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We investigated the As(III) and As(V) adsorption complexes
forming at the γ -Al2O3/water interface as a function of pH and
ionic strength (I ), using a combination of adsorption envelopes,
electrophoretic mobility (EM) measurements, and X-ray absorp-
tion spectroscopy (XAS). The As adsorption envelopes show that
(1) As(III) adsorption increases with increasing pH and is insen-
sitive to I changes (0.01 and 0.8 M NaNO3) at pH 3–4.5, while
adsorption decreases with increasing I between pH 4.5 and 9.0,
and (2) As(V) adsorption decreases with increasing pH and is in-
sensitive to I changes at pH 3.5–10. The EM measurements show
that As(III) adsorption does not significantly change the EM val-
ues of γ -Al2O3 suspension in 0.1 M NaNO3 at pH 4–8, whereas
As(V) adsorption lowered the EM values at pH 4–10. The EXAFS
data indicate that both As(III) and As(V) form inner-sphere com-
plexes with a bidentate binuclear configuration, as evidenced by a
As(III)–Al bond distance of∼=3.22 Å and a As(V)–Al bond distance
of∼=3.11 Å. The As(III) XANES spectra, however, show that outer-
sphere complexes are formed in addition to inner-sphere complexes
and that the importance of outer-sphere As(III) complexes increases
with increasing pH (5.5 to 8) and with decreasing I . In short, the
data indicate for As(III) that inner- and outer-sphere adsorption
coexist whereas for As(V) inner-sphere complexes are predominant
under our experimental conditions. C© 2001 Academic Press

Key Words: arsenic; γ -Al2O3; adsorption mechanisms; XAS; elec-
trophoretic mobility; oxide–water interface.

h in
tly

+3,
n
rse-
xi-
ese
soil

tal

is
nd
sili-
bed
/or

ia a
as
nc-
xes
an
bent

soil
lex-
ve

)
d
een
,
-

in-
of
n

on-
nce
ior

ate
INTRODUCTION

Arsenic (As) is a ubiquitous toxic metalloid in the soil/wate
environment due to natural geologic processes (volcanic e
tion and weathering) and anthropogenic sources (mining,
dustrial processes, and agricultural practices). The average
tal As content in uncontaminated soils is approximately 5 p
(1–3); however, the total As levels in fields that received A
containing pesticides and defoliants range from 5 to 2553 p
(4) In aquatic environments, typical concentrations of total
range from 1 ppb to 3 ppm (5–8).

The United States Environmental Protection Agency recen
proposed lowering the maximum concentration level (MCL) f
total As in drinking water from 50 to 5 ppb. This new MCL
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raises serious concerns about human and ecological healt
many parts of the United States where the As levels curren
are above 5 ppb. Inorganic As has four oxidation states: +5,
0, and−3. In the soil/water environment, it is mainly present i
the +3 and +5 oxidation states. In reduced environments, a
nious acid is a common As(III) aqueous species, whereas o
dized environments contain more As(V) aqueous species. Th
two aqueous species may adsorb onto inorganic and organic
components and or precipitate in a variety of forms. The pKa val-
ues of As(III) and As(V) (As(III): pK1 = 9.22 and pK2 = 12.13;
As(V): pK1 = 2.20, pK2 = 6.97, and pK3 = 13.4 (9)) predict
that the predominant solution species at typical environmen
pH values (4–8) would be As(OH)0

3(aq) for As(III) and H2AsO−4
and HAsO2−

4 for As(V).
The environmental fate of As in subsurface environments

highly dependent on the As speciation, pH, ionic strength, a
the presence of adsorbents such as metal oxides and phyllo
cates. In acid to alkaline environments, arsenic can be adsor
onto variable-charge mineral surfaces by inner-sphere and
outer-sphere complexation. Inner-sphere complexes form v
ligand exchange reaction with a surface functional group, and
a result, no water molecules are present between surface fu
tional groups and the adsorbate ions. Outer-sphere comple
from mainly by electrostatic interactions and contain more th
one water molecule between the adsorbate and the adsor
functional groups (10).

