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The Langmuir two-site equation, X-ray photoelectron spectroscopy, and extended X-ray absorption fine
structure spectroscopy have been employed to study the competitive behaviors of fluoride (F) and phos-
phate (P) in relation to arsenate adsorption on an Fe-Ce adsorbent as well as the mechanisms involved.
The two-site isotherm revealed the presence of two kinds of adsorption sites with different binding affini-
ties for arsenate. Both the total and low-binding-energy maximum adsorption capacities (Q and Q1) of
arsenate decreased significantly even at a molar ratio of As/P = 1:0.1. The coexistence of F, only influenced

ii“sv :;Szdrsémoval the total Q of arsenate at high simultaneous F concentrations. The fact that Fe-Ce released 0.15-0.24 mmol
Phosphate sulfate for every mmol arsenate adsorbed suggested that, while sulfate groups might have played a role
Fluoride for adsorption, surface hydroxyl groups should be the major active sites. The XPS results indicated that

arsenate and P are mainly adsorbed through the substitution of Fe surface active sites, while F is mainly
adsorbed through substitution of Ce surface active sites. The As k-edge EXAFS data show that the second
peak of Fe-Ce after arsenate adsorption is As—Fe shell, which further supported that arsenate adsorption

Competitive adsorption
Extended X-ray absorption fine structure
spectroscopy

occurs mainly at the Fe surface active sites.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The occurrence of arsenic (As) in groundwater has become a
major health issue, and adsorption techniques have been mainly
used for its removal because of their low cost and high efficiency
[1,2]. However, in some cases, As in groundwater co-exists with
fluoride (F) or phosphate (P), which are believed to compete with
As for adsorption sites on As adsorbents [3-5]. Investigation of
the competitive behavior of F and P on the adsorption of As is
therefore very important from the viewpoint of engineering appli-
cations. In addition, understanding the competitive adsorption
mechanisms of these anions could provide insight into the reactions
occurring on the surfaces of adsorbents, leading to the elucida-
tion of adsorption mechanisms of different adsorbents. Recently,
an iron-cerium (Fe-Ce) bimetal oxide adsorbent has been success-
fully developed for arsenate removal, which has a higher adsorption
capacity (2.00 mmol g—1) than many reported adsorbents [6]. Batch
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and long-term column studies on arsenate adsorption performance
using groundwater samples from Inner Mongolia and the sub-
urbs of Beijing, respectively, have shown that the adsorbent is
a promising one, although its performance might be affected by
some coexisting substances [7,8]. However, how F or P competes
with arsenate for sites on the adsorbent surface has hitherto been
unclear.

The ability of phosphate to compete with arsenate in bind-
ing at the surface sites of goethite as well as soil has well been
documented [9-13]. In view of the fact that similar amounts of
phosphate and arsenate were adsorbed on goethite samples at pH
3.0-8.5, Liu et al. [12] speculated that these anions compete pri-
marily for a similar set of surface sites on this mineral, while there
are some sites that are specific for arsenate and phosphate adsorp-
tion, respectively. Some researchers have attempted to describe
the competitive behaviors of P and arsenate on goethite and gibb-
site by using a surface complexation model (SCM), but they found
the actual reactions to be more complicated than those assumed in
the SCM [11,14]. The above-mentioned studies were based mainly
on macroscopic adsorption observations and surface complexation
models. As regards the competition between arsenate and F, little
information is available.

On the other hand, by assuming that adsorption occurs at both
relatively high- and low-energy surface adsorption sites [15], the
Langmuir two-site model has been successively used to describe
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the adsorption of P and arsenate on soils [16-20]. Recently, the
Langmuir two-site sorption isotherm has also been used to reveal
the presence of two kinds of adsorption sites for orthophosphate
adsorption in cationized solid wood residues and F adsorption on
Fe-Al-Ce trimetal oxide [21,22], and for the study of competitive
mechanisms of Pb, Cu, and Cd on peat [23].

