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removal of arsenate by hydrous
cerium oxide–graphene composite†

Ling Yu,a Ying Ma,b Choon Nam Ong,a Jianping Xieb and Yanbiao Liu*a

Arsenic contamination has posed a health risk to millions of people around the world. In this study, a novel

adsorbent, hydrous cerium oxide modified graphene (GNP-HCO), was synthesized for arsenic removal

from aqueous solution. In the kinetics study, >88% of the equilibrium adsorption capacity of arsenate

(As(V)) can be achieved within the initial 20 min. Such a rapid adsorption rate showed its promising

potential towards actual application. The experimental data was better described by the Langmuir

isotherm model, and the maximum adsorption capacities were 62.33 and 41.31 mg-As g�1 at pH 4.0 and

7.0, respectively, which are much higher than many modified carbon-based adsorbents previously

reported. Phosphate appeared to be the most severe competitive interferent on arsenic adsorption.

Furthermore, the adsorptive removal of arsenic from surface water matrix was also evaluated and the

results demonstrated that only 15 mg L�1 adsorbent was required to reduce the arsenic concentration

from 100 mg L�1 to <10 mg L�1. X-ray photoelectron spectroscopy (XPS) analysis indicated that the major

chemical state of cerium (Ce) element in the adsorbent was +IV and the hydroxyl group might be

involved in the adsorption process.
Introduction

Arsenic contamination in natural surface water and ground
water can lead to severe human health effects. It is estimated
that over 137 million people in more than 70 countries are
facing the risk of arsenic contamination of drinking water.1 It
has been reported that several types of cancers may be caused by
long-term exposure to arsenic.2On the basis of arsenic's toxicity,
the World Health Organization (WHO) and U.S. Environmental
Protection Agency (USEPA) have set a maximum contaminant
level (MCL) of arsenic in drinking water as 10 mg L�1. Various
treatment technologies, including chemical precipitation,3 ion
exchange,4 biological processes,5 physical adsorption,6 and
membrane processes,7 have been applied to remove arsenic
from aqueous solution. Among them, the adsorption process
was considered to be one of the most promising technologies
due to its ease in operation, cost-effectiveness and environ-
mental friendliness.

Till now, a wide range of adsorbents such as zero-valent
iron,8,9 activated carbon or its modied materials,10 metal
oxides (e.g. Fe3O4,11 MnO2,12 CeO2,13 TiO2,14 and ZrO2 (ref. 15)) as
well as industrial/agriculture wastes16 have been extensively
National University of Singapore, 5A

apore. E-mail: eriliuyb@nus.edu.sg; Fax:

lar Engineering, National University of

tion (ESI) available. See DOI:

hemistry 2015
explored towards arsenic removal. Of these adsorbents, metal
oxides especially rare earth metal oxides have attracted much
attention due to their excellent adsorption performance in
removing anionic contaminants (e.g. arsenic). An ideal arsenic
adsorbent should possess several advantages such as rapid
adsorption kinetics, high adsorption capacity, excellent stability
and strong affinity towards arsenic. Nevertheless, despite
signicant progress in the arsenic adsorption achieved to date,
there are still some practical limitations to be addressed.

To overcome these limitations, researchers have been trying
to develop composite adsorbents to combine the advantages of
both.17 For example, metal oxides have been impregnated onto
the surface of other porous carbon materials, such as activated
carbon, for adsorptive removal of various organic compounds
from water.18–20 It hence can be envisaged that composite
adsorbent could combine the advantages of the carbon mate-
rials with high specic surface and suitable metal oxides with
high affinity to arsenic.

