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A B S T R A C T

Highly concentrated arsenic generated from industrial operation processes has posted a great thrust to humans.
In this study, yttrium-ferric binary composite prepared through a simple co-precipitation method and applied for
removing highly concentrated arsenic from the simulated arsenic-containing water. An optimal molar ratio of Y/
Fe was determined as 8:1, which had a point of zero charge of around 7.0. The yttrium-ferric binary composite
was aggregated by the nano-sized particles. The chemical state of yttrium and iron in the adsorbent was + III.
The maximum adsorption capacities of the adsorbent towards arsenate (As(V)) were 401.8 mg-As/g at pH 4 and
288.7 mg-As/g at pH 7, respectively. A contact time of 8 h was sufficient to achieve 80% of the ultimate removal,
faster than many reported/commercial water treatment materials. The existence of fluoride and phosphate ions
significantly retarded the uptake of arsenic, indicating that likely the adsorbent was capable of adsorbing both
contaminants. The mechanism study with several tools such as X-ray photoelectron spectroscopy (XPS) indicated
that such functional groups as hydroxyl and carbonate groups participated in the As(V) adsorption process via
ligand exchange followed by the inner-sphere complexation.
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1. Introduction

Arsenic is a naturally occurring element and has been regarded as
one of first priority contaminants in drinking water because of its car-
cinogenicity, high toxicity and great bioaccumulation. The maximum
contaminant level (MCL) of arsenic in drinking water was set at 10 μg/L
by the United States Environmental Protection Agency (USEPA) in
2006.

Especially in recent decades, human activities such as liquid-crystal
display (LCD) production, mining, and agricultural work and have
caused arsenic contamination to become a severe environmental pro-
blem. The wastewater from some operational units in above industries
contains extremely high concentrations of arsenic ranging from a few
mg/L to several thousands of mg/L, which is fatal to humans. Arsenic
from such wastewater can enter our water environment if it is not ap-
propriately managed. For example, a location at the Yangzonghai Lake
in China had the arsenic concentration of 23.92 mg/L, which is more
than 23 thousand times higher than the MCL (USEPA) [1]. In addition,
the naturally occurring arsenic in the groundwater in some areas has
posted a notable risk to humans in both developing countries including
Bangladesh, China, India and Vietnam and developed countries such as
Canada and United States.

Adsorption is recognized as the most promising technology among
handful available technologies due to its operation simplicity, great
flexibility, and cost-effectiveness. Therefore, various adsorbents have
been fabricated for removing arsenic from water. However, the tech-
nology in general has several drawbacks including low removal effi-
ciency of available adsorbents and severe interference by complex so-
lution properties (e.g., solution pH and the existence of competitive
anions), which limit its applications in the treatment, in particular for
arsenic-rich wastewater treatment. Thus, more efforts need to be de-
voted to developing more effective and economical adsorbents for ar-
senic removal.

Recently, several adsorbents synthesized from rare-earth metals
have attracted wide attentions because of their excellent performance
on the removal of anionic contaminants [2–4]. Such trivalent rare-earth
elements as zirconium, lanthanum and cerium have been utilized in the
fabrication of adsorbents that are successful in removal of arsenic [5].

Yttrium, an element with the chemistry similar to the aforemen-
tioned, has shown its great application potential on the effective ad-
sorption of arsenic. A basic yttrium carbonate was used for arsenic re-
moval from aqueous solution [6]. Lack of stability at lower pH hindered
its industrial applications, although it worked well in the removal of
both arsenate and arsenite. Developing the yttrium-based adsorbent in
the form of hydroxide would be a better solution for improving its
stability in acidic conditions. The materials synthesized through com-
bining rare-earth metal(s) with relatively abundant and low-cost heavy
metal salts (e.g. iron) can enhance the adsorption performance [4,7].
Meanwhile, the cost of prepared adsorbents can greatly be reduced. A
recently reported magnetic ferrum-yttrium binary oxide can maximally
remove 200 mg of arsenic per gram of adsorbent from water at pH 5
[8].