Several researchers have investigated As adsorption on
minerals using macroscopic techniques and surface comp
ation models. As(V) adsorption studies on metal oxides ha
shown that As(V) is strongly adsorbed on amorphous Al(OH3,
α-Al2O3, ferrihydrite, and hematite at acidic pH (pH 3–5) an
that adsorption gradually decreases with increasing pH betw
pH 6–10 (1–3). Conversely, As(III) adsorption on ferrihydrite
goethite, kaolinite, illite, montmorillonite, and amorphous alu
minum oxide has been shown to increase gradually with
creasing pH from 3.5 up to 8–9 (2, 11, 12). An application
the triple-layer model to As(V) adsorption on amorphous iro
oxide at pH 4–10 suggested the formation of inner-sphere m
odentate mononuclear species (13). The constant capacita
model has been used to describe As(III) adsorption behav
on goethite, assuming the predominant formation of bident
binuclear surface complexes (11).
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ARSENITE AND ARS

X-ray absorption fine structure spectroscopic (XAFS) st
ies have shown the formation of both inner-sphere biden
binuclear and monodentate As(V) complexes on ferrihyd
and goethite at pH 6–8 (14, 15). Attenuated total reflecta
Fourier transform infrared spectroscopic (ATR-FTIR) stu
ies, electrophoretic mobility (EM) measurements, and tit
tion studies also suggested inner-sphere adsorption me
nisms of As(V) and As(III) on ferrihydrite (16).Ex situ
ATR-FTIR studies indicated that both As(III) and As(V
adsorbed to the goethite surface as inner-sphere brid
bidentate complexes at pH 3–8.5 (17). Anin situ EXAFS
investigation of As(III) adsorption at the goethite/water i
terface reported a bidentate binuclear bridging configu
tion with an average As–Fe distance of 3.378± 0.014 Å
(11).

Unfortunately, there are noin situ spectroscopic studies o
arsenic adsorption at the aluminum oxide/water interface. A
minum oxides such as gibbsite may play an important r
in As retention in soil/water environments because their a
minol functional groups serve as dynamic sinks for vario
oxyanions (18). A strong correlation between As(V) retent
with ammonium oxalate extractable Al indicated the imp
tance of As(V) fixation by amorphous aluminum oxides in so
(19, 20).

In this study, we investigated the complexation of As(I
and As(V) at the aluminum oxide/water interface as a fu
tion of pH and ionic strength using a combination of adsorpt
envelopes, electrophoretic mobility measurements, and X
absorption spectroscopy (XAS). We choseγ -Al2O3 (Degussa
Corp., Akron, OH) as the adsorbate in this study because
surface of well-hydratedγ -Al2O3 (Degussa) is structurally sim
ilar to that of aluminum oxides (e.g., bayrite) in soils. ATR
FTIR and diffuse reflectance (DR) Fourier-transformed infra
(FTIR) spectroscopic investigations showed that the surfac
γ -Al2O3 transformed into the bayerite polymorph upon agi
(21, 22).

MATERIALS AND REAGENTS

Total ignition and transmission electron microscopic an
ysis (TEM) of theγ -Al2O3 showed greater than 99.6% pu
rity and an average particle radius of 13 nm (Degus
The five-point Brunauer–Emmett–Teller (BET) surface a
of the γ -Al2O3 was∼=90.1 m2 g−1. The isoelectric point was
∼=9.3, as determined by electrophoretic mobility measureme
ACS-grade sodium arsenate, Na2HAsO4 · 7H2O (Baker), and
sodium m-arsenite, NaAsO2(Sigma), were used as sourc
of arsenic reagents. All reagents and samples were prep
with boiled DDI water in a N2-filled glove box to min-
imize the competitive adsorption between As and carb
ate species as well as potential As(III) oxidation by d
solved oxygen. The As(III) reagent was prepared in an ac

medium (pH∼= 3 HNO3 solution) to avoid auto-oxidation a
alkaline pH.
ENATE ADSORPTION 81
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METHODS