Graphene, a 2D one-atom-thick layer of graphite, has
attracted much attention recently due to its amazing proper-
ties.21,22 It has been widely used in organic pollutants
removal,23,24 energy storage devices,25 exible transparent elec-
trodes,26 solar cells,27 and electronics and optoelectronics.28

However, less attention has been paid to the adsorptive removal
of inorganic pollutants such as arsenic by graphene or
graphene-based composites. In this study, a novel and high-
performance hydrous cerium oxide (HCO) modied graphene
nanoplatelets (GNP) composite was developed to address the
key limitations of slow adsorption kinetics for arsenic removal.
RSC Adv., 2015, 5, 64983–64990 | 64983
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Over here, a facile wet-chemistry route was used to coat HCO
onto the GNP surface. Various advanced characterization tech-
niques (e.g. FESEM, EDS, and XPS) were adopted to study the
morphological and compositional information of the as-
synthesized adsorbents. Adsorption kinetics and isotherm
studies were comparatively conducted and the effect of solution
pH, natural organic matter (NOM) and competitive anions on
the adsorption performance were systematically studied. The
adsorptive removal of arsenic in surface water samples was
carried out as well to further validate the effectiveness of the
adsorbent, and the possible mechanisms involved were
discussed.

Material and methods
Materials

The chemicals including Ce(NO3)3$6H2O, Na2HAsO4$7H2O,
Na2SO4, NaHCO3, NaF, KH2PO4, NaOH, HNO3 and ethanol were
of analytical grade and purchased from Sigma-Aldrich (St.
Louis, MO) without further purication. Humic acid (HA) used
to represent typical natural organic matter (NOM) in this study
was purchased from Sigma-Aldrich (Product Number: H16752).
C-grade graphene nanoplatelets (GNP) were purchased from XG
Sciences (Lansing, MI). The stock solution of arsenate was
prepared by dissolving a certain amount of Na2HAsO4$7H2O
into deionized (DI) water and the working solutions were
obtained by freshly diluting the arsenic stock solution with DI
water.

Preparation of GNP–HCO composite

A certain amount of GNP was dispersed at a concentration of 0.5
mg mL�1 into ethanol by ultrasonication for at least 30 min.
Ce(NO3)3 was then added into the solution to bring a concen-
tration of cerium to 0.01 M and stirred at 700 rpm overnight.
Thereaer, 0.5 M NaOH/ethanol solution was added dropwise
into the solution under continuous stirring until pH¼ 10� 0.1.
Finally, the formed particles were collected, washed sequen-
tially by DI water and ethanol for several times, and then dried
in the oven for 12 h at 70 �C. As a comparison, the HCO was
synthesized via a similar route without the addition of GNP.

Characterizations of adsorbent

Morphology and elemental analysis. The surface
morphology of adsorbent was studied using a eld emission
scanning electron microscope (FESEM) (JSM6700F, JEQ, Japan)
equipped with an energy dispersive X-ray spectroscopy (EDX,
JEOL JED 2300). The samples were rst coated with a thin lm
of platinum on the surface for electrical conductive purpose.
The morphology of the adsorbents was further analyzed by the
transmission electron microscopy (TEM) (JEOL JEM-2100).

Determination of point of zero charge. The point of zero
charge (pHPZC) was estimated by the pH dri method.29 The
adsorbent was rst suspended in 0.01 M NaNO3 for 24 h, aer
which the pH change became insignicant. 50 mL suspension
was then adjusted to a series of pH values using either NaOH or
HNO3 solution. Aer agitation for 60 min to achieve
64984 | RSC Adv., 2015, 5, 64983–64990
equilibrium, the initial pH was measured; then 1.5 g NaNO3 was
added to each suspension solution to bring nal electrolyte
concentration to approximately 0.45 M. Aer another 3 h, the
nal pH was measured. The results, plotted as DpH (nal pH �
initial pH) against nal pH, yielded the pHPZC as the pH at
which DpH equals to 0.

Adsorption experiment

Adsorption kinetics. The adsorption kinetics experiment was
carried out at initial arsenic concentration ([As]0) of 10 mg L�1

and the adsorbent dosage (m) of 0.1 g L�1. The solution pH
value was controlled at 4.0 during the adsorption process. The
samples were taken at different time intervals and the experi-
ments were completed in at least duplicate. The mean values
were present and used for modelling study. Aer ltering with
0.45 mm cellulose membrane (Whatman, Sigma-Aldrich), the
arsenic concentration was measured by an inductively coupled
plasma optical emission spectrometer (ICP-OES, Perkin-Elmer
Optima 3000).