To promote yttrium-based adsorbents for industrial-scale operations
in treatment of highly As(V)-contaminated water, more R&D work is of
great importance, especially on better adsorption performance at both
acidic and neutral conditions, which is the bottleneck for the efficient
removal of anionic contaminants.

In this study, an optimized yttrium-ferric adsorbent was synthesized
through a facile co-precipitation approach. The field emission scanning
electron microscopy (FESEM) analysis was conducted to observe the
surface morphology of the virgin adsorbent. Several batch adsorption
experiments were carried out to investigate the adsorption kinetics and
isotherm, and the influences of solution pH, ion strength and compe-
titive substances on the uptake. A XPS study on the adsorbent was
conducted so as to reveal the possible adsorption mechanisms.

2. Materials and methods

2.1. Materials

The chemicals used in the fabrication of adsorbent and the ad-
sorption studies were Y(NO3)3·6H2O, Fe(NO3)3·9H2O and
Na2HAsO4·7H2O, which were of reagent grade. These chemicals, the
humic acid sodium salt (HA), the competitive substances, and the
common acid/base used for pH adjustment were all purchased from
Sigma-Aldrich.

The As(V) stock solution of 1000 mg/L was first prepared by dis-
solving Na2HAsO4·7H2O in the DI water. Each working solution was
freshly prepared by diluting the 1000-mg/L As(V) stock solution with
the DI water.

2.2. Adsorbent preparation

The Y-Fe binary oxide adsorbents with different molar ratios of YIII

and FeIII were synthesized. First, Y(NO3)3·6H2O and Fe(NO3)3·9H2O
were dissolved in the DI water under being stirred for 2 h. Afterward, 1-
M NaOH was added dropwise to the mixture until the pH reached 8, at
which the precipitate was formed. The suspension was then sonicated
for 40–60 min and continued to be stirred for another 2 h.

The obtained precipitate was separated by a centrifuge. The parti-
cles (precipitate) were rinsed for 5 times by the DI water, which were
then dried in an oven at 80–90 ℃ overnight. Finally, fine particles
(< 100 μm) after grinding and sieving were used for the adsorption
studies.

The adsorption performances of adsorbents with different Y/Fe
molar ratios were tested first with the result given in Fig. 1. The ad-
sorbent with the Y/Fe molar ratio at 8:1 was finally chosen in sub-
sequent experiments to investigate the adsorption behavior and the
mechanism.

2.3. Characterization of adsorbent

The FESEM (JSM6700 F, JEQ, Japan) was applied to study the
surface morphology of the adsorbent (the sample was coated with a thin
platinum film). The point of zero charge (pHPZC) was measured ac-
cording to the literature summarized as follows [9,10]. The particle was
first added in 0.01-M NaNO3 for 24 h so that the pH became constant.
The NaOH or HNO3 solution was used to adjust the pH of the mixture to
certain values in different containers. After be stirred for 1 h, the initial
pH was measured by a pH meter (Orion Star A211). 1.5-g NaNO3 was
then added to each container to keep the final electrolyte concentration

Fig. 1. Adsorption capacities of Y-Fe binary oxide composites with different
molar ratios of Y/Fe. (m = 0.1 g/L; [As]0 = 50 mg/L; pH = 7.0; contact
time = 48 h).
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at about 0.45 M. The suspension was agitated for another 3 h and the
final pH was measured. The results were processed by plotting ΔpH
(final pH - initial pH) versus final pH. The pHPZC of the adsorbent was
the pH value, where ΔpH equals to 0.

2.4. Adsorption experiments

The arsenic containing water with a concentration as high as
100 mg/L was used to simulate that in such industrial operations as the
LCD production. A study on the adsorption kinetics was conducted in
order to find out the reaction rate and equilibrium time of the ad-
sorption process. The effects of such important chemical parameters of
pH, initial arsenic concentration, existence of competitive substances
and adsorbent dosage on the removal were studied. The experiments
were all conducted on a shaker at 200 rpm at the room temperature.
The concentration of As(V) was measured by an inductively coupled
plasma optical emission spectrometer (ICP-OES, Thermo iCAP 6000).
All the experiments were conducted at least three times and the aver-
aged results are provided in this paper.

