g at the equilibrium
rsenate concentration of 10 �g/L. When active components (MnO2
nd Zr(IV)) were loaded onto the porous materials such as acti-
ated carbon and resin, their sorption capacities for arsenic were
nhanced. Although some natural adsorbents such as red mud are
nexpensive, their sorption capacities for arsenic are very low. As
resented in Table 1, the nanocrystalline TiO2 prepared by hydroly-
is had a sorption capacity of 11.2 mg/g for As(V) at the equilibrium
oncentration of 0.15 mg/L and 8.3 mg/g for As(III) at 0.6 mg/L, both
f which are much higher than that of the commercial TiO2 prod-
ct [9]. The Ce–Ti oxide adsorbent prepared in this study possessed
higher sorption capacity for arsenic than the pure TiO2 adsor-

ents. It should be noted that this hybrid adsorbent had a moderate
orption capacity for arsenic at high arsenic concentrations, but
ts sorption capacity at low equilibrium concentrations was much
igher than other adsorbents except for GFH.

.4. Regeneration and reuse

Regeneration of the spent adsorbent plays an important role in
euse of the adsorbent. Experiments were carried out to investigate
he regeneration and reuse of the adsorbent for arsenic removal
n the successive sorption–desorption cycles. HCl, HNO3, NaOH,
a2CO3, and NaCl solutions were used to regenerate the spent
e–Ti hybrid adsorbent in this study, and the preliminary result

ndicated that the 0.5 M NaOH solution was the best eluent for
rsenic desorption from the spent adsorbent in terms of desorp-
ion kinetics and regeneration efficiency. Although the adsorbed
rsenic could be desorbed from the adsorbent using a strong acid
olution, the sorption capacity of arsenic on the regenerated adsor-
ent decreased significantly, indicating that some of the active
omponents were resolved by the acid solution. After the regener-

tion in NaOH solution, the regenerated adsorbent was used in the
ext cycle, and the sorption capacities of the adsorbent for As(III)
nd As(V) in the successive five cycles are shown in Fig. 4. It was
ound that the sorption capacity of As(V) decreased from 40.9 mg/g
o 36.6 mg/g after the first regeneration, and then remained rel-
6.5 6.8 This study
6.5 0.9 This study

atively stable in the following four cycles. The sorption capacity
of As(V) on the regenerated adsorbent was 33.2 mg/g in the fifth
cycle. Similar regeneration efficiency was obtained for the As(III)-
sorbed adsorbent, and the regenerated adsorbent had a sorption
capacity of 25.3 mg/g for As(III) in the fifth cycle. No titanium and
cerium ions were detected in the sorption and desorption process.
The decrease in sorption capacity with cycle number may be due to
the unsuccessful regeneration sites on the adsorbent. Clearly, the
spent adsorbent was successfully regenerated in NaOH solution,
and the Ce–Ti adsorbent had a good sorption capacity for arsenic
in the subsequent cycles. The desorption of arsenic from the spent
adsorbent may be due to the electrostatic repulsion between the
adsorbent and anionic arsenic in NaOH solution.

3.5. Sorption mechanism

FTIR and XPS have been successfully used in previous studies
Fig. 4. Sorption capacity of As(V) and As(III) on the Ce–Ti oxide adsorbent in five
successive adsorption–desorption cycles.
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found that the area ratios of the peaks at 532.4 eV and 533.2 eV
ig. 5. FTIR spectra of the (a) Ce–Ti adsorbent, (b) As(V)-loaded Ce–Ti adsorbent,
nd (c) As(III)-loaded Ce–Ti adsorbent.

Fig. 5 presents the FTIR spectra of the Ce–Ti oxide adsorbent
efore and after As(V) and As(III) adsorption. In the spectrum of
ristine adsorbent, the broad band at 3350 cm−1 is attributed to
he O–H stretching vibration, and the band at 1635 cm−1 can be
ssigned to the bending vibration of H–O–H (water molecule),
ndicating the presence of physisorbed water on the adsorbent
4]. The bands at 2922 cm−1 and 1427 cm−1 are attributed to the

–H stretching and bending vibration, respectively [30], which is
ue to the addition of PVA in the adsorbent. The strong bands at
115 cm−1 and 1060 cm−1 can be assigned to the bending vibration
f hydroxyl group on metal oxides (M–OH) [2]. Because of the pres-