Inuence of pH and competitive factors. The experiment on
pH effect was conducted with an initial arsenic concentration of
10 mg L�1, and solution pH values were adjusted from 3 to 10 by
adding a certain amount of HNO3 and/or NaOH. The adsorption
experiment was conducted at room temperature (T ¼ 25 � 1 �C)
for 12 h. Other procedures were the same as that of kinetics
experiment.

The presence of competitive factors such as HA, NaF, Na2SO4,
NaHCO3 or KH2PO4 in the water may affect the adsorption
performance as well. These substances were respectively added
into the arsenic solution to study their inuence on the arsenic
uptake. The procedures were the same as that used in the pH
effect study, except that the pH was xed at 4.0.

Adsorption isotherm. Experiments for studying arsenic
adsorption isotherm were conducted at room temperature and
pH 4.0 and 7.0 by following the kinetics procedures. 0.01 g
adsorbent was added to 100 mL arsenic solution with concen-
trations ranging from 1 to 80 mg L�1.

Performance in surface water. To evaluate the arsenic
removal performance in surface water, the Singapore reservoir
water was employed (the water characteristics can be found in
Table S1†) to study the removal efficiency of arsenic under
different adsorbent dosages. In the experiment, Na2HAsO4 was
spiked into the water sample so that the concentration of 100
mg-As L�1 can be obtained, which represents a typical situation
of arsenic contaminated surface water. Aer adsorption with
various amounts of adsorbent, the removal efficiency of arsenic
was measured with ICP-OES.

XPS analysis

The surface of adsorbents before and aer arsenic adsorption
was analyzed by an X-ray photoelectron spectroscopy (XPS)
(Kratos AXIS UltraDLD, Kratos Analytical Ltd). The XPS results
were collected in binding energy forms and tted using a non-
linear least-square curve tting program (XPSPEAK41 So-
ware). To compensate for the charging effect, all spectra were
calibrated with graphitic carbon as reference at a binding
This journal is © The Royal Society of Chemistry 2015
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energy of 284.8 eV. For the elements of cerium and oxygen, the
spectra were deconvolved with the subtraction of a linear
background and a Gaussian (20%)–Lorentzian (80%) mixed
function.
Fig. 2 TEM images of the GNP-HCO adsorbent before (a) and after (b)
As-loaded.
Results and discussion
Characterizations of adsorbent

The surface morphology and element distribution of the as-
synthesized GNP-HCO adsorbent were characterized by
FESEM (inset) and EDS analysis, as displayed in Fig. 1a. The
aggregation of the GNP-HCO particles was observed because the
heat drying was applied into the synthesis process of adsor-
bents. It is evident that a dense particle layer was formed on the
surface of GNP, which consisted nano-sized spherical particles
(Fig. S1†). On the basis of the EDS spectrum, cerium (Ce)
element can be detected from the GNP-HCO adsorbent, which
indicates that HCO has been successfully coated on the surface
of GNP.

The value of point of zero charge (pHPZC) of the adsorbent is
determined to be approximately 6.0 (Fig. 1b). The surface
charge of the adsorbent highly depends on the solution pH.
When the solution pH is above its pHPZC, negative charges can
be readily formed on the surface of the adsorbent, which is
unfavorable for the uptake of anion because of the enhanced
electrostatic repulsion between the adsorbent surface and the
target anions. In contrast, the adsorbent would be positively
charged at pH < pHPZC, which is favorable for the efficient
arsenic uptake.
Fig. 1 Characterization of the GNP-HCO adsorbent: (a) FESEM (inset)
and EDS analysis; (b) point of zero charge.