The experiment on the adsorption kinetics was carried out with an
initial As(V) concentration ([As]0) of 30 mg/L and the adsorbent dosage
(m) of 0.1 g/L. The solution pH was controlled constantly at 7.0
throughout the course of experiment by adding NaOH or HNO3. The
water samples were collected after being filtered by 0.45 μm Nylon
syringe filters and the concentrations were determined by the ICP-OES.

Two sets of experiments for the pH-effect study were conducted; the
initial As(V) concentration was 50 mg/L and the adsorbent dosage was
0.1 g/L for both sets. In the first set, solution pH values were main-
tained from 2 to 11 respectively throughout the experiment. In the
second set, pH was just initially adjusted at 2 to 11 without further
control during the adsorption process. The solutions of both studies
were stirred for 24 h. The water samples were collected for the ICP-OES
analysis.

An adsorption isotherm experiment was conducted with the initial
As(V) concentration ranging from 1 to 100 mg/L. 0.1-g/L adsorbent
was added to each arsenic solution. The pH was maintained at 7.0
throughout the course of study. Other experimental operation steps
were the same as those of the pH effect experiment.

The natural organic matters, fluoride, sulfate, carbonate and phos-
phate well exist in different types of waters. As such, above substances
were chosen to examine their influences on the As(V) uptake. The so-
lutions were prepared respectively by adding each competitive sub-
stance into As(V) solution. The initial As(V) concentration was 30-mg/
L; the concentrations of other substances were of three levels: 0.1, 1 and
10-mM for fluoride, carbonate, sulfate and phosphate and 1, 5 and 10-
mg/L for HA. Afterward, the 0.1-g/L adsorbent was added into each
solution; the solution pH was maintained at 7.0 during reaction period
of 24 h. Other experimental steps were the same as those of the pH
effect experiment.

Ionic strength may affect adsorption through a few mechanisms. In
the ionic strength effect experiments, different amounts of sodium ni-
trate (as a representation of ionic strength) were added into 30-mg/L As
(V) solutions which has pH adjusted at 7.0 and maintained throughout
this experiment. The adsorbent dosage was 0.1 g/L. The subsequent
steps were the same as the aforementioned.

To better understand the mechanism, an additional adsorption
study was conducted with different dosages of the adsorbent at the
initial As(V) concentration of 100 mg/L. The solution pH was initially
adjusted at 8.0 and not controlled during the experiment. After the
adsorption, the final pH and the concentration of carbonate in solution
were measured by using the pH meter (Mettler Toledo, USA) and the
total organic carbon analyser (Shimadzu TOC-5000, Japan), respec-
tively. The values of inorganic carbon (IC) from the TOC analysis was
used as the concentrations of carbonate. The arsenic concentrations
were measured by the ICP-OES. The relationships between the contents
of hydroxide/carbonate ions released from the adsorbent and those of

As(V) adsorbed were established so as to find the roles of both hydro-
xide and carbonate on the arsenic uptake.

2.5. Spectroscopic analysis

The surface elemental composition of adsorbents was characterized
by XPS (Kratos XPS system-Axis His-165 Ultra, Shimadzu, Japan). The
detection limits were in the range of parts per thousand ranges [11].
The XPS machine is equipped with monochromatized AlKα X-ray
source (1486.71 eV) and works at 150 W, 15 kV, 10 mA and analytical
chamber base pressure of 3 × 10−8 Torr.

The calibration by the reference graphitic carbon at a binding en-
ergy of 284.8 eV was performed for all spectra to compensate for the
charging effect during the analysis. The spectra of yttrium, iron, ar-
senic, carbon and oxygen were further processed by deconvolving with
the subtraction of a linear background and a Gaussian (20%)-
Lorentzian (80%) mixed function.

