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Oxidation—adsorption of arsenite contaminated water over ceria nanorods
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ABSTRACT

The dominant arsenic oxidation state in groundwater as As(IIl) is more difficult to remove than
As(V). To achieve higher As(III) removal, ceria (CeO,) nanorods characterized by Brunauer-Emmett—
Teller, X-ray diffraction, scanning electron microscopy, Fourier transform infrared, and X-ray
absorption spectroscopy were successfully used to combine oxidation and adsorption processes.
Results showed that when calcination temperature increased surface area decreased, whereas crys-
tallite size increased. Batch experiments indicated that the arsenic removal process was accurately
described by a pseudo-second-order kinetic model with maximum removal capacities of 21.27 mg/g.
X-ray absorption near-edge structure (XANES) of the solid-phase confirmed that CeO, adsorbed
As(III) with partial As(III) oxidization to As(V) on the surface. Further evidence of the mechanisms
for As(Ill) removal was demonstrated by the hydroxyl group in the sorption and As(Ill) form-
ing inner-sphere monodentate and bidentate complexes on the interface of the CeQO, solid phase.
As(III) oxidization to As(V) during the sorption process suggested that CeO, had high potential to
remove As(II) from contaminated water.
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1. Introduction include Bangladesh, Cambodia, China, India, Nepal, Taiwan,
and Thailand [5,6]. Considering the health risks, the World
Health Organization has set maximum concentration for arse-
nic in drinking water at 10 ug/L [7]. Arsenite (As(Ill)) and
arsenate (As(V)) are the two major arsenic species in aqueous
systems depending on redox and pH conditions [8]. As(III)

exists in anaerobic underground water mainly as HA,OZ,

Arsenic (As) contamination in groundwater is an issue
of high concern because As is both toxic and carcinogenic.
Long-term consumption of high arsenic-contaminated water
may lead to cancer of the skin, lungs, liver, and black foot dis-
ease [1-4]. Countries affected by high arsenic contamination
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H,AsO;, and H,AsO,, while As(V) in the surface water is
predominantly presented as H,AsO*, HAsOZ, and H,AsO,)
[9,10]. Ratios of As(III)/As(total) at depth of 30-40 m have
been reported in aquifers in the range of 0.6-0.9 [11,12].
This is a matter of great concern since As(IIl) is 60 times
more toxic than As(V) [13].

As(III) exists in an uncharged form as H,AsO, at the typ-
ical pH of water and removal of As(III) is more difficult than
As(V). To achieve greater As(III) removal efficiency, treat-
ment processes require pre-oxidation of As(IIl) to As(V).
This leads to increased operational costs and also produces
some secondary pollution problems.

Many technologies including injection of oxygen or
ozone [14], the Fenton process [15,16], biological oxida-
tion [17,18], photocatalytic oxidation [19,20], and electro-
oxidation [21], have been widely studied for the oxidation
of As(IIl). However, each faces one or more limitations such
as the addition of oxidants or catalysts, extra energy input,
and separation of the added catalyst, while some oxidants
may lead to the formation of toxic disinfection byproducts.
Furthermore, the oxidized As(V) may be reduced to As(III)
and become more mobile under certain conditions [12].
Therefore, new economical and cost-effective materials are
required that can combine the oxidation and adsorption
remediation processes as an efficient and effective method
to remove As(Ill) without the need for pretreatment.
Previous studies have shown that Fe(oxyhydr)oxides [22],
Fe-sulfide [23], nano-iron/oyster shell composites [24], and
zero-valent iron [25] are effective for As(III) removal.

Ceria (Ce0Q,), showed efficient arsenic removal over a
pH range from 3 to 11 [26], particularly toward As(III) with
a high content of hydroxyl groups suggested as responsi-
ble for its excellent performance. Moreover, despite the rare
earth terminology, ceria and other cerium salts are cheap
and show potential as cost-competitive materials. Ceria
has a fluorite structure and is an important material with
good mechanical, chemical, and thermal stability [27]. Ceria
synthesized through a combined oxidation and adsorption
process was successfully used to remove As(III) [28], how-
ever, high calcination temperature was required which
increased synthesis cost and impacted CeO, crystal charac-
teristics such as pore size and surface hydroxy groups. Ceria
synthesis at low calcination temperature for the uptake of
As(IIl), adsorption performance during high concentra-
tion As(Il) uptake, and the mechanism of adsorption have
yet to be studied and reported using advanced analytical
tools.