Fig. 6. XPS (a) O1s, (b)Ti 2p, (c) Ce 3d, and (d) As 3d core-level spectra on the Ce–T
ournal 161 (2010) 106–113 111

ence of PVA in the adsorbent, the characteristic peak at 1115 cm−1

may be attributed to the hydroxyl groups in PVA [30]. The broad
band at around 500 cm−1 is characteristic of metal–oxygen vibra-
tion, which is attributed to the groups of Ti–O and Ce–O in the
adsorbent [18,31]. After As(V) and As(III) adsorption, the peak at
3350 cm−1 shifted to 3337 cm−1 and 3336 cm−1, respectively. The
peak at 1060 cm−1 disappeared; the peak at 1115 cm−1 decreased
to 1105 cm−1 for As(V) and As(III), and the peak intensity also
decreased, indicating that the hydroxyl groups on the adsor-
bent surface were involved in the arsenic sorption [2,18]. Some
researchers have also reported that the peak of hydroxyl groups
decreased or disappeared after the sorption arsenic on the Fe–Ce
and Fe–Mn adsorbents [2,32]. The peak at 563 cm−1 attributed to
Ti–O and Ce–O groups decreased to 499 cm−1 after As(V) sorp-
tion and increased to 595 cm−1 after As(III) sorption, suggesting
the change of M–O groups after the sorption. It should be pointed
out that the As–O band at about 800 cm−1 after arsenic sorption
was not clearly observed due to the broad overlapping peaks in
this region.

To obtain further insight into the arsenic sorption on the Ce–Ti
oxide adsorbent, XPS spectra of the adsorbent before and after As(V)
and As(III) sorption at pH 6.5 were analyzed. The O 1s, Ti 2p, Ce
3d and As 3d narrow scans are illustrated in Fig. 6. In the Ce–Ti
adsorbent sample, the O 1s spectrum was divided into four peaks
positioned at 530.1 eV, 531.4 eV, 532.4 eV, and 533.2 eV, which
can be assigned to metal oxide (M–O,), hydroxyl bonded to metal
(M–OH), hydroxyl in PVA (C–OH), and adsorbed H2O in the adsor-
bent (H2O), respectively [2,33,34]. After arsenic sorption, it can be
changed in a minor way, indicating that the hydroxyl in PVA and
adsorbed H2O were not involved in arsenic sorption, but the area
ratio for the peak at 531.4 eV attributed to M–OH decreased from
27.8% to 20.3% and 17.0% after As(V) and As(III) sorption, respec-

i oxide adsorbent surface before and after As(V)/As(III) adsorption at pH 6.5.



112 Z. Li et al. / Chemical Engineering Journal 161 (2010) 106–113

d As(I

t
t
r
H
t
a
o
s
5
s
t
t
m
f
a
h
t
a
t
a
i

a
4
a
t
f
m
l
p
i
f
a
b
o
v
t
p
a
a
p
s
a
f
a
b
c

Fig. 7. Schematic diagram for the possible complexes of As(V) an

ively. By contrast, the area ratio of the peak at 530.1 eV assigned
o M–O increased from 41.1% to 50.3% after As(V) sorption, and
eached 53.8% after As(III) sorption. Since As(V) mainly exists as
2AsO4

− and HAsO4
2−, and As(III) exists as HAsO2 at pH 6.5, one or

wo As–OH groups are present in one arsenic molecule. Therefore,
rsenic adsorption on the adsorbent should increase the area ratio
f M–OH if no hydroxyl groups on the metal oxide disappear in the
orption process. The significant decrease of area ratio of the peak at
31.4 eV suggested that the M–OH groups on the adsorbent surface
urely participated in arsenic sorption, and the hydroxyl groups in
he arsenate and arsenite molecules were also possibly involved in
he sorption. The increase of the area ratio for the peak at 530.1 eV

ay be due to the formation of M–O groups on the adsorbent sur-
ace after arsenic sorption, but the As–O groups in the adsorbed
rsenic species may also cause this increase since the As–O group
as a binding energy at around 530 eV [33]. It is noticeable that
he area ratio changes of the two peaks at 531.4 eV and 530.1 eV
fter As(III) sorption are more obvious than that after As(V) sorp-
ion, possibly attributed to the presence of fewer hydroxyl groups in
rsenite and more M–OH groups on the adsorbent surface involved
n the sorption.