Although the above approaches such as SCM or Langmuir two-
site equation have been widely applied in describing the adsorption
processes [11,14,15,17-19,20,23], some researchers considered
that the surface species and parameters selected may not be unique
or physically meaningful. Very little information is available on the
adsorption sites involved in the competitive adsorption of anions
and no direct evidence has been provided for the competitive
adsorption of anions. Fortunately, recent advances in IR, X-ray pho-
toelectron spectroscopy (XPS), and X-ray absorption spectroscopy
(XAS) have permitted detailed structural and chemical observation
of adsorbents and adsorbates, providing more direct evidences and
quantitative information [24]. Especially the XAS analysis has been
demonstrated to be a versatile structural probe for studying the
local environmental conditions for the adsorption of anions.

The aim of this study was to determine the competitive behav-
iors of P and F on arsenate adsorption and the mechanisms by
which this occurs. The Langmuir two-site isotherm was used to
describe arsenate adsorption on Fe-Ce in the simultaneous pres-
ence of F or P at various anion molar ratios, and the evidences
for different adsorption sites have been obtained by integrating
information from XPS and extended X-ray absorption fine struc-
ture spectroscopy (EXAFS) analyses. This study will improve the
understanding of the bonding mechanisms of arsenate, F, and P on
the surfaces of different adsorbents, and provide useful information
regarding the application of adsorbents for arsenate removal.

2. Materials and methods
2.1. Materials

All chemicals used were of analytical reagent grade.
100 mmol L1 stock solutions of arsenate, P, and F ions were
prepared by dissolving dibasic sodium arsenate, potassium dihy-
drogen phosphate, and sodium fluoride, respectively, in distilled
water. Fe-Ce bimetal oxide adsorbents were prepared by a co-
precipitation method and were characterized as described in our
previous work [6,7].

2.2. Adsorption experiments

Batch equilibrium adsorption experiments were performed for
single (arsenate) and binary (As/P and As/F) solution by the Fe-Ce
oxide. The suspension was mixed on a rotator at 120 rpm and 20°C
for 24 h at an equilibrium pH of 5.0. The solution was then fil-
tered through a 0.45 wm membrane filter for the analysis of As,
P and F. The pH was measured with a pH meter (model 828, Orion,
USA). Arsenate was analyzed using a hydride generation atomic
fluorescence spectrometer (HG-AFS-610, Beijing Raileigh Analytic
Instrument Corporation, China). The adsorption isotherms of As
were studied by varying the dose of adsorbent at a fixed initial
arsenate concentration (13.3 wmol L~1), which is close to its actual
concentration in groundwater in some areas of Inner Mongolia [6].
For competitive adsorption of P vs. As and F vs. As, series of molar
ratios of As to P (1:0.1, 1:1, and 1:10) and As to F (1:1, 1:10, and
1:100) were employed.

Batch experiments were conducted to study the possible sulfate
release in the adsorption process since sulfate was introduced in
the preparation of Fe-Ce bimetal oxide. The Fe-Ce solid concentra-
tion was fixed at 300 mg L~ and 6 g L1 respectively, and the initial

arsenate concentration ranges at low (0.27-0.53 mM) and high
(5.34-13.35 mM) corresponding to the low and high solid concen-
tration levels. pH was maintained at 5.0 + 0.2 using HCl and NaOH.
The experimental procedure was the same as arsenate adsorption,
and sulfate was analyzed using an ion chromatography (model 861,
Metrohm, Swiss). Control adsorption tests were also carried out in
order to determine the blank adsorption. Adsorption experiments
were performed in triplicate, and the results are the averages of the
three experiments.

2.3. Adsorption equations

Langmuir one-site and Langmuir two-site equations [20] were
used to describe the adsorption of arsenate, As/F, and As/P on the
Fe—Ce adsorbent. The Langmuir one-site equation is:

bQyCe
0, = 2%

T 14bCe M

where Q. denotes the amount of adsorbed anions, mmolg=1; Ce
is the equilibrium concentration of the respective anions, mM; Qg
is the maximum capacity of arsenate adsorption, mmolg~1; and b
is the adsorption equilibrium constant related to bonding energy,
Lmmol-1.