Here, CeO, was prepared by a simple precipitation pro-
cess with calcination in a furnace at different temperatures.
The kinetic and isotherm of adsorbent with high sorption
capacity for As(Ill) was prepared and used to remove As(III)
from synthetic water. Sorption behaviors, especially sorp-
tion capacity, were investigated, and CeO, was character-
ized by X-ray diffraction (XRD), Brunauer—-Emmett-Teller
(BET) technique, and point of zero charge (pH, ). The mode
of As(Ill) sorption onto CeO, before and after processing
is poorly documented. Our main goal was to better under-
stand the cause of any changes in apparent surface reactiv-
ity by determining the nature of As surface complexes using
X-ray absorption near-edge structure (XANES). Proposed
mechanisms on the surface of CeO, were discussed.

2. Materials and methods
2.1. Materials

Chemical reagents used for CeO, synthesis included
Ce(NO,),6H,O (99%) (Merck) and NaOH (Merck). The
As(III) stock solution was prepared by dissolving NaAsO,
(Merck). NaCl was also used in the ionic strength experi-
ment. All chemical solutions were prepared with deionized
water (18.2 MQ Mill-Q).

2.2. Preparation of CeO,

Ceria was synthesized by the hydrothermal method
under autogenous pressure and used as the Ce® ion and
OH- ion precursors in all reactions performed toward the
synthesis of pure CeO,. In this study, 1:4 mol of Ce* and OH~
was rapidly dissolved in 100 mL deionized water. When the
NaOH solution was added, the reaction started, and a white
Ce(OH) precipitate was formed. The solution was kept in an
ambient environment with stirring for 30 min before heating
at 110°C for 6 h in a Teflon-lined stainless-steel autoclave.
After cooling to room temperature, the precipitate was col-
lected by centrifugation (5 min at 5,000 rpm) and washed
with DI water several times to remove excess ionic rem-
nants. Finally, aliquots of the precipitate were calcined in a
furnace at different temperatures (105°C-550°C) overnight.

2.3. Characterization of CeO,

The crystal structure of CeO, was characterized by an
X-ray powder diffractometer (XRD) (D8 Discover, Bruker
AXS) using Bragg-Brentano geometry, equipped with a
theta—theta goniometer system with a rotating sample
holder. The XRD patterns were collected using Cu Ka
radiation (A = 0.1514 nm) at 40 kV and 40 mA with a scan
range of 20°-80°. BET specific surface area was measured
by nitrogen adsorption-desorption isotherms (TriStar 11
3020, Micromeritics) to analyze the specific surface area of
the CeO,. A scanning electron microscopy (SEM) (Hitachi,
S5-3000N) was used to analyze the surface structure and
morphology of CeO,. Prepared samples were analyzed by
SEM at an acceleration of 15 kV. Functional group analysis
was performed by a Fourier transform infrared spectrome-
ter (FTIR) at a wave-number range of 400—4,000 cm™ (Tensor
27, Bruker). Surface chemical states of As on the CeO, sur-
face and nature of Ce surface complexes were determined
using As and Ce K-edge XANES with analysis at Beamline
BL1.1 at the Synchrotron Light Research Institute (SLRI),
Thailand. Reference compounds included Au’ and V° foil,
As(IIT) 5.0 mM, and As(V) 5.0 mM. All spectra were recorded
in fluorescence and transmission mode using a 19-element
Ge detector due to the low concentration of As.

2.4. Batch experiments

Experiments were conducted to examine the kinetics
and isotherms. Experiments to determine the kinetics of the
As(Il) removal reaction with CeO, at room temperature
were carried out by batch method. Here, 500 mL of As(III)
solution of C, from 50 mg/L was mixed with 0.5 g of CeO,
into a 600 mL beaker and agitated at 200 rpm using a speed
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adjustable agitator, with monitoring of pH and oxidation-
reduction potential (ORP). The CeO, particles were sepa-
rated by a syringe filter 0.45 um and analyzed for residual
arsenic concentration. To investigate isotherms, 50 mL of
As(III) solution of C, (mg/L) ranging from 1.0 to 80.0 was
mixed with 0.05 g of CeQ, in a centrifugal tube, and then
subjected to 50 rpm for 30 min before separating the CeO,
particles using a syringe filter 0.45 um.