The high-resolution XPS spectra were processed by the XPSPEAK41
Software, a non-linear least-squares curve fitting program. The data
obtained were used in the illustration of mechanisms for the arsenic
binding onto the adsorbent.

3. Results and discussion

3.1. Selection of Y/Fe molar ratio

Different molar ratios of Y/Fe were used to prepare the composite
adsorbents and the adsorption capacities of individual composites to-
wards As(V) are shown in Fig. 1. It can be observed that the adsorption
capacity of the adsorbent is significantly enhanced with increasing the
molar ratio of yttrium and reaches a plateau afterwards. The optimal
molar ratio is found as 8:1; the adsorbent has the best adsorption per-
formance of 266.15 mg-As/g at pH 7.0 when it was prepared at this
ratio. With a further increase in the molar ratio of yttrium, there is no
obvious change of the adsorption capacity. Thus, the yttrium-ferric
adsorbent with Y/Fe molar ratio of 8:1 was chosen to test the adsorp-
tion performance and study the mechanism in the subsequent experi-
ments.

3.2. Adsorbent characterization

From the FESEM image as shown in Fig. 2a, we can see that the Y-Fe
adsorbent is aggregated with numerous smaller particles in the size of
several nanometers. The aggregation results in a porous structure of the
adsorbent, which may facilitate the diffusion and adsorption of As(V).

The pHPZC of the Y-Fe adsorbent is estimated as 7.0 according to
Fig. 2b. The surface charge of the adsorbent is mainly dependent on
solution pH. When pH is below its pHPZC, the adsorbent becomes po-
sitively charged, which is helpful in the uptake of As(V) anion due to
favorable adsorption reactors and strong electrostatic attraction be-
tween the active sites and the anionic arsenic. However, the functional
groups on the adsorbent for the uptake become less at pH < pHPZC. In
addition, repulsion force at such a pH can cause a negative effect on the
removal. Therefore, it can be concluded that this adsorbent can better
remove As(V) at pH lower than 7 (more discussion to be given in Sec-
tion 3.4.1).

As shown in Fig. 3, the high-resolution XPS spectra of Y and Fe
elements were decomposed to determine the valence states of the ele-
ments used in the adsorbent. According to positions of component
peaks of Y 3d and Fe 2p spectra, the oxidation states of Y and Fe
are + III.

3.3. Adsorption kinetics study

Fig. 4 shows that complete removal of As(V) can be achieved within
24 h and equilibrium adsorption capacity is 240 mg-As/g at pH 7.0. The
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adsorption rate of As(V) is relatively rapid within the initial 4 h. It takes
8 h to achieve approximately 80% of the ultimate removal (200 mg-As/
g at t = 8 h vs 240 mg-As/g at t = 24–28 h). Typically, the adsorption
equilibrium of anionic contaminants such as fluoride and arsenic can be
reached after a few days, for most of reported/commercial water
treatment materials. As such, our adsorbent shows its advantage of
relatively faster removal of anionic contaminants together with ex-
cellent adsorption capacity over many other adsorbents.

The experimental data were further fitted by the pseudo-first order,
pseudo-second order and intraparticle diffusion models. As listed in
Table 1, the pseudo-second order model fits the data better than the
pseudo-first order model based on the correlation coefficient ( r2). This
indicates that the uptake of As(V) is driven by chemisorption process.

Several previous studies demonstrated [12–14]: 1) if the plot of qt
against t1/2 gives a straight line, intraparticle diffusion dominates the
adsorption ; and 2) if the plot shows multi-linearity, two or more steps
are involved in the adsorption kinetics. A larger value of α means a
greater role of the surface adsorption in the rate-controlling step. If α
equals to 0, the adsorption rate is limited by the intraparticle diffusion
process [15]. According to values of kid and α shown in Table 1, the
adsorption process tends to be first governed by the intraparticle dif-
fusion based on the linear portion. In the later adsorption stage, namely
after 9 h, the adsorption rate slows down which may be due to the low
As(V) concentration in aqueous phase [16].

