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ARTICLE INFO ABSTRACT

Arsenic contamination is one of serious environmental problems in the world. In this study, an innovative
yttrium-doped iron oxide magnetic adsorbent was synthesized through a simple precipitation method
for better arsenic decontamination and ease in separation after the application. The adsorbent with a
rough surface and porous structure was aggregated of nano-sized irregular particles after heat-drying
procedure. The point of zero charge value of the adsorbent was about 7.0, giving good performance on
the arsenate removal at weakly acidic and neutral conditions. The thermal gravimetric analysis, X-ray
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ﬁg{‘;v:prgin powder diffraction and X-ray photoelectron spectroscopy studies demonstrated that hydroxyl groups
Arsenate from goethite and amorphous species of the adsorbent were mainly responsible for the arsenic adsorp-
Arsenite tion. The adsorption equilibrium of arsenate and arsenite was respectively established in 24 and 4 h. The
Yttrium maximum adsorption capacities of As(V) and As(Ill) at pH 7.0 were 170.48 and 84.22 mg-As/g, respec-
Magnetic adsorbent tively. The better fit by the Freundlich isotherm indicated the mechanism of multi-layer adsorption for
Iron oxide the removal. Our study demonstrated that the material would be suitable for treating arsenic-

containing water with higher efficiency and ease in use.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

The risk of arsenic contamination in water can easily be found
in many places in the world such as northern China, western
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USA, India, and Vietnam. The arsenic exists in waters mainly in
forms of As(V) and/or As(Ill). They are of great environmental
importance because of the wide distribution in groundwater and
some in surface water in the areas, and most importantly the
higher toxicity than many other contaminants. Mainly present in
groundwater, As(IIl) is at least 10 times more soluble and mobile
than As(V). On the other hand, As(V) is the dominant form of
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arsenic in surface water, and less toxic than As(III) [1]. As a series of
severe health problems are due to arsenic exposure through drink-
ing and food chains, arsenic is categorized as a primary contami-
nant strictly controlled by the World Health Organization (WHO)
and environmental protection agencies such as USEPA.

Adsorption is effective for arsenic decontamination due to its
higher efficiency, less expensive and easier operation than other
technologies [2]. More than 50 types of adsorbents are available
for arsenic removal. Difficulty in post-treatment is always of
importance in industrial operations.

Magnetic adsorbents have attracted increasing attentions
because they can more easily and rapidly be separated under an
external magnetic field. Such magnetic materials as Fe,03 nanor-
ods, Fes04 nanoparticles, Fe-Pt alloy nanoparticles and Fe304-
polymer composite were reported in the literatures [3-8]. In order
to improve their adsorption ability towards arsenic, the magnetic
materials are generally combined with other adsorptive materials
such as activated carbon fiber [9], chitosan [10], reduced
graphene/graphite oxide [11], clay [12] and other metal compos-
ites [13]. However, these magnetic adsorbents generally suffer
from low adsorption capacity of arsenic. More importantly, they
only work well in a narrow working pH range of 2-4, while indus-
trial wastewater has a wider pH range of 1-13.

Recently, we reported the excellent performance of yttrium
based adsorbents on removing arsenic. At pH 7.0, the adsorption
capacities of hydrated yttrium oxide and yttrium-manganese bin-
ary metal oxide can respectively reach as high as 385.8 and
279.9 mg-As/g, much better than many adsorbents and ion
exchange resins [14,15]. The high content of functional groups
(e.g., hydroxyl group) bonded to yttrium atoms is responsible for
their extremely high adsorption ability towards arsenic. Addition-
ally, yttrium iron garnet (YIG) as a typical ferromagnetic material is
widely studied because of its high resistivity, chemical stability
and unique magneto-optical properties [16]. The substitution of
yttrium was found to be beneficial for the improvement in the
magnetic properties of NdFeB-type magnetic nanocomposites
[17]. A new yttrium-doped iron oxide adsorbent can therefore be
designed to achieve superior adsorption affinity towards arsenic
and good magnetic properties.