After processing, the material was filtrated from solu-
tion using a 0.45 um syringe filter, and As(V) was separated
from the solution using an anionic resin-exchange cartridge
(A502P, Purolite) as in our previous study [29]. As(V) was
retained in the cartridge while As(Ill) was allowed to pass
through. The As(Ill) concentration was then analyzed by
an inductively coupled plasma optical emission spectrom-
eter (ICP-OES, PerkinElmer Optima 8000). As(V) concen-
tration was obtained by subtracting the measured As(III)
concentration from total arsenic concentration.

3. Results and discussion
3.1. Characterization of CeO,

The XRD analysis identified a single crystalline phase
in the calcination products at the temperature range of
105°C-550°C with CeO, presenting as a cubic fluorite-type
structure. With increasing calcination temperature, the
diffraction peaks narrowed as the crystallites grew and
acquired a more ordered structure [30]. Fig. 1 shows X-ray
diffractogram patterns of synthesized CeO,. Five samples
showed typical CeO, XRD patterns at around 20 = 28.5°,
33.0°, 47.4°, 56.3°, 59.3°, 69.6°, 76.7°, and 79.1° correspond-
ing to the (111), (200), (220), (311), (222), (400), (331), and
(240) crystalline planes, respectively of the pure cubic phase.
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All diffraction peaks indicated a ceria fluorite structure
(JCPDS 00-034-0394). Pure phase CeO, was formed at a high
calcination temperature of 550°C, confirming the synthesis
as similar to pure CeO,.

The broadening of XRD peaks provided a convenient
method for measuring particle sizes. As crystallite size
decreased, the width of the diffraction peaks increased.
The average crystallite size was estimated using the Debye-
Scherrer equation:

Cr

- Bcos6 M

where D is the crystallite size, C is a numerical constant
(0.9), A is the wavelength of X-rays (CuKa radiation,
A = 1514 A), B is the effective peak broadening taken as
the full width at half maximum (FWHM) (in radians), and
0 is the diffraction angle for the peak. The Crystallite size
of the particles was determined using the Debye-Scherrer
formula. The XRD data revealed average sizes of CeO, as
9.96, 10.20, 10.71, 13.38, and 14.28 nm for products prepared
at 105°C, 250°C, 350°C, 450°C, and 550°C, respectively
(Fig. 1). A previous report determined average crystallite
size of CeO, prepared by thermal decomposition of cerous
nitrate as 6.45 nm [31], while the increase of hydrother-
mal temperature led to the formation of nanocubes with
narrower XRD diffraction peaks, indicating an incremen-
tal increase of mean crystallite size by up to 30—40 nm at
180°C [32]. Moreover, particle size increase with elevating
reaction temperature inferred that particle growth rate was
predominant over the nucleation rate [33].

Specific surface area is an important parameter in the
adsorption process. Fig. 2 shows that the BET surface area
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Fig. 1. XRD patterns of CeO, synthesized at different calcination temperatures of 105°C to 550°C.
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of CeO, decreased as calcination temperature increased [34].
Surface area reduced from 74.2 to 41.1 m?/g with the increase
in calcination temperature from 105°C to 550°C, signaling
an acceleration of crystallite growth in CeO,-550°C. Images
of SEM surface morphology micrographs for three different
calcination temperatures are shown in Fig. 3a. At a tem-
perature of 150°C, ceria nanorods are mainly formed with
a very rough and uneven surface containing numerous pits
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Fig. 2. Characteristics of CeO, from XRD patterns and BET
analysis.
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and pores [32]. However, the surface of CeO, dried at 105°C
shows highly crystalline nanorods evenly distributed over
the surface. When the temperature increased, the appear-
ance of crystalline rods on the surface of CeO, decreased
as presented in Figs. 3b—d. This occurred because of rising
calcination temperature in the range 300°C-550°C caused
increased particle size growth. Moreover, CeO, calcined
above 1,070°C had the same density (=99.8%) and particle
size increased rapidly to 48 nm [35].