3.4. Adsorption equilibrium study

3.4.1. pH effect
The higher uptake of As(V) occurs in pH 3 to 8 as shown in Fig. 5a.

The maximum adsorption capacity of 316.35 mg-As/g is achieved at pH
4.0. A further increase in pH retards the adsorption. The adsorption of

277.58 mg-As/g can still be achieved at pH 7.0, far above most reported
adsorbents listed in Table 3. The relatively low adsorption capacity at
pH 2.0 and 3.0 is mainly due to the fact that the adsorbent becomes less
stable under an acidic condition. At the pH range in this study, the
major species of As(V) in solution are H2AsO4

− and HAsO4
2− [17]. The

functional groups on the adsorbent surface are strongly protonated and
positively charged at pH < 7, which is beneficial in the adsorption
reactions (e.g., interactions of hydroxide/carbonate with arsenic) and
causes enhancement in electrostatic attraction between the adsorbent
and arsenic species. Once the adsorbent surface becomes negatively
changed at pH > 7, stronger electrostatic repulsion would occur and
lead to the reduction in adsorption of As(V) [18]. Meanwhile, the
competition between hydroxide and As(V) anions can be another
reason to cause the remarkable reduction of As(V) uptake at basic
condition.

Another pH-effect experiment was carried out, when the pH in the
solution was not controlled throughout the adsorption process. The
initial pH versus the final (equilibrium) pH is shown in Fig. 5b. After the
adsorption, the equilibrium pH is found to be elevated, which is due to
the release of hydroxide ions into the solution during the reaction. The
increasing concentration of hydroxide ions in the solution would inhibit
the further release of hydroxide from the adsorbent, leading to the
decrease in adsorption at basic conditions.

The adsorption versus the initial pH is also illustrated in Fig. 5b. As
the initial pH becomes increased, one can see that more adsorption
occurs. When the initial pH ranges from 4 to 8 that is typical in water
and wastewater, the arsenic uptake above 150 mg-As/g can be

Fig. 2. Characterization of Y-Fe adsorbent: (a) FESEM image, and (b) point of
zero charge.

Fig. 3. XPS spectra of the Y-Fe adsorbent: (a) Y 3d, and (b) Fe 2p.
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obtained. This indicates potentially wider industrial applications for our
material.

Although very low uptake of arsenic occurs at pH 11, we can take an
advantage of that for the regeneration of spent adsorbent. One can use
0.1-M NaOH solution to regenerate the adsorbent for its recycle and
reuse.

3.4.2. Ionic strength effect
The surface properties of the adsorbent may be affected by the ionic

strength in water. The study of ionic strength effect can be used for
identifying the type of surface complexes (e.g., the inner- and outer-
sphere) formed between arsenic and the adsorbent [19]. If arsenic and
active adsorption sites are weakly bonded, the adsorption is considered
as outer-sphere ion-pair complexes. In contrast, the strong bonding
often results in inner-sphere surface coordination complexes in which
the uptake of As(V) is relatively insensitive to ionic strength [19,20]. As
shown in Fig. 6, no obvious change of the adsorption capacity is ob-
served with increasing ionic strength from 0 to 0.1 M. Therefore, the
inner-sphere complexes should be formed during the adsorption

Fig. 4. Adsorption kinetics study of As(V): (a) experimental data and modeling
results by the pseudo-first order and pseudo-second order models, and (b) the
intraparticle diffusion model. (m = 0.1 g/L; [As]0 = 30 mg/L; pH = 7.0).

Table 1
Constants of adsorption kinetics models.

Pseudo-first order model Pseudo-second order model Intraparticle diffusion model

K1 (1/h) qe (mg/g) r2 K2 ((g/mg)/h) qe (mg/g) r2 kid ((mg/g)/h1/2) α
(mg/g)

r2

0.212 269.1 0.82 0.001 269.1 0.97 63.24 23.41 0.986

Fig. 5. pH effects on As(V) adsorption. (a) As(V) uptake with different pH, and
(b) the initial pH versus equilibrium pH. (m = 0.1 g/L; [As]0 = 50 mg/L; con-
tact time = 24 h).