In this study, a new yttrium-doped iron oxide magnetic adsor-
bent was synthesized by a simple precipitation method for arsenic
decontamination. The adsorption performance was evaluated by a
series of lab-scale experiments. The adsorbent structure and
adsorption mechanism were investigated by field emission scan-
ning electron microscope (FESEM), thermogravimetric analysis
(TGA), X-ray powder diffraction (XRD) as well as X-ray photoelec-
tron spectroscopy (XPS). The possible redox reaction between the
magnetic components in the adsorbent and arsenite was discussed.
It is anticipated that the findings from this study can provide new
information on the material development for adsorption of arsenic.
Interesting engineers may use the technology for industrial-scale
water treatment of arsenic.

2. Material and methods
2.1. Materials

Iron(Ill) nitrate nonahydrate (Fe(NO3)3-9H,0, >98.0%), iron(II)
sulfate heptahydrate (FeSO4-7H,0, >99.0%), yttrium(IIl) nitrate
hexahydrate (Y(NOs)s;-6H,0, >99.8%), sodium hydroxide (NaOH,
>98.0%), nitric acid (HNOs, 70%), sodium phosphate monobasic
(NaH,POy4, >99.0%), sodium sulfate (Na,SO4, >99.0%), sodium bicar-
bonate (NaHCO;, >99.7%), sodium fluoride (NaF, >99.9%), arsenic
(II1) oxide (Asy03, >99.5%), sodium hydrogen arsenate heptahy-
drate (Nay;HAsO4-7H,0, >99.5%) and humic acid sodium salt (HA,
H16752) purchased from Sigma-Aldrich were used without further

purification. The stock solutions of As(V) and As(Ill) were respec-
tively prepared by dissolving Na,HAsO,4-7H,0 and As,05 in deion-
ized (DI) water.

2.2. Preparation of adsorbent

A mixture solution of Y(NOs);-6H,0, Fe(NO3);-9H,O and
FeSO4-7H,0 with molar ratio of 1:2:1 was used under continuous
stirring at 80 °C in the adsorbent preparation. After that, NaOH solu-
tion was slowly dropwise added. The crystal particles were collected
and washed by the DI water for several times. After heat-drying
overnight, the adsorbent was grinded and finally stored for the
study. In addition, an iron oxide was prepared through the same
method as the adsorbent, so that it can be used for comparison with
the virgin and As-loaded adsorbents in the XRD study.

2.3. Characterization of adsorbent

The point of zero charge (PZC) value was measured according to
the reported method described as follows [18]. The adsorbent was
dispersed in 0.01 M NaNOs for 24 h, and then the pH of suspen-
sions was respectively adjusted to a pH value of 3-10 by adding
NaOH or HNOs. After continuously stirring for 1 h, the pH value
was measured and used as initial pH value. After that, a certain
amount of NaNO3; was added to reach a concentration of 0.45 M.
The suspensions were stirred for additional 3 h before measuring
the final pH. The PZC was identified as the pH value, at which
ApH (final pH - initial pH) was zero in plot of ApH and final pH.

FESEM was applied to investigate the morphology and structure
of adsorbent (JSM6700F, JEQ, Japan). A thin layer of Pt was coated
on the sample surface to improve electric conductivity. TGA (TA
Instruments, 2960 SDT V3.0F) was carried out in the temperature
range of 25-800 °C with a heating rate of 10 °C/min under a N,
atmosphere.

XRD measurements were performed for understanding the
adsorbent structure. The 26 scan range was from 10 to 80° with
a step size of 0.02° and counting time of 0.2 s. The composition
of samples was analyzed by using the Rietveld quantitative analy-
sis with a spiking internal standard. The samples were first mixed
with 15 wt¥% of CaF, (449717-25G, Merck, Germany). The Rietveld
quantitative XRD analysis was finally conducted by using a soft-
ware of TOPAS4.2 (Bruker AXS GmbH, Germany).

Surface element valence states and adsorption mechanism of
the adsorbent were determined by XPS (Kratos XPS system-Axis
His-165 Ultra, Shimadzu, Japan). The XPS spectra were fitted with
linear backgrounds and mixed functions composed of Gaussian
(20%) and Lorentzian (80%) by using XPSPEARK 41 Software. In
order to compensate any charging effect, all spectra were corrected
according to the binding energy of the C 1s of graphite carbon
(assigned to 284.8 eV).