The Langmuir two-site equation is as follows:

b1QiCe = byQxCe

=15 T T1h,G

(2)

where Q; and b; represent the maximum adsorption capacity and
adsorption equilibrium constant for the low-binding surface and Q,
and b, are the corresponding values for the high-binding surface.
The maximum total adsorption capacity, Q, is written as:

Q=0 +Q (3)

Data analysis: Fitting of the adsorption isotherms and calcu-
lation of the parameters in Eqgs. (1) and (2) were undertaken by
nonlinear regression using Origin 7.0. The goodness-of-fit of the
Langmuir equations was compared by single regression analysis of
the actual and predicted arsenate adsorptions for each sample [25].

2.4. Characterization experiments

The binding energies and atomic ratios were measured on an
XPS equipped with an ESCA-Lab-5 spectrometer. The pass energy
was 50eV and a conventional Al-K, anode radiation source was
used as the excitation source. The XPS results were corrected by
Cls and the calibration energy was 284.6eV. XPS data processing
and peak fitting were performed using a nonlinear least-squares
fitting program (XPSPeak software 4.1, Raymund W.M. Kwok).

Transmission XAS spectra of the Fe K-edge for Fe—-Ce sample was
collected at beamline BL10B at Photon Factory (KEK-PF) in the High
Energy Accelerator Organization (KEK-PF, Tsukuba, Japan) with a
2.5 GeVring energy and a 300-200 mA ring current. The monochro-
mator used was based on a Si (31 1) channel cut single crystal and
had an energy resolution of about 1eV. The incident and trans-
mitted X-rays were monitored by means of N;-filled ionization
chambers of lengths 14 cm and 28 cm, respectively. This sample
was scanned twice in 2-3 eV steps at count times of 4-6s.

Transmission XAS spectra of As K-edge for arsenate adsorbed
Fe-Ce (adsorption capacity amounts to 130mgg~! at pH 5), syn-
thesized CeAsO,4 (mainly of CeAsO4 and NaCeAsO4 confirmed by
XRD), and scorodite (FeAsO4-2H,0) (obtained from Chinese Geol-
ogy Museum) were collected at the 4W1B beamline of the Beijing
Synchrotron Radiation Facility (BSRF). The storage ring was oper-
ated at 2.2 GeV with abeam current of 80 mA. A Si(Ill) double crystal
monochromator was used to provide an energy resolution of 1.5 eV.
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Table 1

Langmuir one and two-site equation parameters calculated using nonlinear-curve-fitting for adsorption isotherms of different arsenate, As/P, and As/F systems on Fe-Ce.
System by (Lmmol-1) Q; (mmolg1) by (b*) (Lmmol-1) Q, (mmolg1) Q(Qo?) (mmolg=1) R?
As? - - 13,1057 - 1.332 0.75682
As 288 1.05 88,497 0.80 1.85 0.9761
As/P=1:0.1 273 0.96 86,470 0.79 1.75 0.9579
As/P=1:1 610 0.23 62,274 0.74 0.97 0.9870
As/P=1:10 - - - - - -
As[F=1:1 82 1.15 36,533 0.65 1.80 0.9839
As[F=1:10 123 0.80 21,171 0.58 1.38 0.9772
As[F=1:100 46 0.62 8224 0.57 1.19 0.9940

2 Langmuir one-site equations calculated using nonlinear-curve-fitting for adsorption isotherms of arsenate on Fe-Ce.

These samples were loaded in Teflon sample holders, which were
then sealed with Kapton tape (CHR Industries).