Adsorption Envelopes

Arsenic adsorption was studied as a function ofI (0.01 and
0.8 M NaNO3) and pH (3–10). The concentrations ofγ -Al2O3

and arsenic were 5 g L−1 and 0.7 mM, respectively. Hydration
of γ -Al2O3 adsorbent was effected in two steps. In the first ste
100 ml γ -Al2O3 suspensions were hydrated in 0.01 or 0.8
NaNO3 solutions for 7 days. Theγ -Al2O3 material transformed
into a bayerite polymorph during this hydration period, as w
verified via ATR-FTIR analysis. Next, the pH of the suspensio
was adjusted to values ranging between 3.75 and 9, using e
0.1 M HNO3 or 0.1 M NaOH, and equilibrated for an additiona
24 h. An appropriate amount of 5 mM As(III or V) stock solutio
was then added to achieve an initial As concentration of 0.7 m
The samples were reacted for 20 h on an orbital shaker opera
at 300 rpm. The final pH was measured in the N2-filled glove box,
and 30 mL of the suspension was removed and then centrifu
at 11,950 g for 5 min. The supernatant was filtered throu
0.2-µm filter paper. The filtrates of the arsenite-reacted sa
ples were treated with KIO3 to induce the oxidation of As(III)
to As(V). The total As(V) concentrations of the filtrates wer
measured by the ammonium molybdenum method describe
Cummingset al. (23).

Electrophoretic Mobility Measurements

The EM measurements were performed on a Zeta-Meter s
tem 3.0 (Zeta Meter, Inc., NY). To assure the accuracy in E
measurements, the instrument was calibrated by measurin
constantζ potential (−29± 1 mV) of standard colloidal sil-
ica (Min-U-Sil) in distilled water. The suspension density o
γ -Al 2O3 was 0.25 g L−1, and the background electrolyte wa
0.1 M NaNO3. Hydration of theγ -Al2O3 material was as de-
scribed above. The EM measurements of the mineral susp
sions were conducted at pH 4–10 for As(V) and at pH 4–8
As(III). Measurements at each pH value were done in both
presence and the absence of 0.1 mM As(III) or 0.1 mM As(V
The narrower pH range for the As(III) system was chosen d
to potential As(III) oxidation at a pH of>9.2 (12). The track-
ing times (s) of a total of ten particles were averaged, and
average values were used to estimate EM using the Helmho
Smoluchowski equation (24). The average particle radius
13 nm andI = 0.1 M are within the H¨uckel and Helmholtz–
Smoluchowski limits for estimating the EM values using th
Helmholtz–Smoluchowski equation (24).

Synchrotron XAS Analysis

All XAS samples were prepared at 25(±2)◦C in a N2-filled
glove box using the same experimental methods as descr
above for preparation of the As adsorption envelopes. The
senite samples were prepared atI = 0.8 and 0.01 M NaNO3 and
t pH 5.5 and 8. The arsenate samples were prepared at pH 4, 8,
and 10 at the same twoI values used in the As(III) experiments.
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The total sample volumes were 30 ml. Theγ -Al2O3 suspensions
were centrifuged at 11,950 g for 5 min and the wet paste
recovered for XAS analysis. The mass of residual As in the
trained solution represented at most 3.5% of the total adso
As, and therefore the contribution of entrained (nonadsorb
As to the XAS spectra was negligible in all samples.

In addition to the As sorption samples, XAS spectra of As
lutions (10 mM of sodium arsenite at pH 3.5 and sodium arse
at pH 4.2) were collected as references for As(III) and As
outer-sphere complexes. According to the MINEQL+ chemi
modeling speciation program (25),the speciation of As in thes
solutions was near 100% As(OH)3(aq) and 100%; H2AsO−4 (aq)
at these pHs.The spectra of aqueous As(V) collected at p
4, 8, and 10 were all the same; therefore, the XANES and
EXAFS results were not sensitive to As(V) protonation. The
lution and paste samples were loaded in Teflon sample hol
inside the glove box, which were then sealed with Kapton t
(CHR Industries) and stored in double ziplock bags contain
a N2 atmosphere. The samples were kept at∼=3–5◦C without
exposure to atmospheric air prior to XAS data collection.

Arsenic K-edge (11,867 eV) XAS spectra were collec
on beamline X-11A at the National Synchrotron Light Sour
(NSLS), Brookhaven National Laboratory, Upton, NY. The ele
tron storage ring was operated at 2.528 GeV with a current ra
of 130 to 300 mA. The XAS spectra were collected in fluor
cence mode with a Lytle detector filled with Krypton gas. T
ionization chamber (I0) was filled with 90% N2 and 10% Ar.
As an internal standard, the arsenic K-edge of sodium arse
salt was run simultaneously with adsorption samples to ch
for potential energy shifts during the run as well as poss
As(III) oxidation during data collection. No oxidation of As(III
adsorbed at theγ -Al2O3 surface was observed. A Ge filter wa
used to remove elastically scattered radiation from the fluo
cence emissions. The monochromator consisted of two par
Si(111) crystals with a vertical entrance slit of 0.5 mm. T
Teflon sample holder was oriented at 45◦ to the unfocused in-
cident beam and was attached to a cold finger cooled by liq
nitrogen (T = 77 K). We performed data collection of the sor
tion samples at 77 K to minimize thermal disorder and poss
oxidation of As(III) samples. For some samples, data coll
tion was done at 298 K. Except for the signal-to-noise ratio,
differences were observed with the data collected at 77 K.
solution reference samples were scanned at 298 K. A tota
three spectra were collected for the sorption samples, and
spectrum was collected for the solution samples.