Relative reductions of surface area and morphology for
CeO, material at higher calcination temperatures resulting
from the rapid growth of crystals were attributed to shrink-
age and agglomeration to larger clusters of metallic oxide
particles [34]. Decrease of surface area and larger pores
resulted in sintering, leading to reduced activity of the
adsorbent due to pore elimination and formation of dense
solid. Hence, a large surface area is important for high
adsorption performance.

The point of zero charge (pH ,) of CeO, can be evalu-
ated by determining the pH value at which the zeta poten-
tial is zero. The pH  is used to qualitatively assess the
polarity of the adsorbent surface charge [36]. AtpH<pH_,
the adsorbent has a positive surface charge and can act as
an anion exchanger, while at pH > pH_ the surface charge
of the adsorbent is negative and beneficial for adsorbing
cations. The pH_ of CeQ, is presented in Fig. 4 at about
5.8. The pH value during the adsorption experiment was
6.0-6.50; therefore, a negative charge of the CeO, surface
was presented. However, under different pH conditions,
arsenic species may change to various forms. As(III) exists

Fig. 3. SEM images of CeO, at difference calcination temperatures (a) 105°C, (b) 250°C, (c) 350°C, and (d) 550°C.
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Fig. 4. Zeta potential of CeO, samples under various pH values.

mainly as H,AsO,, a neutral species, when pH is less than
9.2 (pKa, = 9.2) [26]. Thus, in this experiment, the pH range
of the solution used in this study is probably not playing a
role in arsenite removal.

The FTIR spectra of CeO, prepared by the simple pre-
cipitation process with synthesis at low calcination tem-
perature are shown in Fig. 5. Bands at 545 and 750 cm™ are
due to Ce-O stretching vibration, while bands at 1,379 and
1,539 cm™ result from C-O stretching vibration. The band at
1,065 cm™ is due to -NH stretching vibration, and the band
at 3,412 cm™ is caused by O-H bond vibrations of water
absorbed from moisture. These variable peaks revealed that
functional groups such as -OH and C-OH were involved
in the adsorption reaction of As(IIl) ions on CeO, [37,38].
Similar results were also deduced for possible adsorption
mechanisms for As(Ill) removal by CeO, and these are
discussed later.

3.2. Arsenite removal capacity testing
3.2.1. Effect of calcination temperature on As(Ill) removal

The effect of initial calcination temperature on the rate
of As(Ill) removal is shown in Fig. 6 as a plot of dimen-
sionless concentration vs. time for calcination temperature
ranging from 105°C to 550°C. Removal capacity between
different calcined products varied from 8.75, 8.94, 7.88, 8.38,
and 7.59 mg/g for 105°C, 250°C, 350°C, 450°C, and 550°C,
respectively. The CeO, material calcined at 250°C showed
maximum removal capacity, confirming that the release of
residual chemisorbed water and organic residues as NO, [39]
inhibited arsenic removal. Reaction by-products occurring
during the CeO, synthesis process are shown as Egs. (2)—(6).

4NaOH — 4Naj  +4O0H 2)
Ce(NO,),6H,0, — Cef; +3NO;  +6H,O 3)
Ce?;q) +40H +xHO  — Ce(OH),xH,0O 4)
Ce(OH),xH,0 — Ce(OH),, +xH,O 5)
Ce(OH),,, > CeO, +2HO (6)

These reactions are consistent with the crystal size and
surface area of CeO,. The removal capacity of CeO, depends
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Fig. 5. FTIR spectra of CeO, at 250°C calcination temperature.

on various factors such as surface area, porosity, and surface
morphology. However, the chemical characteristics of CeO,
change on heating. The O/Ce ratio decreased with increas-
ing calcination temperature, while the abundance of O-Ce*
and hydroxyl groups also decreased at higher calcination
temperatures [30].

The calcination temperature of CeO, at 250°C gave the
highest removal capacity. As(Ill) uptake capacities were
determined as a function of time to deduce an optimal con-
tact time for adsorption of As(Ill) on CeO,. The amount of
As(III) on each CeO, sample was calculated by the difference
between As(III) content in influent solution and effluent solu-
tion expressed as a percentage (C/C).