EXAFS data reduction and analysis were performed with
WinXAS 2.3 software [26]. Theoretical EXAFS simulations were
performed using FEFF 7.0 [27]. The data reduction procedures
were as follows: (1) two scans per sample were aligned and then
averaged; (2) first- and second-order polynomial functions were
used to fit the pre-edge region for background removal and the
post-edge region for normalization, respectively; (3) the spec-
tra were then converted to photoelectron wave vector (k) space
with respect to Ey determined from the second derivative of the
raw spectra; (4) x(k) spectra for Fe-Ce after arsenate adsorp-
tion and the reference samples (CeAsO4 and FeAsO4-2H,0) were
extracted using a cubic spline function consisting of <7 knots over
the range k=3.5A"1-14.7A-1. A k3-weighted x(k) function was
Fourier-transformed over k=3.5-14.7 A~! to obtain radial structure
functions (RSFs) using a Bessel window function and a smooth-
ing parameter () of 3 to minimize the effects of truncation in the
RSFs without any phase shift correction. For Fe-Ce, a k range of
2.4-11.7 A-1 was used, and weighted by 2 in k-space and R-space;
(5) the experimental spectra were fitted with single-scattering the-
oretical phase shift and amplitude functions calculated with the ab
initio computer code FEFF 7 using atomic clusters generated from
the crystal structure of butlerite (FeSO;Hs ) for Fe-Ce, using CeAsOy4
for synthesized CeAsO4, and using scorodite (FeAsO4°2H,0) for
scorodite reference sample and arsenate adsorbed sample, respec-
tively. The many-body amplitude reduction factor (5(2)) was fixed
at 0.9. For Fe K-edge and As K-edge, each spectrum was fit roughly
to estimate AE firstly, the difference in threshold energy between
theory and experiment, by fixing coordination numbers (CN) and
Debye-Waller parameter (¢2) as the same value as that of related
reference model oxide (e.g. butlerite, scorodite), then AEy was fixed
to the best fit. Finally, the spectrum was fitted using estimated
values for CN, R, and o2 as starting values, fitting results were eval-
uated by residual value, a good fit was considered with a residual
value less than 20. Error estimates of the fitted parameters were
CN, £20%; R, £0.02 A; and o2, £20-30%.

3. Results and discussion
3.1. Adsorption behavior

3.1.1. Adsorption equilibrium isotherm of arsenate

The Langmuir one-site and two-site equations [16,20,23] were
used to fit the adsorption isotherms of arsenate at a given con-
centration range (Figure S1, Supplementary material). As shown
in Table 1, the predicted adsorption capacities (Qp and Q) were
1.33mmolg-! and 1.85mmolg-! for the Langmuir one-site and
two-site equations, respectively. The two-site equation showed a
much better fit on the basis of the correlation coefficients (R?)
of 0.9761 and 0.7568 for the two-site and one-site equation,
respectively. Thus, it could exist two different arsenate adsorp-
tion sites (Q; and Q, sites) on the Fe-Ce surface, one with a low

adsorption energy (energy related adsorption equilibrium constant
b;=288 L mmol-1) and the other with a high adsorption energy
(b, =88497 Lmmol~1). The low-energy surface site, at which arse-
nate is loosely bound, has a higher maximum absorption capacity
(Q:=1.05mmolg-1), while the high-energy site, at which arsen-
ate is relatively tightly bound, has a smaller maximum absorption
capacity (Q;=0.80mmolg—1).