XAS data reduction and analysis were performed w
WinXas 1.1 (26) using the following procedures. First, thr
spectra (except for the solution samples) per sample were
eraged. The averaged spectra were normalized with respe
E0 determined from the second derivative of the raw spec
and then the total atomic cross-sectional absorption was s
unity. A low-order polynomial function was fit to the pre-edg

region and the post-edge region. Next, the data were conve
from E space tok space and weighted byk3 to compensate
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for dampening of the XAFS amplitude with increasingk space.
Fourier transformation was then performed over thek-space
range of 1.3 to 11.6̊A−1 to obtain the radial structural func
tions (RSF). Final fitting of the spectra was done on Fouri
transformedk3 weighted spectra inR space. The FEFF7 code
reference (27) was utilized to calculate single scattering theo
ical spectra and phase shifts for As–O and As–Al backscat
using an input file based on the structural refinement of scoro
(FeAsO4 ·H2O)(28) with one Fe atom at 3.3376̊A replaced by
Al. The amplitude reduction factor was 0.91. During fitting, th
values ofN andR of the As–O and As–Al shells as well as
single E0 for all sets of backscattering atoms were allowed
vary. The Debye–Waller factors of the As–O shells were a
allowed to vary, but those of the As–Al shells were fixed
0.01Å2 for As(III) and 0.006Å2 for As(V). When allowed to
vary, the Debeye–Waller factors of the As–Al shells showed
trends for different samples (e.g., as a function of pH orI ), and
we therefore used the average values (0.006Å2 for As(V) and
0.01Å2 for As(III)) in the final fitting procedure to reduce th
number of free parameters. Error estimates for the As–O sh
are±0.02 Å and±20% for theR andN values, respectively,
based on fits to the aqueous standards and the scorodite r
ence compound. TheN andR values for the more distant A
shells will be less accurate than those for the As–O shells,
we lacked an As–Al reference compound to make an accu
estimate of the errors. Based on the As–Fe shell fitting result
the scorodite reference compound, we estimate the errors t
at least±0.03Å and±30% forRAs–Al andNAs–Al, respectively.

The XANES spectra of the adsorption and solution samp
were normalized with respect to the step height at the edge
ergies and compared to gain additional information regard
the local atomic structure of adsorbed As(III) and As(V) on t
γ -Al2O3 surface.

RESULTS AND DISCUSSION

Adsorption Envelopes

Figure 1 shows the effects of ionic strength (I) on As(III) and
As(V) adsorption envelopes. Arsenate adsorption appears t
insensitive to changes inI between pH 3 and 9.2. Approximatel
90% of As(V) was removed at a pH of∼=5 at bothI, and the net
adsorption decreased to 25% with pH increases up to 10 (Fig
Adsorption of As(III), however, was dependent on bothI and pH:
adsorption increased from 30 to 55% with increasing pH fro
3.2 to 8.2 and decreased with increasingI within the same pH
range (Fig. 1).

Hayes and co-workers proposed an indirect macrosco
method for distinguishing inner-sphere from outer-sphere co
plexes by examiningI effects on adsorption envelopes co
pled with the generalized triple-layer model (29). Accordin
to this method, the formation of inner-sphere complexes is
greatly affected byI, whereas the presence of outer-sphere co

plexes is indicated by changes in sorption with changingI due to
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FIG. 1. Ionic strength effects on As

competitive adsorption with counteranions. Based on this the
our data suggest that As(III) predominantly forms inner-sph
complexes at pH 3–4 and outer-sphere complexes form in th
range 4.5–10, whereas As(V) predominantly forms inner-sph
complexes regardless of pH andI.