Fig. 6. Ionic strength effect on As(V) adsorption. (m = 0.1 g/L; [As]0 = 30 mg/
L; pH = 7.0; contact time = 24 h).
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process.
The finding is indeed important in the industrial applications. As

industrial wastewater contains various inert ionic substances (re-
presented as ionic strength), some commercial adsorbents and ion ex-
change resins do not perform well at different levels of ion strength. Our
material performs well regardless of ionic strength level. This indicates
that it will work well in treatment of industrial wastewater.

3.4.3. Adsorption isotherm study
The adsorption isotherm can provide fundamental physico-chemical

information for deeply understanding the adsorption process. The ad-
sorption isotherms of As(V) by the adsorbent were studied at optimum
pH 4.0 and neutral pH 7.0. The Langmuir and Freundlich adsorption
isotherms were both used to simulate the uptake process with the
constants summarized in Table 2.

The maximum adsorption capacity of the adsorbent at pH 4.0 and
7.0 is 401.8 and 288.7 mg-As/g respectively as shown in Fig. 7, much
higher than many other mixed metal adsorbents previously reported as
illustrated in Table 3. The excellent performance of the adsorbent in-
dicates its potential on the treatment of arsenic-rich industrial waste-
water. Better adsorption performance at both acidic and neutral con-
ditions and less requirement in dosage of adsorbent are of great
importance in industrial wastewater treatment. The adsorbent after use
can be removed by coagulation/sedimentation and filtration. Alter-
natively, it can be doped on supporting materials such as activated
carbon for its applications.

As one can see from the correlation coefficients (r2) from both
models, the adsorption behavior can be better fitted by the Langmuir
isotherm than the Freundlich isotherm under both pH conditions. The
Langmuir isotherm is essentially for homogeneous/monolayer adsorp-
tion. The higher regression factor indicates that a homogeneous/
monolayer adsorption of As(V) occurs.

3.4.4. Effect of competitive substances
As shown in Fig. 8, the influences of NOM and several key anions on

the arsenic removal was studied. Only a slight decrease in the As(V)
uptake occurs in the presence of sulfate, bicarbonate and HA. The up-
take is significantly retarded by the existence of phosphate in solution
due to the chemical similarity between arsenic and phosphate. As the
concentration of phosphate in the solution is twice higher than arsenate
concentration (0.4 mM), the adsorption of As(V) drops down by ∼50%.
The uptake of As(V) is also obviously hindered by the presence of

fluoride (conc. of fluoride > 1 mM) owing to the intense competition of
fluoride with As(V).

To further study the intense competition of phosphate or fluoride
with the arsenate anions, the related adsorption capacities of the ad-
sorbent towards phosphate and fluoride were also measured. As listed
in Table 4, the adsorbent exhibits a high adsorption affinity towards
both phosphate and fluoride. The adsorption of phosphate and fluoride
is respectively enhanced with increasing their concentrations, si-
multaneously leading to a severe reduction of As(V) uptake. This result
confirms the intense competition between the arsenic and phosphate or
fluoride. The adsorption capacity of the adsorbent towards phosphate
and fluoride can respectively reach as high as 167.60 mg-P/g and
84.97 mg-F/g, suggesting that the adsorbent can be used for simulta-
neously removing As(V), phosphate and fluoride.

Table 2
List of parameters of Langmuir and Freundlich isotherms.

Solution pH Langmuir isotherm Freundlich isotherm

qmax
(mg/g)

b
(L/mg)

r2 K
(mg(1−1/n)L1/n/g)

1/n r2

pH 4 401.8 1.498 0.974 203.5 0.190 0.901
pH 7 288.7 0.810 0.937 151.3 0.016 0.860

Table 3
Comparison of maximum As(V) adsorption capacities of different adsorbents.