2.4. Adsorption experiments

The pH effect study was conducted in the pH range of 3-10. The
initial concentration of arsenic ([As]o) was set at 20 mg-As/L. The
adsorbent dosage (m) was 0.1 g/L. After agitation for 24 h at room
temperature, arsenic concentration was measured by using an
inductively coupled plasma optical emission spectrometer (ICP-
OES, PerkinElmer Optima 3000).

In the adsorption kinetics study, the solution pH was main-
tained at 7.0 during the adsorption process. Samples were col-
lected at different time intervals for determination of arsenic
concentration.

In the adsorption isotherm experiments, the adsorbent was
respectively added into arsenic solutions with different concentra-
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tions ranging from 1 to 100 mg-As/L. After 24-h adsorption pro-
cess, arsenic concentration was measured.

In order to investigate the influence of competitive substances,
NaH,PO,4, Na,S04, NaF, NaHCO; and HA were respectively added
into 20-mg/L arsenic solutions. The adsorbent dosage was 0.1 g/L
and solution pH was maintained at 7.0. After 24-h agitation, the
arsenic concentration was measured.

The reusability of the adsorbent was evaluated by regeneration
experiments. The used adsorbent was separated by an external
magnetic field and then treated by a 0.5-M NaOH solution under
shaking for 6 h. The regenerated adsorbent was washed, dried in
the oven and used for next cycle of adsorption experiment. Three
cycles of regeneration experiments were carried out in this study.

3. Results and discussion
3.1. Characterization of adsorbent

As shown in Fig. 1a, the adsorbent with rough surface morphol-
ogy is aggregated of nano-sized particles after the heat-drying pro-
cedure. This structure should be beneficial for the diffusion of
arsenic inside the adsorbent.

The separation ability of the adsorbent under an external mag-
netic field is shown in Fig. 1b. The dispersed adsorbent in solution
can be rapidly separated from water under the help of an external
magnetic field.

Thermogravimetric analysis was used to identify the change in
functional groups on adsorbents before and after adsorption.
Fig. 1c shows that only a slight difference in mass (%) of virgin
and As-loaded adsorbents is observed.

The As-loaded adsorbent shows a slightly more mass loss at the
temperature below 300 °C than the virgin adsorbent. At the tem-
perature above 300 °C, the trend becomes reverse. As reported,

50kV  X100000 WD 60mm  100nm

the loss of physically adsorbed water and lattice water occurs in
the temperature range of 25-100 °C and 100-300 °C, respectively,
while the hydroxyl group disappears at the temperature above
300°C [19]. These observations indicate that some of hydroxyl
groups on the adsorbent surface might be replaced by arsenic spe-
cies after the adsorption.

As shown in Fig. 1d, the value of PZC is approximately 7.0. The
adsorbent surface is protonated at pH < 7.0. This indicates further
that the adsorbent would work well at pH < 7. The interactions
(e.g., adsorption reaction and electrostatic attraction) between
the anionic arsenic and the protonated adsorbent are therefore
enhanced, which finally facilitate the arsenic diffusion towards
the adsorbent. In contrast, the deprotonated adsorbent surface
would hinder the uptake of As(V) and As(IIl) to some extent when
pH is above 7.0.

An iron oxide was prepared through the same method as the
adsorbent. As shown in Fig. 2, two crystalline phases, magnetite
(Fe304) and goethite (FeOOH), are mainly involved in the iron
oxide. According to the XRD profile analysis with the fundamental
parameter approach, the crystal size of both magnetite and
goethite is around 10 nm.

The Rietveld quantitative analysis with the spiking internal
standard was also applied to quantify the contents of magnetite,
goethite and the amorphous. The result shows that the contents
of amorphous iron oxide, magnetite and goethite are 35.1, 35.6
and 29.3 wt.%, respectively.

In the XRD pattern of the virgin adsorbent, only a broaden peak
is observed at about 35°. This indicates that the adsorbent is poorly
crystallized. The crystals could be of nano-sized (<5 nm). The dif-
ferent structures between the iron oxide and the adsorbent may
be caused by the addition of yttrium salts. The existence of Y(III)
may hinder the crystallization process during it was being pre-
pared. There is no difference in XRD patterns of adsorbents before
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Fig. 1. Characterization of adsorbents: (a) FESEM image; (b) separation of adsorbent after use; (c) TGA images; (d) PZC.
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Fig. 2. XRD patterns of prepared iron oxide, and virgin and As-loaded adsorbents.

and after the adsorption; this demonstrates that the arsenic is
adsorbed on the adsorbent surface without affecting the adsor-
bent’s crystal structure. According to the XRD results as mentioned
above, the hydroxyl groups from the goethite, and the surface of
amorphous and partially crystallized magnetite may participate
in the adsorption of arsenic.