It is interesting to compare this data interpretation with
adsorption mechanisms that may be expected based on th
dependent As solution speciation and charge properties of
minum oxide surfaces. The dissociation constants of As(
and As(V) indicate that the predominant solution species
negatively charged As(V) species (H2AsO−4 and or HAsO2−

4 )
and uncharged As(III) species (As(OH)3) at pH 3–9. The sur-
face of the aluminum oxide in this pH range has a net posi
charge due to its relatively high IEP (∼=9.3) (Fig. 2). There-
fore, As(V) might adsorb on theγ -Al2O3 surface at a pH of
c mobility measurements onγ -Al2O3 with and with-
ll systems contained 0.1 M NaNO3.
III and V)/γ -Al2O3 adsorption envelopes.

ory,
ere
pH
ere

he
pH-

alu-
III)
are

tive

<9.3 via electrostatic interactions (outer-sphere complexe
but at a pH of>9.3 predominantly inner-sphere complexa
tion would be expected to occur. Similarly, electrostatic in
teractions and or ligand exchange reactions between As(
and theγ -Al2O3 surface may occur at pH 3–9, whereas pre
dominant inner-sphere adsorption is expected at a pH of>9.2
due to the development of negatively charged As(III) speci
(pK1 = 9.22; As(OH)3+ H2O= As(OH)−4 + H+).

Based on the results of theI-dependent adsorption envelope
and the surface complexes predicted by pH-dependent cha
teristics of the adsorbents and the adsorbate, no conclusive s
ments on the As(III) and As(V) surface speciation can be mad
Recent spectroscopic studies have shown that some metals
an oxyanion may form mixtures of inner- and outer-sphere co
plexes at metal oxide and clay mineral surfaces (30–32). W
therefore performed EM measurements and XAS studies
further characterization of As complexation at theγ -aluminum
oxide/water interface.

Electrophoretic Mobility Measurements

According to Hunter electrophoretic mobility (EM) measure
ments are useful not only to obtain IEPs for colloidal materia
but also to indirectly distinguish inner-sphere complexes fro
outer-sphere complexes (33). Nonspecific ion adsorption of
different electrolytes outside the shear plane (i.e., formation
outer-sphere complexes via van der Waals forces) generally d
not affect the IEP but it could cause shifts in the value of EM
if present at high concentrations of indifferent electrolyte (33
The shear plane is at the outer edge of the inner part of the d
ble layer and near the outer Helmholtz plane or the Stern lay
depending on the models to describe the interface (33). Inn

sphere complexes generally cause shifts in both IEP and EM due
to specific ion adsorption inside the shear plane (33). In some
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cases, however, inner-sphere adsorption does not significa
affect the EM and IEP of the pure solid suspension (16, 33)

The electrophoretic mobility measurements indicated t
sorption of As(V) (in a 0.1 M NaNO3 background) lowered
the EM between pH 4–10 and shifted the isoelectric point
the solid from∼=9.4 to∼=8.4 (Fig. 2). Adsorption of As(III),
however, resulted in no significant change in EM between p
and 8 (Fig. 2). These results agree with the EM measurem
on amorphous Al(OH)3 reacted with As(III and V) reported by
Suarezet al.(16). A large shift in the point-of-zero charge (PZC
from pH 9.2 to 5.4 was observed in the presence of 1 mM As(
whereas the same measurement with As(III) showed only a s
shift in PZC (16).

Based on the information above, our EM measurements s
gest the formation of inner-sphere complexes for As(V) at pH
10. It is true that EM can be shifted by a physically adsorb
anion such as nitrate, but the nitrate concentration is consta
all EM measurements. If physical adsorption of nitrate is o
competing the formation of outer-sphere As(V) complexes,
should observe the same EM values for the systems contai
0.1 M NaNO3 in the presence and absence of 0.1 mM As(V
which is not the case (Fig. 2). Therefore, our experimental e
dence (shifts in IEP and EM with 0.1 mM As(V) and 0.1 NaNO3)
suggests that As(V) is specifically adsorbed (i.e., forms inn
sphere complexes) at theγ -aluminum oxide/water interface.

Another explanation for the observed EM shift of the As(V
γ -Al2O3 samples is the formation of aluminum–arsenate (s
face) precipitates, which might mask the charge propertie
the γ -Al2O3. However, speciation calculations in MINEQL
predict that all samples were undersaturated with respec
AlAsO4 · 2H2O(s). Calculations were based on the initial [As]=
0.7 mM and total dissolved Al concentrations∼=99µM, which
was the highest Al concentration measured in the superna
of the samples before As was added. Additionally, our EXA
data show no indication of the formation of such precipitates
will be shown in a later section.