This journal is © The Royal Society of Chemistry 2015
TEM analysis was further conducted to examine the change
of the morphology of the GNP-HCO adsorbent before and aer
arsenic loading, as shown in Fig. 2. It is clearly seen that the
highly transparent carbon sheet is decorated randomly by the
deep-coloured particles with the size of �10 nm, indicating that
the nano-sized HCO particles have been uniformly loaded on
the surface of the GNP. Aer the adsorption, there is no obvious
change in the structure of the GNP-HCO adsorbent. The highly
dispersed nanoparticles on the thin GNP layer would be bene-
cial for the adsorption process compared to the pure HCO
particle. As well known, the aggregation phenomenon widely
occurs in the preparation of metal oxide nanoparticles due to
their high surface energy.
Adsorption kinetics

An extremely rapid adsorption behavior of arsenate onto the
GNP-HCO adsorbent can be observed in Fig. 3. About 88.3% of
equilibrium adsorption capacity of GNP-HCO can even be ach-
ieved within the rst 20 min, with an initial arsenate concen-
tration of 10 mg L�1. This nding is attractive for actual
application because rapid adsorption rate at solid–solution
interface may signicantly reduce the required retention time
in adsorption module as well as the cost of construction and
operation.
Fig. 3 Adsorption kinetics of arsenate. [As(V)]0 ¼ 10 mg L�1, m ¼ 0.1 g
L�1, and pH ¼ 4.0.

RSC Adv., 2015, 5, 64983–64990 | 64985
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It is also worthwhile to note that adsorption rate of GNP-
HCO is much higher than that of HCO and other reported
adsorbents, according to the rate constant (k1 or k2) obtained
from themodels.30–32 The equilibrium adsorption of arsenate on
GNP-HCO can be achieved within 2 h, while it takes more than 8
h for HCO alone. This may be due to the planar sheet structure
and high surface area of GNP favors the diffusion of arsenate
towards the active sites of HCO.

To better understand the adsorption mechanism, two
empirical adsorption reaction models of pseudo-rst-order
model and pseudo-second-order model were applied to simu-
late the adsorption process.33 The pseudo-rst-order model is
generally expressed as:

lnðqe � qtÞ ¼ lnqe � k1t (1)

The pseudo-second-order model is based on the assumption
that the rate of occupation of adsorption sites is proportional to
the square of the number of unoccupied sites and can be
described as:

t

qt
¼ 1

k2qe2
þ t

qe
(2)

where qe and qt are the amount of arsenate adsorbed by
adsorbent at equilibrium and time t (mg g�1), k1 (h

�1) and k2 (g
mg�1 h�1) is, respectively, the equilibrium constant of the
pseudo-rst and pseudo-second models, and t is the adsorption
time (h).

The tting parameters obtained from the kinetic models
were summarized in Table 1. The experimental data can be
better described by the pseudo-second-order model with a
higher value of correlation coefficient (r2 ¼ 0.97). This indicates
the adsorption process could be due to chemisorption.
Adsorption equilibrium

pH effect. The effect of solution pH on the removal of arse-
nate was experimentally examined in the pH range of 3.0–10.0.
As shown in Fig. 4a, the uptake of arsenate on the GNP-HCO is
slightly enhanced when solution pH increases from 3.0 to 4.0,
and the maximum adsorption capacity of 61.03 mg-As g�1 is
obtained at pH 4.0. The adsorption of arsenate onto the GNP-
HCO drops when the solution pH increases further. Note that
the adsorption capacity of 45.42 mg-As g�1 is still obtained at
neutral condition. In contrast, nearly negligible adsorption of
arsenate (around 1 mg-As g�1) was observed for the pristine
Table 1 Parameters of pseudo-first and -second order equations
([As]0 ¼ 10 mg L�1)

Adsorbent

Pseudo-rst-order Pseudo-second-order

qe
(mg g�1)

k1
(h�1) r2

qe
(mg g�1)

k2
(g mg�1 h�1) r2

GNP-HCO 57.17 40.87 0.89 58.96 1.019 0.97
HCO 72.38 3.60 0.92 77.75 0.066 0.98

64986 | RSC Adv., 2015, 5, 64983–64990
GNP. As expressed in section Introduction, the GNP is more
effective to remove organic pollutants from water and the
loaded HCO nano-sized particles should be responsible for the
highly efficient uptake of arsenate.