3.2. Adsorption kinetics

As shown in Fig. 3a, the adsorption of As(V) and As(III) can pro-
ceed rapidly at the beginning and the equilibrium is reached
within 24 and 4 h, respectively. About 60% of the ultimate adsorp-
tion of As(IIl) (25 mg-As/g) is achieved in the initial 30 min, indi-
cating that the yttrium-doped iron oxide adsorbent could be
used as a promising adsorptive material for treating arsenite con-
taminated groundwater. It takes about 5h to reach the same
removal of 60% if the adsorbate is arsenate.

The pseudo-first- and pseudo-second-order equations were
applied to simulate the adsorption process. As shown in Fig. 3a
and Table 1, better fit of the pseudo-second-order model indicates
that the arsenic adsorption is governed by chemisorption process
[20]. The K; value of As(Ill) adsorption is apparently higher than
that of As(V), suggesting that faster adsorption kinetics of As(III)
occurs on adsorbent surface. Different from other studies [13,21],
a relatively slower adsorption of As(V) than As(III) is observed. This
may be due to the occurrence of the As(V) reduction on the adsor-
bent surface (to be discussed later).

The intraparticle diffusion model was employed to identify
rate-controlling step of adsorption process. If the plot of adsorption
capacity against t'/? gives a straight line, the intraparticle diffusion
would be the controlling step [9,22-24]. The plots of adsorption
capacities of As(V) and As(III) versus t'/? are illustrated in Fig. 3b.
The intraparticle diffusion rate constant (k;4) can be obtained from
the slope of the linear portion. The intercept of the plot (o) gives an
insight into the effect of the boundary layer on the rate-limiting
step.

As illustrated in Table 1, the adsorption process is likely to be
controlled by the intraparticle diffusion. Since the adsorbent is
neutrally charged at pH 7.0, the electrostatic interaction between
adsorbent and arsenic species should be negligible. A similar
boundary layer effect is observed during the adsorption of As(V)
and As(III).

3.3. pH effect

Adsorption efficiency of the adsorbent towards As(V) and As(III)
is highly affected by solution pH as shown in Fig. 4. The As(V)
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Fig. 3. Adsorption kinetics of arsenic removal by the adsorbent: (a) experimental
data and modeling results from pseudo-first-order and pseudo-second-order
equations; (b) intraparticle diffusion model. Experiment conditions: [As]o =20
mg-As/L; m=0.1g/L; pH=7.0,T=25+1°C.

uptake reaches the optimal value of 172.2 mg-As/g at pH 4.0, and
then significantly decreases. In contrast, the uptake of As(IIl)
increases as solution pH is increased from 3 to 8.0. After that, a
slight reduction is observed.

The pH effect on the removal is caused by the speciation of As
(V) and As(Ill) under different pH and the surface properties of
the adsorbent. As shown in Fig. S1, the dominant forms of As(V)
are negatively charged H,AsOz and HAsO3™ in the tested pH range,
while As(Ill) respectively exists in form of neutrally charged
H3AsOs at pH < 8.0 and negatively charged H,AsO3 at pH > 8.0.
Since the adsorbent becomes protonated at pH < 7.0 according to
its PZC value, stronger electrostatic attraction and adsorption reac-
tions become favourable for the removal of As(V). In contrast, the
As(V) adsorption is retarded at pH>7. More importantly, the
ligand exchange between arsenic species and -OH5 group is
reportedly more favorable than -OH or -O~ groups, since —~OH3
group is more conducive to deport from the metal atoms [25]. Sim-
ilarly, the decrease in uptake of As(Ill) at pH > 8.0 is likely due to
electrostatic repulsion between As(Ill) and deprotonated
adsorbent.

3.4. Adsorption isotherm

The adsorption isotherms at pH 7.0 are shown in Fig. 5. One can
see that the adsorbent shows excellent adsorption for both As(V)
and As(III).