The fact that we do not observe a change in the EM va
of γ -Al2O3 upon As(III) adsorption can be explained by eith
the formation of outer-sphere complexes and/or the forma
of neutral inner-sphere complexes.

Arsenic XANES Analysis

The normalized XANES spectra of the As(III and V) a
sorption samples and the reference arsenic solution sample
presented in Figs. 3 and 4. For the As(III)/γ -Al2O3 samples re-
acted at pH 8, there is a significant effect of ionic strength
the XANES spectra, whereas only a minor effect is observe
pH 5.5 (Fig. 3).

Comparison of the XANES spectra of the high and lowI
As(III) adsorption samples reacted at pH 8 to the spectrum
aqueous As(III)(Fig. 3) shows that the lowI (0.01 M) adsorption
sample has a similar overall oscillation pattern to the aque

As(III) standard between 0 and 100 eV. The highest point
both spectra (at∼=+3 eV) is followed by a downward oscillation
AND SPARKS
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FIG. 3. XANES spectra of the As(III)–γ -Al2O3 and sodium As(III) solution
samples.

between 3 and 50 eV. For the other three As(III) adsorption sa
ples, the first downward oscillation is between 3 and∼=40 eV (in-
dicated by a dashed line C in Fig. 3) and contains a well-resolv
beat (indicated by a dashed line B in Fig. 3) at∼=27 eV. This
beat is absent in the As(III)(aq) sample and not well resolv
in the As(III)/γ -Al2O3 sample reacted at pH 8 andI = 0.01.
A shoulder also occurs at∼=10 eV (indicated by dashed line A
in Fig. 3) and is present in all spectra, but it is broader in t
As(III) adsorption samples than in the aqueous As(III) spectru
inFIG. 4. XANES spectra of the As(V)–γ -Al2O3 and sodium As(V) solution
samples.
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FIG. 5. Results of linear combinations (LC) of a XANES profile fit fo
As(III)/γ -Al2O3 adsorption sample (pH 8,I = 0.01). The solid line is the ex-
perimental data and the open circles represent the LC fit.

Overall, the spectrum of the sample reacted at pH 8 andI =
0.01 M appears to be intermediate between the aqueous As
spectrum and the spectra of the other As(III) adsorption sa
ples; i.e., it contains features from both spectra. This indica
that this sample contains a mixture of inner-sphere and ou
sphere As(III) complexes, whereas the other samples con
mainly As(III) sorbed in an inner-sphere fashion. To substa
ate the notion that the As(III)/γ -Al2O3 samples reacted at pH
and I = 0.01 M contains a mixture of outer-sphere and inn
sphere As(III) sorption complexes, the XANES spectrum of t
sample was fit with a linear combination (LC) of spectra re
resentative of inner- and outer-sphere complexes As(III) co
plexes (26). For the outer-sphere reference, we used the s
trum of a sodium arsenite solution (10 mM and pH 3.5). For
inner-sphere reference, we used the spectrum of the As(IIIγ -
Al2O3 sample reacted at pH 5.5 andI = 0.8 M since it shows
pronounced features of inner-sphere complexation (Fig. 2).
shown in Fig. 5, an excellent fit was obtained with relative co
tributions of inner-sphere and outer-sphere complexes of
proximately 66 and 34%, respectively. Fits on thek3-weighted
χ spectrum of these samples gave similar results (not sho
These results support the notion that the sample reacted at
and I = 0.01 M contains a mixture of inner- and outer-sphe
As(III) sorption complexes.

Our As(III) XANES results, which suggest the formation
both inner- and outer-sphere complexes at pH 8 andI = 0.01 M
but only the formation of inner-sphere complexes at pH 5.5,
consistent with the results of theI effect on the As(III) adsorp-
tion envelopes (Fig. 1). At a pH of>5.5, loweringI resulted
in increased As(III) adsorption, which indirectly suggested t
outer-sphere As(III) complexation also occurs in this pH ran
whereas the insensitivity of As(III) adsorption toI changes at a
pH of <5 suggests the predominant formation of inner-sph
As(III) complexation (Fig. 1).