Variation of C/C; as a function of time is shown in
Fig. 6. The significantly higher arsenic removal efficiency
was obtained in the first 10 min. The concentration of As(IIT)
in aqueous solution reduced from 42.29 to 14.68 mg/L in
10 min, revealing that As(Il) was quickly removed by CeO,,
and then decreased steadily with increasing reaction time.
The optimal time required for CeQO, to achieve maximum
removal efficiency (77%) was 30 min. However, As(III)
began to change to As(V) at about 60 min, and this contin-
uously increased to 120 min, indicating that CeO, oxidized
As(Il) to As(V). Additionally, As(Ill) in aqueous solution
was partially oxidized because As(V) was detected in the
As(III)-CeO, system as shown in Fig. 7.

Ceria is often considered an active catalytic support
material due to its excellent reducibility, oxygen transport
properties [40], and as a catalyst for oxidation processes [41],
resulting in a transfer of electrons to As(III) on the surface of
CeO,. When As(Ill) receives oxygen electrons it oxidizes to
As(V) according to the CeO, redox equation. The analysis
demonstrated that As(IIl) in aqueous solution was partially
oxidized to As(V), while As(V) did not reduce to As(III).
Similar results were also deduced from arsenic speciation
on the solid-phase interface by XANES, and these are dis-
cussed as follows.

3.2.2. Kinetic model and isotherm analysis of As(Ill) removal

A pseudo-second-order kinetic model was fitted to
the experimental data of arsenic removal by CeO, to bet-
ter understand the reaction kinetics. The expression of this
model is presented as Eq. (7):
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Fig. 6. Adsorption of As(III) onto various calcined CeO, samples
as a function of calcination temperature (°C) (experiment condi-
tions: CeO, =0.1 g and As(III) = 50 mg/L).
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where g, (mg/g) is the CeO, amount at time ¢ (min), g, (mg/g)
is the maximum adsorption capacity, and k, (g/mg min) is
the rate constant. Applicability of the pseudo-second-order
kinetic model is quantified by the squared correlation coef-
ficient (R?). Table 1 shows the kinetic parameters obtained
from the data fitted in Fig. 8a. The high value of R? (0.9989)
indicated that a pseudo-second-order kinetic model fitted
the kinetics data accurately. Thus, it can be concluded that
arsenic adsorption onto CeO, is driven by chemisorption
involving valence forces through the sharing or exchange of
electrons between CeO, and As(III) [26,42].

Two important adsorption isotherms, namely Langmuir
and Freundlich, were fitted to the experimental data.
Adsorption capacities of CeO, on As(IIl) were investigated by
an equilibrium adsorption isotherm study as demonstrated
in Fig. 8b. Adsorption data were fitted with Langmuir and
Freundlich isotherms as Egs. (8) and (9), respectively:

qé‘ = FC:/H (8)
qmax LC@

_ InaKiCe 9

e 1+K,C, @)

where g, (mg/g) is the amount of the adsorbate adsorbed at
the adsorbent, C, (mg/L) is the equilibrium concentration
of the adsorbate in solution, q__ (mg/g) is the maximum
amount of the adsorbate adsorbed at the adsorbent at equi-
librium time, K, (L/mg) is a constant related to the heat of
adsorption, K, (mg/g) (L/mg)*" is related to the adsorption
capacity of the adsorbent of the adsorbent, and 1/n is a con-
stant known as the heterogeneity factor that is related to the
surface heterogeneity.

Compared to the Langmuir isotherm, the Freundlich
isotherm plot resulted in a good fit with experimental data
as evidenced in Fig. 8b. The Freundlich isotherm constants

—m— As(Il)
—o— As(V)

0.0 M

T T T T T T T T T T T T T

0 10 20 30 40 50 60 70 80 50 100 110120
Time (min)

Fig. 7. Relationship between contact time and residual arsenic

under CeO, at room temperature (experimental conditions:
CeO, = 0.5 g, As(Ill) = 50 mg/L, and pH = 6.14).