As summarized in Table 2, the Freundlich isotherm works better
to fit the experimental data than the Langmuir isotherm. Similar
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Table 1
Constants of adsorption kinetics models.
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Pseudo-first-order

Pseudo-second-order

Intraparticle diffusion

qe (mg/g) K (h™") s ge (mg/g) K (gmg 'h") r kig (mg/g)/h'/?) o (mg/g) r
As(V) 111.3 0.192 0.89 1113 0.003 0.94 2321 11.62 0.99
As(111) 44,0 2.39 0.67 44.0 0.089 0.89 14.98 11.41 0.98
200 The Freundlich constants, Ky and 1/n, are related to the adsorp-
E‘n B ASY) tion capacity and adsorption intensity, respectively. The adsorption
o0 e A As(I) would be favorable when 0.5 < 1/n < 1, and more favorable when
§: 160 ] 0.1 <1/n<0.5. However, the adsorption would be considered to
x [ be unfavorable as 1/n>1 [28]. The values of 1/n for the As(V)
& 1204 # and As(IIl) adsorption are respectively calculated to be 0.22 and
%‘ 0.38 as listed in Table 2, demonstrating that As(V) and As(Ill) can
: %0 ¥ be quite easily adsorbed on the adsorbent.
= 1 & The maximum adsorption capacities of As(V) and As(III) calcu-
2 lated from the Langmuir isotherm are 170.48 and 84.22 mg-As/g,
§ 404 x o & & 5 5 ,5 i respectively. On the basis of the relative contents of different ele-
= B o ments and the percentages of oxygen-containing groups in
< 0 Table S1, the theoretical content of hydroxyl group in the adsor-
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Fig. 4. Effect of solution pH on arsenic uptake. Experiment conditions: [As]y = 20
mg-As/L; m=0.1g/L; T=25%1°C.

finding was reported for the arsenic adsorption on cetyltrimethy-
lammonium bromide (CTAB) modified magnetic nanoparticles
[26].

The Freundlich isotherm is more suitable than the Langmuir
isotherm for multilayer adsorption onto the surface of heteroge-
neous sites with different bonding energies. The result shows that
more than one type of adsorption sites on the adsorbent contribute
to the arsenic removal.

On the basis of XRD results, the hydroxyl groups from goethite
may participate in the arsenic adsorption. Additionally, the adsorp-
tion ability of the Fe304 particle towards arsenic has been well rec-
ognized, with the varied adsorption capacity of 0.75-172.5 mg-As/
g [27]. Therefore, the magnetic component in the adsorbent may
provide a certain number of active sites for arsenic adsorption. In
the adsorption, arsenic can be bonded on the adsorbent surface
via the linkages of Y-O-As and Fe-0O-As.
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bent is calculated as 4.92 mmol/g. If arsenic species can be
replaced (be exchanged) with the hydroxy group with a molar ratio
of 1:1, the ideal maximum adsorption capacity should be 368.8
mg-As/g.

The maximum adsorption capacity is highly affected by such
solution properties as pH, co-existing ions and ion strength, and
surface properties of adsorbent [33-38]. A comparison between
the yttrium-doped iron oxide adsorbent and other magnetic adsor-
bents previously reported is illustrated in Fig. 6. The adsorption
capacities for As(Ill) and As(V) of our adsorbent are several times
higher than others. The adsorption capacity of iron oxide towards
arsenic is significantly enhanced by the yttrium doping. Addition-
ally, the functional components in the heterogenous structure of
the material can synergistically promote the adsorption activity
for arsenic.

The adsorption capacities of the adsorbent in three cycles of
adsorption/desorption experiments are shown in Fig. S2. The value
in Cycle O represents the adsorption capacity of the virgin adsor-
bent. After the first cycle of regeneration, about 85.8% and 76.7%
of adsorption capacities can be recovered for As(V) and As(III),
respectively. The adsorption capacity for As(V) and As(Ill) after
three cycles of regeneration could respectively reach 64.0% and
52.7%.