3.1.2. Arsenate adsorption behavior in the presence of P/F

Fig. 1(a) and (b) shows the effects of P and F, respectively,
on arsenate adsorption at different molar ratios. Except for the
As/P (1:10) system, other systems showed R%>0.95 for the two-
site equation (Table 1), indicating that the adsorption of As in the
As/P and As/F systems obeys the two-site model on the surface
of Fe-Ce over a wide range of molar ratios. With the decrease
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Fig. 1. Effects of (a) P and (b) F on arsenate adsorption on Fe-Ce. The solid curves
are the results of the two-site Langmuir model.
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of the As/P molar ratio from 1:0.1 to 1:1, the predicted arsenate
adsorption capacity (Q) decreased significantly from 1.75 mmol g~!
to 0.97mmolg-!. The decrease in Q mainly occurred at the
low-binding-energy sites (Q; decreased from 0.96 mmolg~! to
0.23 mmol g-1), while the high-binding sites seemed to be more
specific for arsenate (Q, decreased slightly from 0.80 mmolg~!
to 0.74mmolg-1). The model shows that P was more competi-
tive in occupying the low-binding-energy sites than that in the
high-binding-energy sites for arsenate. When the molar ratio of
As to P was 1:10, the Q value for arsenate was almost constant at
0.40 mmol g, indicating that about 22% of the surface sites on the
Fe-Ce absorbent would be exclusively specific for arsenate.

Generally speaking, the influence of F on arsenate adsorption
was much weaker than that of P since the Fe-Ce retained a con-
siderable adsorption capacity for arsenate even at an As/F ratio of
1:100. The Q, Qq, and Q, values for arsenate were not markedly
affected by the presence of F at an As/F ratio of 1:1. With decreas-
ing the As/F ratio, the Q decreased, but not as significantly as in
the case of the As/P systems (Table 1). Again, adsorption capacity
of arsenate at the low-binding-energy sites was mainly affected by
the presence of F, while that at the high-binding-energy sites only
changed a little.

Considering the different competitive adsorption behaviors of
P, F, and arsenate, it seems likely that there are some nonspecific
sites on the Fe-Ce that are available for all three of the anions, while
there are also some sites that are specific for each [12].

3.2. Mechanisms of competitive adsorption

3.2.1. Surface active sites for arsenate adsorption

It has been reported the hydrolysis reaction which takes place
between the metal oxide and water results in the formation of
surface hydroxyl groups. The surface hydroxyl groups on metal
oxides are considered as the most abundant and active adsorption
sites for adsorption of anions from water [28-30]. In our previous
studies [6,7] the surface acidity and formation of surface hydroxyl
groups of the Fe-Ce have been provide to the interpretation of the
adsorption behaviors. At the same time, the exchange of surface
sulfate groups has also been suggested to be an important mech-
anism for the removal of arsenate [31,32]. In the present study,
sulfate was introduced in the Fe-Ce preparation process because
of the use of Ce(SO4),-4H;0. In order to investigate if surface sul-
fate groups also play an important role in the adsorption process,
the release of sulfate during arsenate adsorption was monitored
at low (0.27-0.53 mM) and high (5.34-13.35 mM) initial As con-
centration (Cy.as) ranges, as shown in Fig. 2. On the basis of the
slope of the regression line in Fig. 2, Fe-Ce releases 0.15 mmol and
0.24 mmol of SO4 for every mmol of arsenate that has been sorbed
at low and high Cy_as ranges, respectively. So sulfate might also be
involved in the arsenate adsorption on Fe—Ce. In comparison with
the result reported by Fukushi et al. [32] (schwertmannite released
0.62 mmol SO42~ for every mmol of arsenate adsorbed), the rela-
tively low release ratio shows that sulfate exchange was not the
dominant mechanism for the adsorption of arsenate, and surface
hydroxyl groups should be the major active sites.

3.2.2. XPS: proof of the existence of different surface active site
types

The XPS analyses of the Fe-Ce absorbents were conducted
before and after binding adsorption of arsenate, P, and F (Fig. 3
and Table 2). Significant decreases in the Fe(2p3) spectrum inten-
sity were observed following arsenate and P adsorption (Fig. 3(a)),
while the Ce(3d) spectra showed little change, suggesting the estab-
lishment of strong interactions between As/P and the active sites
of Fe atoms. For the F adsorption system, on the other hand, the
Fe(2p3) spectra only exhibited slight different before and after
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Fig. 2. Molar ratio of released sulfate to adsorbed solid-phase arsenate concen-
tration at low (0.27-0.53 mM) and high (5.34-13.35 mM) initial As concentration
ranges.