Table 1
Adsorption kinetics and equilibrium adsorption isotherm fitting
parameters for As(III) onto CeO,

Adsorption kinetic (pseudo-second-order rate kinetic)

Initial time (min) 15 30 60

q, (mg/g) 0.086 0.081 0.079
k, (g/(mg min)) 41.152 42373 42918
h=k,f (mg/(g min)  0.304 0.278 0.267
R? 0.9989 0.9994  0.9998

Equilibrium adsorption isotherm

K, (mg/g) (L/mg)"" 15909
Freundlich n 3.414
R? 0.9856
7,4 (M/) 21.277
Langmuir K, (L/mg) 21.364
R? 0.8424

are shown in Table 1, and the linear correlation coefficients
for As(III) of the plot were good. Fig. 8b shows the sorption
isotherm in terms of As(IIl) in the solid phase as a function
of equilibrium As(III) concentration in the leachate. The
Freundlich isotherm fitted well for adsorption of As(IIl) on
CeO,. The “n” values of As(Ill) were observed to be more
than the value 1, indicating that adsorption was favorable
for As(III). However, the main assumption of the Freundlich
model describes sorption on heterogeneous surfaces with
sorption sites and heterogeneous energy distribution [38].
It also describes reversible adsorption which is not restricted
to the formation of a monolayer [43].

Table 2 presents a comparison between our prepared
CeO, and previously reported sorbents for As(III) sorption.
Results demonstrated that CeO, outperformed many other
sorbents. The high capacity indicated that our prepared
CeO, was very effective for As(Ill) removal and achieved
the aim of finding new materials that can combine oxida-
tion and adsorption processes as an efficient method since
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isotherm of As(IIl) (b) on CeO, with high equilibrium concen-

tration (experimental conditions: CeO, = 0.5 g, As(IIl) = 50 mg/L,
and pH = 6.46).

As(II) is more toxic and more difficult to remove from
water than As(V).

3.3. Adsorption mechanism and As(IIl) interaction on CeO,

The XANES spectra are very sensitive to the oxidation
state of the adsorbed atom; therefore, the As and Ce K-edge

Table 2

XANES spectra can indicate the oxidation state of elements
that occur on the interface of materials between, before, and
after arsenic removal at 120 min. Fig. 9a presents the nor-
malized As K-edge XANES spectra of samples before and
after the adsorption processes at different calcination tem-
peratures (250°C and 550°C). The XANES features of the
starting material were typical of As(IIl) and As(V) standard
as 11,870.3 and 11,873.3 eV, respectively. The As K-edge of
both CeO, samples (250°C and 550°C) showed that spec-
trum properties matched with the As(IIl) standard, while
characteristics of the spectrum represented As(V) on the
CeO, surface were similar to the As(V) standards. The As
K-edge XANES data identified a combination of As(III) and
traces of As(V) on the surface of CeO, since As(IIl) can be
oxidized to As(V) on the surface of CeO, to a certain extent
through the redox reaction of Ce*. Dahle et al. [49] noted
that CeO, had a particularly high oxygen storage capacity;
when coupled with its ease of transition between trivalent
and tetravalent states and its high natural abundance, this
makes CeO, an excellent choice as a catalyst 49].

The Ce L,-edge was also examined by XANES after
the adsorption processes. The results are shown in Fig. 9b,
along with spectra for Ce(NO,),-6H,O (reference for Ce*) at
5,726.19 eV and CeO, powder (reference for Ce*) with dou-
ble peaks at 5,730.59 and 5,737.40 eV, respectively. Before and
after adsorption processes identified combinations of Ce*
and slight Ce* due to the transmission of electrons between
Ce* and As(Ill), resulting in the change of As(IIl) on the
surface of CeO, as shown in Eq. (9).

2CeQO, + 3H,AsO, - H,AsO, + 2CeAsO, + H,O 9)

As(III) was oxidized to As(V) by receiving electrons from
the CeO, redox reaction, and CeO, was reduced to Ce,O, as
a Ce" intermediate reaction product. This generated Ce,O,
which also oxidized As(IIl) to As(V). Results of Ce L -edge
XANES spectra analysis inferred that CeO, played the role of
an arsenic species adsorbent and acted as an oxidant.