Based on the modeling result from MINEQL, H2AsO4
� and

HAsO4
2� are the dominant arsenate species in pH ranging from

3 to 10. The electrostatic interaction between the active sites on
the adsorbent and arsenate may play an important role in the
adsorption process. Since the pHPZC of the adsorbent is deter-
mined to be�6.0 (shown in Fig. 1b), stronger protonation of the
functional groups on the surface of adsorbent can be achieved
at pH < 6.0, leading to enhanced electrostatic attraction between
the positively charged active sites of the adsorbent and the
negatively charged arsenate. However, the surface of the
adsorbent becomes negative at pH > 6.0 and, hence, the elec-
trostatic repulsion effect would signicantly hinder the uptake
of arsenate. Furthermore, more OH� species are likely to
present in the solution with the increase in solution pH and
thus compete with arsenic towards the active sites of adsorbent.

Effect of competitive factors. Since competitive anions such
as bicarbonate, sulfate, phosphate uoride, and natural organic
matter (NOM) generally co-exist in natural water and ground-
water, it is important to investigate the effects of their presence
on arsenate adsorption. In this study, humic acid (HA) was
Fig. 4 Effects of solution pH (a) and co-existing anions and humic acid
(b) on the arsenate adsorption: [As(V)]0 ¼ 10 mg L�1, m ¼ 0.1 g L�1, pH
¼ 4.0 for (b), t ¼ 12 h, T ¼ 25 � 1 �C.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Adsorption isotherms of arsenate on the adsorbent: (a) pH ¼
4.0; (b) pH ¼ 7.0. m ¼ 0.1 g L�1, t ¼ 12 h, T ¼ 25 � 1 �C.
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chosen as a representative of NOM due to the prevalence of
humic-like substances in surface waters and wastewater
effluent. As shown in Fig. 4b, the presence of these competitive
anions and HA has shown certain interferences on the arsenate
adsorption. For example, the qe at the presence of 1 mg L�1 and
10 mg L�1 HA was decreased by 7–18% in comparison with that
obtained at their absence. Especially, a seriously negative effect
on the adsorption of arsenate was observed in the presence of
phosphate in solution. Similar adsorption behaviors of phos-
phate and arsenate may be due to the fact that they are both in
the form of triprotic acid, and with similar ionization
constants.32 Many previous studies have reported the strong
competition between arsenate and phosphate during the
adsorption process.34–37 However, it is noted that in the present
study, when the concentration of phosphate in solution reaches
1 mM, nearly ten times of arsenate concentration (0.13 mM), an
adsorption capacity of 16.47 mg-As g�1 can still be obtained.

Adsorption isotherm. The adsorption isotherm was con-
ducted at pH 4.0 and 7.0, and the modelling results from both
Langmuir and Freundlich are shown in Fig. 5, and the related
parameters are summarized in Table 2. Langmuir equation
seems to work better in the description of experimental data.
This further indicates that arsenate uptake is mainly controlled
by a monolayer adsorption process.38,39 The maximum adsorp-
tion capacities of arsenate calculated by the Langmuir model
are 62.33 and 41.31 mg-As g�1 under pH 4.0 and 7.0, respec-
tively. As shown by a control adsorption experiment, there is no
obvious adsorption of arsenic observed on virgin GNP (<0.5 mg-
As g�1). Thus, the promising adsorption capacity of GNP-HCO
adsorbent could be mainly attributed to the loading of the
HCO. It is worthwhile to note that the effluent concentration of
arsenate would meet the guideline of arsenic in drinking water
(i.e. 10 mg L�1) with an initial arsenate concentration of below 2
mg L�1 at neutral pH condition. The excellent performance on
the removal of arsenate further indicates its promising poten-
tial for the treatment of arsenic-contaminated drinking water.
Aer the adsorption completed, the spent adsorbent was tried
to be regenerated by soaking into strong base solution (0.1 M
NaOH) for 1 h. However, the adsorption capacity of reused
adsorbent was found much less than that of fresh adsorbent,
e.g. the qe has decreased by 72% (rst time) and 84% (second
time) aer regenerated and reused, as displayed in Fig. S3.† The
reason for this could be mainly due to the strong affinity of
arsenate towards the adsorbent that cannot be easily desorbed
and hence the available adsorption sites cannot be fully recov-
ered. This assumption was also supported by the pH effect
study. As shown in Fig. 4a, the adsorption capacities of 24.19
and 18.37 mg-As g�1 can be still achieved at pH 9 and pH 10,
respectively, which could further conrm the formation of the
strong bond between arsenate and the adsorbent. On the other
hand, the strong combination of arsenic with the adsorbent
could avoid the secondary release of arsenate to water body and
good for the practical applications. Also, the agglomeration
among the GNP scaffolds caused by the strong p–p interaction
may inevitably sacrice some active adsorption sites. Hence,
more efforts should be devoted to develop other more effective
approaches to recover the adsorption ability of the promising
This journal is © The Royal Society of Chemistry 2015
adsorbent. Moreover, a comparison of the qmax for arsenate
between the as-synthesized GNP-HCO adsorbent and some
previously reported carbon based adsorbents are summarized
in Table 3. The results demonstrate that the GNP-HCO adsor-
bent shows much better performance than most previously
reported adsorbents, including some modied graphene
materials.