> g

o0

&

o

g

N’

e

(3]

<

=

]

5]

=

=

=

=

S 201/ m Experimental data: As(III)
% | - - Langmuir isotherm
< ——Freundlich isotherm

O T L} L} ) ] 1 T T
0 10 20 30 40 50 60 70 80

As conc. in solution (mg-As/L)

Fig. 5. Adsorption isotherm of arsenic on the adsorbent. Experiment conditions: pH=7.0; m=0.1g/L; T=25%1°C.
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Table 2
Isotherm parameters for the arsenic adsorption.
Langmuir isotherm Freundlich isotherm
Gmax (Mg[g) b (Ljmg) r Ky (mg ML g) 1/n r
As(V) 170.48 0.16 0.687 63.82 0.22 0.958
As(1II) 84.22 0.09 0.949 15.34 0.38 0.996
Cellulose@ Fe,O, composite [29]

(pH 7.0)

Ascorbic acid-coated Fe O,
(pH 5.0)

Fe,0, chestnutlike nanostructures
(pH 4.0)

MnFe,0,
(pH 7.0)

Fe O, nanoparticle
(pH 7.0)

Zr-based magnetic adsorbent
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Yttrium-doped iron oxide
(PH 7.0)

B As (1)
B As (V)

(This study)
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Fig. 6. Comparison of arsenic adsorption performance among different iron oxide

Since the adsorption capacity is much higher than other mag-
netic adsorbents, the adsorbent dosage would be less than other
adsorbents in the water treatment. This finding clearly demon-
strates that the developed material has a more promising potential
for arsenic decontamination.

3.5. Effect of competitive substances

Several anions such as bicarbonate, sulphate, fluoride and phos-
phate and natural organic matter (NOM) well exist in waters. It is
of importance to find out whether their presence can affect the
performance of adsorbent.

As shown in Fig. 7, the effect of competitive substances on the
adsorption follows the order of: HPO3 /H,PO; > F > HA > SO% >
HCO3. The presence of phosphate causes the most significant influ-
ence on the adsorption. When 1-mM phosphate exists in waters,
the uptake of As(V) and As(Ill) decreases by 64.1% and 42.4%
respectively. The strong competition of phosphate with arsenic
species is attributed to the fact that they are similar to each in
terms of chemical properties [39].

Note that the typical concentration of phosphate in natural
waters is generally lower than 0.15mM [40]. The adsorption
capacities of As(V) and As(Ill) are respectively still above 74.5
and 31.4 mg-As/g at concentration of phosphate at 0.1 mM.

The presence of fluoride can also retard the arsenic removal as
shown in the figure. Our previous study showed high affinity of
yttrium-based adsorbents towards fluoride [14,15]. Fluoride with
the highest electronegativity in the periodic table of elements
can form a stronger covalent bond with metal atoms (e.g., Y or
Fe in the adsorbent) than hydroxyl group (-OH). As such, there is
co-adsorption of both arsenic and fluoride, leading to the reduction
in the arsenic uptake. Compared to phosphate and fluoride, the
existence of sulphate, bicarbonate and HA only slightly depresses
the uptake of As(V) and As(III).

based adsorbents. (See above-mentioned references for further information.)

3.6. Mechanism study

XPS analysis was applied to determine the valence state of ele-
ments and the interaction between As(V) and functional groups on
the adsorbent. As one can see from XPS wide-scan spectra of adsor-
bents before and after the As(V) adsorption (Fig. 8), four peaks of Y
4p, Y 4s,Y 3d and Y 3p and two peaks of Fe 2p and Fe LMM can be
detected on both virgin and As(V)-loaded adsorbents. After the
adsorption, the appearance of As 3d, As 3s and As LMM peaks con-
firms the loading of arsenic.

To better understand structural changes of the adsorbent after
the adsorption, the high-resolution XPS spectra of As 3d, Y 3d, Fe
2p and O 1s were investigated with results given in Fig. 9 and
Table S1. As shown in Fig. 9a, the high resolution XPS spectrum
of As 3d is composed of two characteristic peaks with binding
energies of 45.2 and 46.1 eV corresponding to As(Ill) and As(V),
respectively [32,41]. On the basis of the relative contents listed
in Table S1, approximately 23.4% of the As(V) on adsorbent surface
has been reduced to As(III).