The EM measurements of As(III)-reactedγ -Al2O3 showed no
significant change in the EM values ofγ -Al2O3 between pH 4
and 8 compared to nonreactedγ -Al2O3 (Fig. 2). Combined with

the As(III) XANES data, our EM data suggest that the As(II
inner-sphere complexes forming at theγ -Al2O3 are neutral, both
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at pH of<5.5, where they predominate, as well as at pH of>5.5,
where they co-exist with outer-sphere As(III) surface complex

Unlike the As(III) samples, there were no significant diffe
ences in the XANES features in the As(V) adsorption samp
reacted under different reaction conditions (Fig. 4). Moreov
the spectra of the sorption samples show distinct features
ferent from the As(V)(aq) spectrum (Fig. 4). A peak at∼=18 eV
(indicated by dashed line A) is sharp in an aqueous arsenate
ple but the feature becomes broader in all adsorption samp
Our As(V) XANES data suggest As(V) inner-sphere comple
ation in all adsorption samples, regardless of pH andI. This
result is consistent with the result of the adsorption envelo
as a function ofI and the EM measurements, which sugges
the formation of As(V) inner-sphere complexes at the alum
surface (Figs. 1 and 2).

Arsenic K-edge EXAFS Analysis

Figures 6a and 7a show the background subtractedk3-
weightedχ functions of the As(III and V)/γ -Al2O3 samples

FIG. 6. (a) k3-weighted normalizedχ functions for As(III)(aq) and
As(III)/γ -Al2O3 adsorption samples. (b) Fourier transforms (RSF) of theχ

functions of As(III)/γ -Al2O3 adsorption samples. The solid lines are the exp

I)imental data and the dotted lines represent the theoretical multishell fit to the
data.
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FIG. 7. (a)k3-weighted normalizedχ functions for As(V)(aq) and As(V)/γ -
Al2O3 adsorption samples. (b) Fourier transforms (RSF) of theχ -functions of
As(V)/γ -Al2O3 adsorption samples. The solid lines are the experimental d
and the dotted lines represent the theoretical multishell fit to the data.

and the As(III and V) solution samples. The spectra show str
sinusoidal oscillations resulting from O-shell backscattering

Figures 6b and 7b show the RSFs (uncorrected for phase s
of the As(III and V) solutions and adsorption samples. The so
lines represent the Fourier transforms of the experimental
and the dashed lines are the best fits obtained from multi
shell fittings. The vertical dashed lines A and B correspond
the As–O and As–Al shells, respectively.

The structural parameters obtained from the linear le
square fits of the EXAFS data are shown in Table 1. The
dial distances of As–Al shells were∼=3.22 Å for As(III) and
∼=3.11Å for As(V). These distances can be used to determ
the configuration of As(III) and As(V) inner-sphere complex
forming at the hydratedγ -Al2O3 surface. Using a known Al–

O distance of the AlO6 octahedral (1.85 to 1.97̊A), an O–O
edge separation distance of 2.52–2.86Å (34), and the exper-
AND SPARKS
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imental As–O distances, the theoretical As–Al bond distan
were estimated for different As adsorption configurations (e
monodentate, bidentate mononuclear, and bidentate binucl
assuming that the surface structure ofγ -Al2O3 (i.e., aluminum
tetrahedral configuration) was fully converted to the aluminu
octahedral configuration of the bayerite polymorph after 7 da
of hydration.

The presence of an Al shell in all samples indicates t
As(III) and As(V) inner-sphere complexation occurs under
conditions studied (Figs. 6b and 7b). For monodentate inn
sphere complexation (Figs. 8c and 8f), theRAs(III)–Al range is
calculated to be 3.62–3.74̊A and the RAs(V)–Al range 3.54–
3.66Å. For bidentate mononuclear bonding (Figs. 8b and 8
the RAs(III)–Al range is 2.21–2.75̊A and theRAs(V)–Al range is
2.07–2.64Å. For bidentate binuclear complexation (Figs. 8
and 8d), theRAs(III)–Al range is 3.16–3.51̊A and theRAs(V)–Al