Performance in surface water. To further explore the
potential of the adsorbent in the treatment of arsenic-
contaminated surface water, reservoir water was employed to
study the arsenate removal under different adsorbent dosages.
In the experiment, certain Na2HAsO4 was spiked into the water
samples so that a concentration of 100 mg-As L�1 can be
obtained, which represents a typical concentration of natural
water in the risk of arsenic around the world.

As shown in Fig. 6, the arsenate can be effectively removed
from reservoir water with relatively low adsorbent dosage, and
the removal efficiency increases with the adsorbent dosage. For
example, at an adsorbent dosage of 15 mg L�1, the arsenate
concentration in effluent can be lower than 10 mg L�1, which
meets the maximum contaminant level for arsenic in drinking
water, and with a corresponding adsorption capacity of 6.4 mg-
As g�1. Therefore, the GNP-HCO adsorbent exhibits very high
practical application potential in the arsenate removal from
surface water.
RSC Adv., 2015, 5, 64983–64990 | 64987
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Table 2 Langmuir and Freundlich isotherms for arsenate adsorption

pH

Langmuir isotherm Freundlich isotherm

qmax (mg g�1) B (L mg�1) r2 Kf (L g�1) n r2

4.0 62.33 110.80 0.978 51.44 13.00 0.941
7.0 41.31 78.20 0.970 34.76 6.106 0.795

Fig. 6 Arsenate concentrations and removal efficiency of reservoir
water sample as a function of adsorbent dosages. [As]0 ¼ 100 mg L�1,
pH ¼ 6.78.
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XPS analysis

The adsorption mechanism of arsenate onto GNP-HCO adsor-
bent was further studied by the XPS analysis. The XPS wide scan
spectra of both virgin and As-loaded adsorbents are shown in
Fig. S2.† The appearance of characteristic peaks of arsenic
includes As 3d, As 3s and As LMM aer the adsorption, indi-
cating that arsenate has been successfully adsorbed. Further-
more, the peaks of Ce 4d, Ce MN and Ce 3d are also detected on
the surface of both virgin and As-loaded adsorbents.

As shown in Fig. 7, the high-resolution XPS spectra of Ce 3d
before and aer arsenate adsorption mainly consist of the spin-
orbit splitting of Ce 3d5/2 and Ce 3d3/2. Each separated peak is
further divided into three component peaks due to a redistri-
bution of the entire energy spectrum. The complex XPS spectra
of Ce 3d were tted by soware to determine the chemical state
of cerium element on the adsorbent according to the method
described by Preisler et al.48 Six tting peaks labeled as blue
color are determined as characteristic of Ce(IV), while other two
peaks with red color are assigned to the presence of Ce(III).
Therefore, the major chemical state of cerium element on the
adsorbent is identied as +IV, which may be due to the occur-
rence of oxidation reaction during the adsorbent preparation.