adsorption. However, the binding energy of Ce(3d5/2) decreased
from 885.8 eV to 884.2 eV and the peak shape changed notably after
F adsorption, suggesting the establishment of strong interactions
between the F and the active sites of Ce atoms (Fig. 3(b)). Clearly,
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Fig. 3. XPS spectra for (a) Fe2p3 (b) Ce3d5, of the Fe-Ce adsorbent before and after
arsenate, F, and P adsorption.
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Table 2
Binding energies and atom percentages of surface elements collected from XPS of
Fe-Ce before and after arsenate, P, and F adsorption.

Sample Binding energy (eV) Atom (%)

Fe2p3 Ce3d5 Fe Ce [0} As/P[F
Fe-Ce 711.0 885.8 20.1 6.1 73.8 0
Fe-Ce-As 710.9 885.3 7.7 6.2 69.8 16.2
Fe-Ce-P 710.6 885.3 4.0 7.2 70.1 18.6
Fe-Ce-F 711.9 884.2 17.8 11.0 41.2 30.1

the Fe surface active group would appear to play a key role in arse-
nate and P adsorption, while the Ce surface active group appears to
be important for the adsorption of F.

Therelative amounts in terms of atom% of Ce, Fe, O and the target
anions on the surface of Fe-Ce before and after anion adsorptions in
different systems are summarized in Table 2. The Fe percentage on
the Fe-Ce surface decreased drastically from 20.1% to 7.7% and 4.0%,
respectively, after adsorption of arsenate and P, while that in the F
adsorption system merely decreased to 17.8%. On the other hand,
the Ce percentage, initially at 6.1%, remained almost unchanged fol-

lowing arsenate and P adsorption (6.2% and 7.2%, respectively), but
increased to 11.0% following F adsorption. The changes in the Fe or
Ce atom % were possibly attributed to the surface mask by different
groups. The radii of arsenate and phosphate are 248 and 238 pm,
respectively, much larger than that of surface hydroxyl (145 pm),
while the F ion (133 pm) is smaller [29,33]. So the Fe percentage
on the Fe-Ce surface decreased after adsorption of arsenate and P,
while the Ce percentage increased following F adsorption.

3.2.3. EXAFS studies of Fe-Ce before and after As adsorption

EXAFS spectroscopy was employed to further determine the Fe
(before adsorption) and As (after adsorption) local coordination
environments. Fig. 4(a) and (b) shows the k% weighted observed
(solid lines) along with model calculated (dot lines) Fe K-edge
EXAFS spectra and the corresponding RSFs as Fourier transform (FT)
versus radial distance for Fe-Ce sample before arsenate adsorption.
The Fe K-edge XANES data are provided as the supporting material
(Figure S2 and Table S3). Fig. 4(c) and (d) shows the k3 weighted
As K-edge EXAFS spectra and the RSFs for As adsorbed Fe-Ce and
reference As compounds (CeAsO4 and FeAsO4-2H,0). The resolved
structure parameters obtained by fitting the theoretical paths to

(a)

Fe-Ce
Before adsorption

Xk

(b) Fe-

Fe-Ce
Before adsorption

FT Magnitude

(kK

As-O

As-Ce CeAsO,
&)\

FT Magnitude

As-Fe Scorodite

Fig. 4. The «3-weighted observed (solid line) and calculated (dotted line) Fe K-edge EXAFS spectra (a) and Fourier-transform magnitude (b) resulting in a radial distance
structure for the Fe-Ce and the reference iron oxides. The peak positions are uncorrected for phase shift.
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the experimental spectra are shown in the Supplementary material
(Tables S1 and S2). The FT of the EXAFS spectra isolates the contri-
butions of different coordination shells, in which the peak position
corresponds to the interatomic distances. These peak positions in
Fig. 4 are uncorrected for the phase shift, so they deviate from the
true distance by 0.3-0.5 A.