range is 3.03–3.41̊A. The average As–Al distances of the expe
imental samples as determined by EXAFS (∼=3.21 and∼=3.11Å
for As(III) and As(V), respectively) are therefore consistent wi
inner-sphere bidentate binuclear complexes for both As(III) a
As(V). Our XANES data indicated that a mixture of inner-sphe
and outer-sphere As(III) complexes was present at pH 8
I = 0.01 M. We do not, however, observe the resultant low
averageNAl we would expect as a result of the presence
outer-sphere complexes for this sample compared to thos
the other As(III) samples (Table 1). This indicates that the E
AFS data for these spectra are not very sensitive to chan
with respect to the Al coordination shell, which is probably d
to the weak backscattering of the light Al atom, leading to re
tively high uncertainties inNAl . This illustrates the usefulness o
combining macroscopic techniques with XANES and EXAF
data in investigating metal/metalloid speciation at mineral/wa

FIG. 8. Molecular configurations of As(III) and As(V) inner-sphere surfac
complexes. (a) As(III) bidentate binuclear, (b) As(III) bidentate monouncle

(c) As(III) monodentate mononuclear, (d) As(V) bidentate binuclear, (e) As(V)
bidentate mononuclear, and (f) As(V) monodentate mononuclear.
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TABLE 1
Structural Parameters from XAFS Analysis for As(III and V)/γ-Al2O3, Adsorption, and As(III and V) Solution Samples

As(III)–O As(III)–Al

Sample CNa,d R (A
a
)b,e σ 2 (A

a
2)c CN f R (A

a
)g σ 2 (A

a
2) E0 (eV)d

As(III)aq, pH= 3.5 3.1 1.78 0.0046 5.58
pH 8, I = 0.8 3.0 1.78 0.0054 0.9 3.22 0.01h 5.75
pH 8, I = 0.01 3.0 1.77 0.0060 1.3 3.22 0.01h 5.61
pH 5.5, I = 0.8 3.2 1.77 0.0067 1.2 3.19 0.01h 5.77
pH 5.5, I = 0.01 3.2 1.75 0.0077 1.1 3.19 0.01h 5.48

As(V)–O As(V)–Al

Sample CNa,d R (A
a
)b,e σ 2 (A

a
2)c CN f R (A

a
)g σ 2 (A

a
2) E0 (eV)d

As(V)aq, pH 4 4.0 1.68 0.0040 3.36
pH 10, I = 0.8 4.0 1.69 0.0020 2.2 3.11 0.006h 3.58
pH 8, I = 0.8 4.1 1.69 0.0025 2.1 3.12 0.006h 3.76
pH 8, I = 0.01 4.0 1.69 0.0026 2.1 3.11 0.006h 3.58
pH 4, I = 0.8 4.0 1.68 0.0030 2.1 3.11 0.006h 3.63
pH 4, I = 0.01 3.9 1.68 0.0029 2.1 3.11 0.006h 3.50

a Coordination number.
b Interatomic distance.
c Debye–Waller factor.
d Fit quality confidence limit for parameters,±20%.
e Fit quality confidence limit for parameters,±0.02 A

a
.

f Fit quality confidence limit for parameters,±30%.a

g Fit quality confidence limit for parameters,±0.03 A.
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9.
h Fixed parameter.

interfaces. The XANES spectra suggest predominantly in
sphere As(III) complexation at pH 5.5 andI = 0.8 M. The
NAs–Al value found for this sample, however, is significan
lower than theNAs–Al values found for the As(V)/alumina spec
tra, despite the similar molecular configurations of the inn
sphere complexes of As(V) and As(III). This suggests a hig
degree of disorder in the population of inner-sphere As(III) co
plexes, which may lead to destructive interference and there
an apparent decrease in second-neighbor Al scattering.

SUMMARY

In this study we demonstrated the effectiveness of com
ing macroscopic (I-dependent pH adsorption envelopes and E
measurements) and spectroscopic studies (XANES and EXA
in investigating surface complexation mechanisms of As(III) a
As(V) at the aluminum oxide/water interface.

Our results suggest that (1) a mixture of inner- and ou
sphere As(III) complexes exist at a pH of>5.5, where outer-
sphere As(III) complexes become more important with decre
ing I , (2) As(III) predominantly forms inner-sphere bidenta
binuclear complexes at a pH of≤5.5, and (3) As(V) predomi-
nantly forms inner-sphere bidentate binuclear complexes reg
less of pH andI. The co-existence of As(III) inner- and oute

sphere adsorption complexes may be important in predicting
fate and transport of As(III) in Al–oxide-rich environments.
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