As shown in Fig. S3a, the characteristic peak of yttrium can be
decomposed into two component peaks with the binding energies
of ~158 and ~160 eV, which are assigned to Y 3ds;; and Y 3ds),
respectively. After the adsorption, the positions of yttrium peaks
shift to higher levels due to the bonding of more electronegative
As(V) ions. Meanwhile, the valence state of yttrium element on
the adsorbent is not changed, indicating the yttrium atoms would
not participate in redox reaction. According to the peak intensity of
Y and Fe elements as listed in Table S1, the real molar ratio of Y/Fe
in the virgin adsorbent is about 0.29 and slightly decreases to 0.28
after the adsorption.

XPS spectra given in Fig. S3b demonstrate that iron element in
the adsorbent has two oxidation states, Fe(Il) and Fe(Ill) [42]. The
peak at the lowest binding energy of 710.4 eV and its correspond-
ing satellite peak at 7163.0 eV are assigned to Fe(Il), while the
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Fig. 8. XPS wide-scan spectra of the adsorbents before and after As(V) adsorption.
peaks of Fe(Ill),e and Fe(Ill),; can be observed at binding energies =
of 711.7 and 713.3 eV, respectively [43]. Based on the relative con- §
tents of Fe(II) and Fe(IIl) in Table S1, the molar ratio of Fe(II)/Fe(III) E (b) As(V)-loaded adsorbent
in virgin adsorbent is calculated to be 0.46, close to the expected
value of 0.5 for Fe;0,4 particles. Similar to yttrium, binding energies
of iron element also shift to higher levels after the adsorption. This
is consistent with the results from isotherm study that arsenic can
be bonded on both yttrium and iron atoms. Moreover, the Fe(Il)/Fe
(IIT) ratio decreases to 0.41 after the adsorption; this indicates that . . . .
Fe(Il) is partially oxidized to Fe(III). 526 528 530 532 534 536
As shown in Fig. 9b, the O 1s spectrum of the virgin adsorbent is Binding Energy (eV)

composed of three component peaks, which are respectively
assigned to the metal-oxide (M-O), the metal-hydroxyl group
(M-OH) and the adsorbed water (H,0). After the As(V) adsorption,
the relative content of M-OH significantly decreases from 56.6% to
43.9%, while the contents of M-O and H,0 increase from 33.0% and
10.4% to 34.1% and 22.0%, respectively (as listed in Table S1). These
results provide a clear evidence for the role of hydroxyl groups in
arsenic uptake. In our previous studies, abundant hydroxyl groups
on the surface of yttrium-based adsorbents can be exchanged by

Fig. 9. High-resolution XPS spectra of the adsorbents before and after adsorption:
(a) As 3d; and (b) O 1s.

arsenic species [14,15]. The formation of the hydroxyl groups is
due to the poor crystallization of the nano-sized yttrium-based
adsorbent, which is revealed by XRD results shown in Fig. 2.

As shown in Fig. 10, the mechanism of arsenic adsorption can be
deduced to be a synergistic process involving the exchange
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Fig. 10. Schematic diagram of adsorption and redox mechanism involved in
adsorption process.

between hydroxyl groups and arsenic species and partial reduction
of As(V) to As(Ill). The arsenic is effectively adsorbed via the
linkages of Y-O-As and Fe-O-As.

4. Conclusions

A new yttrium-doped iron oxide adsorbent was reported for
great arsenic removal with ease in separation after use. The adsor-
bent with a rough surface was aggregated of irregular nanoparti-
cles. The uptake of the arsenic was highly pH-dependent. As(III)
was more rapidly adsorbed than As(V). The adsorbent had the
maximum adsorption capacity of 170.48 mg-As/g for As(V) and
84.22 mg-As/g for As(Ill) at pH 7.0, several folds higher than those
reported magnetic adsorbents. The better fit to the Freundlich
isotherm demonstrated the presence of more than one types of
adsorption sites for arsenic adsorption. The presence of phosphate
and fluoride had great impact on the adsorption as they could also
be adsorbed onto the adsorbent.

The XPS analysis showed that both the adsorption and redox
reaction occurred during the adsorption process. The hydroxyl
groups played the key role in the arsenic removal via the ligand
exchange mechanism. Compared to other magnetic adsorbents,
the yttrium-doped iron oxide adsorbent can be produced in a simple
and cost-effective method. Its applications in industrial-scale
treatment of arsenic-rich wastewater should be studied in the near
future. This type of adsorbents together with others may provide a
good solution for treatment of small-volume metal containing
wastewater [44].
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