Adsorbent As(V) conc. (mg-As/L) Max. As adsorption capacity (mg-As/g) Experiment pH Ref.

Fe-Cu binary oxide 0–60 82.7 7.0 [9]
Fe-Mn binary oxide 0–50 53.9 6.9 [21]
Fe-Zr binary oxide 5–40 26.6 7.0 [7]
Zr based nanoparticle 0–80 256.4 3.2 [22]
Mg-Al layered double hydroxide/GO composite 0–150 183.11 5.0 [23]
hydrous iron(III)-titanium(IV) bimetal mixed oxide 5–250 14.3 7.0 [24]
Fe3O4 coated boron nitrite nanotube 1–40 32.2 6.9 [25]
Y-Fe binary composite 0–100 288.7

401.8
7.0
4.0

Present study

Fig. 7. Adsorption isotherms for As(V) removal at pH 4.0 and 7.0. (m = 0.1 g/
L; contact time = 24 h).
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3.5. Spectroscopic analysis

The interactions between the adsorbent and As(V) can be observed
from the XPS wide scan spectra of the material before and after the
uptake of arsenic. As shown in Fig. 9, the characteristic peaks of arsenic,
e.g., As 3d, As 3p, As 3 s and As LMM, can be detected in the As-loaded
adsorbent, confirming the loading of As(V) on the material. The char-
acteristic peaks for yttrium and iron such as Y 4p, Y 3d, Y 3p, Y 3 s and
Fe 2p can be observed on the surface of virgin and As-loaded ad-
sorbents. Furthermore, the high-resolution XPS spectrum of As 3d of the
As-loaded adsorbent shown in Fig. 10 indicates that the main oxidation
state of arsenic is + V and no reduction had occured [26].

The atomic ratios of virgin and As-loaded adsorbents are illustrated
in Table 5 . After the adsorption, arsenic element is detected on the
surface of the adsorbent with the atomic ratio of 3.71%. The atomic
ratio of O decreases from 40.36 to 32.57% after the adsorption. This
may be due to the replacement of functional groups on the adsorbent
such as hydroxyl group and carbonate group by As(V).

The presence of carbonate group may cause additional removal of
arsenic [6]. Though no carbonate was used during the adsorbent pre-
paration, a certain amount of carbonate can be still introduced into the
adsorbent form the atmosphere. Therefore, to further investigate the
amount of carbonate group and its role in As(V) adsorption, the high-
resolution C 1s spectra of virgin and As-loaded adsorbents were ana-
lyzed and the result is shown in Fig. 11.

The main absorption peak at 284.8 eV is assigned to the reference
carbon that is from the atmosphere, while the peak at 290.31 eV cor-
responds to the carbonate group [27]. It is noted that the peak intensity
of carbonate group significantly decreases from 10.28% to 5.46% after
the adsorption. The exchange between the carbonate group and the As
(V) is therefore deduced to occur during the adsorption.

As shown in Fig. 12, the O1s spectra before and after the As(V)
adsorption are composed of three peaks respectively assigned to oxygen
bonded to metal atom (MeO), hydroxyl group on metal atom (MeOH)

and carbonate group (eCO3
2−), and water molecular (H2O). After the

adsorption, the binding energies of the peaks are slightly altered due to
the change of binding sites [28].

Fig. 8. Effects of HA and competitive anions on As(V) adsorption. (m = 0.1 g/L;
[As]0 = 30 mg/L (0.4 mM); solution pH = 7.0; contact time = 24 h).

Table 4
Adsorption capacities of the adsorbent towards As(V), phosphate and fluoride.

q (mg/g) Initial conc. of phosphate (mM) Initial conc. of fluoride (mM)

0 0.1 1.0 10 0 0.1 1.0 10

As 245.9 206.1 133.3 88.9 245.9 245.7 178.9 134.7
P 0 36.49 130.68 167.60 – – – –
F – – – – 0 9.50 40.04 84.97

– refers to the absence of that anion in the solution.