Fig. 6b illustrates the Ti 2p spectra of the adsorbent before and
fter arsenic adsorption, and the binding energies of 458.6 eV and
64.3 eV for Ti 2p in the spectrum of the Ce–Ti adsorbent can be
ttributed to Ti 2p3/2 and Ti 2p1/2, respectively, indicating the exis-
ence of Ti(IV) in TiO2 [34]. After As(V) sorption, the minor peak
or Ti 2p1/2 shifted to lower binding energy and became unsym-

etrical, while the two peaks for Ti 2p3/2 and Ti 2p1/2 moved to
ower binding energies after As(III) sorption, suggesting that the
ossibility that the hydroxyl groups bonded to Ti were involved

n arsenic sorption and the Ti–O groups at low binding energies
ormed. The Ce 3d spectra of the adsorbent before and after arsenic
dsorption were compared in Fig. 6c. Two pairs of spin-orbital dou-
lets corresponding to the Ce 3d3/2 and Ce 3d5/2 contribution were
bserved, and the peak at 916.8 eV corresponding to Ce(IV) was
ery weak, indicating that the dominant chemical state of Ce in
he Ce–Ti adsorbent was Ce(III) because Ce(IV) in CeO2 had three
airs of spin-orbital doublets [2]. The Ce 3d spectra of the adsorbent
fter As(V) and As(III) adsorption showed a small shift at 885.5 eV
nd 904.5 eV, implying that the groups bonded to Ce also partici-
ated in arsenic sorption. The As 3d spectra of the three samples are
hown in Fig. 6d, and the remarkable increase of the arsenic signal

fter sorption verified its successful binding to the adsorbent sur-
ace. Only one peak can be assigned to the spectrum of As-loaded
dsorbent, and the binding energies at 45.3 eV and 44.3 eV should
e ascribed to As(V) and As(III), respectively [35]. This result indi-
ated that As(III) was not oxidized into As(V) during the sorption
II) formed on the Ce–Ti oxide adsorbent (M represents Ce or Ti).

process. Pena et al. reported that As(III) was converted to As(V) in
the presence of sunlight and dissolved oxygen when the naocrys-
talline TiO2 was used as an adsorbent [9], but no oxidation reaction
occurred in our study as the sorption experiments were conducted
under dark conditions.

According to the above zeta potential, FTIR, and XPS analysis,
it can be concluded that the hydroxyl groups on the Ce–Ti oxide
adsorbent surface are responsible for arsenic sorption, and possi-
ble sorption mechanisms are illustrated in Fig. 7. Since the hydroxyl
groups on the adsorbent can be protonated in acidic solution, the
negative arsenate species (H2AsO4

− and HAsO4
2−) can be adsorbed

on the positive sites on the adsorbent via electrostatic attraction.
In consideration of the high sorption capacity of As(V) in acidic
solution and significant decrease of sorption capacity at pH above
6.7 in Fig. 2, electrostatic interaction should play an important
role in As(V) sorption. At the same time, the M–OH groups on the
adsorbent surface are also involved in As(V) sorption via the for-
mation of monodentate and bidentate complexes between As–OH
and M–OH and the corresponding M–O groups formed, which is
consistent with the decrease of M–OH and increase of M–O in
Fig. 6a. In Fig. 2b, the zero points of zeta potential were shifted
to pH 4.4 and pH 4.6 after As(V) and As(III) sorption, respectively,
indicating the formation of inner-sphere complexes on the adsor-
bent [36]. Previous studies have shown that activated alumina
and iron oxides adsorbed As(V) through the formation of inner-
sphere surface complexes of monodentate, bidentate mononuclear,
and bidentate binuclear, and that hydroxide groups on the surface
played an important role [2,7]. By contrast, neutral As(III) (HAsO2)
can only adsorb on the Ce–Ti oxide adsorbent via the formation of
monodentate complexes. As some M–OH groups disappeared and
corresponding M–O groups formed after As(III) sorption, no As–OH
groups were introduced on the adsorption sites. This was verified
by the much larger decrease in area ratio for M–OH in O 1s spectra
and the more obvious shift in Ce 3d and Ti 2p spectra in Fig. 6.

4. Conclusions

The prepared Ce–Ti hybrid oxide adsorbent was composed of
nanoparticles in the size range of 100–200 nm, and its main com-
ponents included titanium dioxide, cerium oxide and PVA. The
powder Ce–Ti oxide adsorbent had high sorption capacity up to
7.5 mg/g for As(V) and 6.8 mg/g for As(III) at the equilibrium arsenic

concentration of 10 �g/L, much higher than most adsorbents. The
sorption mechanism of As(V) and As(III) on the Ce–Ti adsorbent was
complex. Electrostatic interaction occurred in As(V) sorption, and
the hydroxyl groups bonded to Ce/ Ti played an important role in
the sorption of As(V) and As(III) via the formation of inner-sphere
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