As shown in Fig. 8, the high resolution scan of O1s spectra of
the adsorbents can be divided into metal oxide (M-O), metal-
hydroxyl (M-OH) and adsorbed water (H2O) with the binding
energies of 529.68, 531.44 and 532.87 eV (for virgin adsorbent)
and 529.77, 531.07 and 532.23 eV (for As-loaded adsorbent),
respectively.49–52 Aer the adsorption, a new component peak
with binding energy of 533.57 eV can be attributed to arsenic–
oxygen (As–O) bond. Aer the adsorption, the relative area ratio
for the component peak of M-O increases from 32.20% to
Table 3 Comparison of maximum adsorption capacities for different ad

Adsorbent
Initial As conc.
(mg L�1)

Adso
(g L�

Iron hydroxide modied AC 0–1.5 0.75
Manganese-modied ACF 1.4–80 0.80
Fe3O4-MWNTs based electrodes 200–400 0.08
Fe3O4–graphene–MnO2 composites 0.01–10 0.50
Cu2O-reduced graphene oxide 0.25–2 0.09
Magnetite-reduced graphitic oxide 3–7 0.2
Magnetic graphene oxide 10–60 0.4
TiO2-coated CNT lter 0.1–10 0.31
Zirconium dioxide impregnated GAC 0–0.12 0.03
Zero-valent iron modied AC 2 0.5–
GNP-HCO 1–80 0.1

64988 | RSC Adv., 2015, 5, 64983–64990
46.12%, while the relative area ratios for the peaks due to M-OH
and H2O decrease from 34.33% to 27.75% and 33.47% to
16.72%, respectively. The signicant decrease in the area ratio
of M-OH group indicates that –OH groups on the surface of the
adsorbent may play a certain role for the arsenate adsorption.

The atomic ratios of Ce, O and As in the adsorbents before
and aer adsorption are listed in Table S2.† The atomic faction
of the arsenic is increased from 0% to 2.95% aer adsorption
process. This indicates that the arsenic can be adsorbed onto
the GNP-HCO adsorbent. Meanwhile, the atomic fraction of O
decreases remarkably from 77.52% to 65.40% aer the
adsorption. This change further supports the involvement of
hydroxyl group in the adsorption process.

Based on the previous results and analysis, the hydroxyl
groups of HCO play a signicant role in the arsenic removal,
and a possible adsorption mechanism of GNP-HCO was
proposed, as display in Fig. 9. TheM-OH group on the surface of
the adsorbent may be protonated at acidic condition which
causes an enhanced electrostatic attraction between arsenate
and active sites, followed by the occurrence of binding of
arsenate on the active sites, and then displaced from the metal
sorbents

rbent dosage
1)

Max. As(V) adsorption capacity
(mg g�1) Ref.

1.25 40
23.77 41
53 42
12.22 30
4.807 43
5.83 31

59.6 44
14.1 45
8.95 46

6 12.02 47
62.33 This study

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 XPS spectra of O 1s of the adsorbents: (a) virgin adsorbent; (b)
As-loaded adsorbent.

Fig. 9 Schematic diagram of adsorption mechanism of arsenate onto
GNP-HCO.

Fig. 7 XPS spectra of Ce 3d of the adsorbents: (a) virgin adsorbent; (b)
As-loaded adsorbent.
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binding sites. It is found that the positively charged group is
much easier to be substituted than the neutral group which is
more favorable to the ligand exchange process.53 With the
increase in solution pH, more hydroxyl groups will be present
leading to a stronger competition for the active sites. In parallel,
the surface charge of the adsorbent would become more nega-
tive and the strong electrostatic repulsion between the active
sites and arsenic species would thus hinder the ligands
exchange and nally reduce the adsorption capacity.
This journal is © The Royal Society of Chemistry 2015
Conclusions

Hydrous cerium oxide modied graphene was prepared for the
removal of arsenic from aqueous solution. The rapid adsorption
kinetics and excellent adsorbing capability of GNP-HCO
adsorbent provide convincing evidence for its potential use in
the treatment of arsenic-contaminated water.
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