The Fe state in Fe—Ce was calculated from the correlation of Fe
states and white line energy position in XANES spectra. The results
show that the calculated Fe state was 2.45, indicated that Fe(lI)
and Fe(Ill) coexisted in Fe-Ce (Table S3).The first peak in the FT
was the result of backscattering from the nearest neighbor Fe-O
shell for Fe-Ce (Fig. 4(b)). The average Fe-O distance was about
1.95 A, and the CN of oxygen was calculated to be 6.2. It was found
that the best fit was obtained by using butlerite (FeSO;H3) [34] as
reference model. So the second peak in the FT might be attributed
to Fe-S bonding with an interatomic distance of 3.18 A. Fitting the
Fe-S peak was completed in both k-space and R-space using a Fe-S
shell, resulting in a CN of 2.1. The results suggested that sulfate
might have formed bidentate binuclear complexes with iron oxides.
Combined with the sulfate leaching datain Fig. 2, it is estimated that
sulfate groups on the surface possibly have also contributed to the
adsorption of arsenate.

As shown in Fig. 4(d), the first peak in the FT was the result
of backscattering from the nearest neighbor As-0 shell for Fe-Ce
after arsenate adsorption. The average As-O distance was 1.68 A,
which is in good agreement with previous publications [35-37].
The average CN of O was calculated to be 4.8. The second peak
position in the FT, centered at about 2.99 A (uncorrected for phase
shift) which is in agreement with FeAsO4-2H,0 (As-Fe shell),
but inconsistent with that of CeAsO4 (As-Ce shell) as shown in
Fig. 4(d). The fact that the second shell was As-Fe further sup-
ported the conclusion that arsenate adsorptions occur mainly at
the Fe surface active sites rather than the Ce surface sites. The
second peak could be fit with 2.3 Fe atoms at Ras_pe =3.32 A and
1.1 Fe atoms at Ras_re =3.55 A from the central As atom, respec-
tively (Table S2). Similar As-Fe distances at 3.32A (43-45) and
3.55A [38,39] were previously reported, respectively. The results
suggested that bidentate binuclear and monodentate mononuclear
inner-sphere complex species coexisted at the Fe-Ce surface, which
corresponded to an As—Fe distance of 3.32 and 3.55 A, respectively.
Further information regarding the surface complexes will be pro-
vided in the next paper.

4. Conclusions

This study investigated the effects of Fand P on arsenate removal
as well as mechanisms involved using an Fe-Ce oxide adsorbent in
this system. The following conclusions could be drawn from this
study:

(1) The two-site adsorption isotherm revealed the presence of two
kinds of adsorption sites (low- and high-binding-energy sites)
with different binding affinities for arsenate. P strongly inhib-
ited the adsorption of arsenate at the low-binding-energy sites.
The coexistence of F, on the other hand, only influenced the
total adsorption capacity of arsenate at high simultaneous F
concentrations.

(2) Although surface hydroxyl groups should be the major active
sites, the fact that Fe-Ce released 0.15-0.24 mmol sulfate for
every mmol arsenate adsorbed and the second peak in the FT
might be attributed to Fe-S bonding of the Fe K-edge EXAFS
data, suggested that sulfate groups might have played a role for
adsorption of arsenate.

(3) Arsenate and P are mainly adsorbed through the substitution
of Fe surface active sites, while F is mainly adsorbed through

substitution of Ce surface active sites by XPS analyses on Fe-Ce
surface. The As k-edge EXAFS data show that the second peak
of Fe-Ce after arsenate adsorption is As-Fe shell, which fur-
ther supported the above hypothesis that arsenate adsorption
occurs mainly at the Fe surface active sites. The arsenate on
the used Fe-Ce could be desorbed with an efficiency of 89%
using 1.0 M sodium hydroxide, and the Fe-Ce after desorption
showed similar arsenate adsorption performance with the fresh
one. This part of the result will be reported in a future paper.
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