Fig. 9. XPS wide-scan spectra of adsorbents: (a) virgin adsorbent; (b) As-loaded
adsorbent.

Fig. 10. XPS spectrum of As 3d of the As-loaded adsorbent.

Table 5
Atomic ratios of main elements in adsorbents from XPS study.

Atomic ratio (%) Y Fe C O As

Virgin adsorbent 9.94 1.58 48.11 40.36 0
As-loaded adsorbent 9.04 1.63 52.98 32.57 3.71
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The relative contents of oxygen-containing groups are also shown in
Fig. 12. The relative contents of M–O and H2O respectively increase
from 7.08% to 10.73% and 24.04% to 28.49% after the adsorption.
Meanwhile, the amount of MeOH/eCO3

2− groups decreases from
68.88% to 60.78%. The change in the content of functional groups
provides evidence for the involvement of hydroxyl group and carbonate
group in the uptake of As(V) [5].

On the basis of atomic ratios shown in Table 5 and the percentages
of functional groups, the chemical formula of the adsorbent is estimated
as Y13Fe2O3(OH)27(CO3)6·12H2O.

3.6. Mechanism study

To further explore the mechanism of As(V) adsorption by the Y-Fe
adsorbent, additional experiments were carried out. The Y-Fe adsorbent
of different dosage was directly added into As(V) solution without the
existence of other ions and one blank sample without As(V) was chosen
as the reference. The solution pH, and the concentration changes in As
(V), hydroxide and carbonate before and after the adsorption were
measured.

There is a good linear relationship between hydroxide-released and
As(V)-adsorbed ( r2 = 0.98) as shown in Fig. 13. The molar ratio of
released hydroxide group ([OH−]released) and adsorbed As(V) ([As]
adsorbed) in the adsorption process is about 0.317. Similarly, a good
linear relationship is also observed between released carbonate and
adsorbed As(V) with the correlation coefficient of 0.99; the molar ratio
of [CO3

2 ] released: [AS] adsorbed is about 1.31. This finding confirms
that the functional groups on the adsorbent can be proportionally re-
placed by As(V) ions during the adsorption and the role of carbonate
groups is of more importance for the As(V) adsorption than that of
hydroxyl groups.

Furthermore, it explains the reasons why the uptake is very low at
both pH 2 and 11. At pH 2, the carbonate species exist as carbonate acid
and OH− virtually does not exist. Hence, no uptake of arsenic can
occur. At pH 11, the uptake is retarded due to the presence of too much
OH− in the solution.

4. Conclusions

The Y-Fe adsorbent was synthesized and applied to remove the
highly concentrated As(V) form the simulated wastewater. The optimal
adsorbent was obtained at the Y/Fe molar ratio of 8:1. The novel ad-
sorbent was composed of aggregated nanoparticles and the pHPZC of the
adsorbent was around 7.0. A rapid uptake of As(V) can be achieved
within the first 4 h and the adsorption equilibrium was obtained within
24 h. The optimal pH for As(V) adsorption was 4.0 and the maximum
adsorption capacity at pH 4.0 and 7.0 could reach 401.8 and 288.7 mg-
As/g, respectively. The results of ionic strength study indicated that the
uptake of As(V) on the adsorbent was dominated by the inner-sphere

Fig. 11. XPS spectra of C 1s of adsorbents (a) before, and (b) after the As(V)
adsorption.

Fig. 12. XPS spectra of O 1s of adsorbents: (a) before, and (b) after the As(V)
adsorption.

Fig. 13. The relationship between functional groups-released and As-adsorbed
during adsorption process: (a) hydroxyl group, and (b) carbonate group.
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complex adsorption. The co-existing fluoride and phosphate ions
showed significant interference on the adsorption of As(V). However, it
exhibited potential for simultaneous removal of As(V), fluoride and
phosphate. It was confirmed that the oxidation states of Y and Fe were
mainly + III. Both hydroxyl and carbonate groups on the adsorbent
surface played key roles in the uptake of arsenic through the ion ex-
change reactions.
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