The XANES analysis suggested possible adsorption
mechanisms for As(III) removal by CeO, as shown in Fig.
10. Our results and existing reports concurred with As(III)
adsorption on the hydroxyl group bond on the surface
(Ce-OH) after the reaction. This was consistent with FTIR
analysis revealing that functional groups such as -OH and

Comparison of adsorption capacity of arsenite by various adsorbents

Adsorbent Surface area (m*/g) Solution pH Sorbate Sorption capacity (mg/g) Reference
MnBT-4 229 3 As(III) 274 [44]
Hematite NPS - 7-8 As(III) 4.122 [45]
HyFe-MMT 277-355 9-7 As(III) 3.854 [46]
As(1II),

Ce-Loaded cationic resin - 5-6 AzEV)) 2.25,1.02 [47]
Ce-CNB - 8 As(III) 57.5 [37]
NCMO 116.96 6-8 As(IIT) 34.89 [11]

CeO, NPS - 7.0 As(III) 20.21 [48]

CeO, LCT =67.5 5.8-6.3 As(III) 21.27 This study




S. Suwannatrai et al. / Desalination and Water Treatment 200 (2020) 252-261 259

(a) N

As(TTT)-Ce 550 °C

As(111)-Ce 250 °C

=
S
=
g
S As(ll])
As(V)
T T T T T T T T T T 1
11850 11860 11870 11880 11890 11900 11910
Energy, eV
¥
(b) 5 e
: \ As(TIN)-Ce 550 °C
i ? As(11)-Ce 250 °C
5 L Ce 550°C
S P
= : : o
g : ; Cc 250 °C
B " H
5 : :
z ._—/ :
5 5 cet

T v T ——T T T T T
5720 5730 5740 5750 5760

Energy, eV

Fig. 9. Normalized XANES spectra for (a) As K-edge XANES
spectra, and (b) Ce L,-edge XANES spectra.

monodentate ;0 /OH
~As

C-OH were involved in the adsorption of As(Ill) ions on
CeO, [37,41,50] due to the formation of highly hydroxyl-
ated As(IIl) complexes via the reaction between Ce-OH
and As-OH. The fast adsorption kinetics in this study indi-
cated a chemisorption mechanism [26]. Thus, we suggest
that As(IIl) adsorption occurs by forming inner-sphere
complexes at the hydroxy group on the CeO, surface.
Adsorption behavior that is unaffected by pH provides evi-
dence for inner-sphere complexation, whereby the As(III)
species exchanges with -OH groups that are directly coor-
dinated to the CeO, surface. Possible monodentate and
bidentate surface complexes allow CeO, to adsorb As(III)
through a rapid and efficient process [26].

Based on an analysis using relationships between con-
tact time and the XANES method, the As(IIl) on the sur-
face of CeO, was partially oxidized to As(V), and then
adsorbed onto CeQ, at the experimental condition through
two mechanisms [37] of surface complexation and redox
reaction of CeO,~Ce,O,. As(Ill) was oxidized to As(V) by
receiving electrons from the CeO, redox reaction and CeO,
was reduced to Ce,O, as a Ce* intermediate reaction prod-
uct. This generated Ce,O, which also oxidized As(III)-As(V)
as shown in Fig. 10. Thus, the main mechanism of As(III)
adsorption was as follows: (i) complexation was conducted
between hydroxyl groups on CeO, to form monodentate and
bidentate complexes, and (ii) As(IIl) was oxidized to As(V)
by redox reaction [37].

4. Conclusions

Our results indicated that CeO, was successfully syn-
thesized following a simple precipitation process, with
low-temperature calcination to adsorb As(IIl) in aqueous
solution. Ceria being calcined at 250°C showed maximum
adsorption capacities of As(IIl) reaching 21.27 mg/g. The
adsorptionbehaviorof As(II) was well-fitted to the Freundlich
isotherm and a pseudo-second-order model. Analysis of
XANES spectra demonstrated that oxidation states of Ce and
As occurred on the interface of materials between, before,

OH
\
As—OH
/7
HO
Arsenite; As(III)

Arsenate; As(V)

Fig. 10. Schematic diagram for the proposed mechanism of As(III) adsorption and As(III) oxidation to As(V) on the surface of CeO,.
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and after arsenic removal. The As(IIl) adsorption mecha-
nisms as complexation were conducted between hydroxyl
groups and redox transformation between As(III) and CeQ,.
Our results suggested that economical synthesis of CeO,
offers potential as an efficient method for removal of As(III)
from polluted water by adsorption.
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