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We investigated the As(l11) and As(V) adsorption complexes
forming at the y-Al,Os/water interface as a function of pH and
ionic strength (1), 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(Il) adsorption increases with increasing pH and is insen-
sitive to | changes (0.01 and 0.8 M NaNO3) at pH 3-4.5, while
adsorption decreases with increasing | between pH 4.5 and 9.0,
and (2) As(V) adsorption decreases with increasing pH and is in-
sensitive to | changes at pH 3.5-10. The EM measurements show
that As(l11) adsorption does not significantly change the EM val-
ues of y-Al,O3 suspension in 0.1 M NaNO; at pH 4-8, whereas
As(V) adsorption lowered the EM values at pH 4-10. The EXAFS
data indicate that both As(l111) and As(V) form inner-sphere com-
plexes with a bidentate binuclear configuration, as evidenced by a
As(I11)-Al bond distance of =3.22 Aanda As(V)-Al bond distance
of =3.11 A. The As(I111) XANES spectra, however, show that outer-
sphere complexes are formed in addition to inner-sphere complexes
and that the importance of outer-sphere As(111) complexes increases
with increasing pH (5.5 to 8) and with decreasing | . In short, the
data indicate for As(111) that inner- and outer-sphere adsorption
coexist whereas for As(V) inner-sphere complexes are predominant
under our experimental conditions.  © 2001 Academic Press

Key Words: arsenic; y -Al,03; adsorption mechanisms; XAS; elec-
trophoretic mobility; oxide—water interface.

INTRODUCTION

raises serious concerns about human and ecological health
many parts of the United States where the As levels current
are above 5 ppb. Inorganic As has four oxidation states: +5, +
0, and—3. In the soil/water environment, it is mainly present in
the +3 and +5 oxidation states. In reduced environments, ars
nious acid is a common As(lll) agueous species, whereas 0>
dized environments contain more As(V) aqueous species. The
two aqueous species may adsorb onto inorganic and organic s
components and or precipitate in a variety of forms. TKgval-
uesof As(lll)and As(V) (As(lll): iK1 = 9.22and K, = 12.13;
As(V): pKy = 2.20, pK,; = 6.97, and K3 = 13.4 (9)) predict
that the predominant solution species at typical environment
pH values (4-8) would be As(OB(rq) for As(l1l) and HASO,
and HAsG ™ for As(V).

The environmental fate of As in subsurface environments |
highly dependent on the As speciation, pH, ionic strength, ar
the presence of adsorbents such as metal oxides and phyllos
cates. In acid to alkaline environments, arsenic can be adsork
onto variable-charge mineral surfaces by inner-sphere and
outer-sphere complexation. Inner-sphere complexes form via
ligand exchange reaction with a surface functional group, and
a result, no water molecules are present between surface ful
tional groups and the adsorbate ions. Outer-sphere comple>
from mainly by electrostatic interactions and contain more tha
one water molecule between the adsorbate and the adsorb
functional groups (10).

Several researchers have investigated As adsorption on s
minerals using macroscopic techniques and surface comple

Arsenic (As) is a ubiquitous toxic metalloid in the soil/wategtion models. As(V) adsorption studies on metal oxides ha\

environment due to natural geologic processes (volcanic ergprown that As(V) is strongly adsorbed on amorphous Al(§H)
tion and weathering) and anthropogenic sources (mining, ig=Al,0s, ferrihydrite, and hematite at acidic pH (pH 3-5) anc
dustrial processes, and agricultural practices). The averagetkt adsorption gradually decreases with increasing pH betwe
tal As content in uncontaminated soils is approximately 5 ppgH 6-10 (1-3). Conversely, As(ll) adsorption on ferrihydrite,
(1-3); however, the total As levels in fields that received Agoethite, kaolinite, illite, montmorillonite, and amorphous alu-
containing pesticides and defoliants range from 5 to 2553 ppfilnum oxide has been shown to increase gradually with ir
(4) In aquatic environments, typical concentrations of total Ageasing pH from 3.5 up to 8-9 (2, 11, 12). An application o
range from 1 ppb to 3 ppm (5-8). the triple-layer model to As(V) adsorption on amorphous iror
The United States Environmental Protection Agency recentikide at pH 4—10 suggested the formation of inner-sphere mo
proposed lowering the maximum concentration level (MCL) fasdentate mononuclear species (13). The constant capacital
total As in drinking water from 50 to 5 ppb. This new MCLmodel has been used to describe As(lll) adsorption behavi
on goethite, assuming the predominant formation of bidenta

1 To whom correspondence should be addressed. E-mail: ugarai@udel.einuclear surface complexes (11).
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X-ray absorption fine structure spectroscopic (XAFS) stud- METHODS
ies have shown the formation of both inner-sphere bidentate _
binuclear and monodentate As(V) complexes on ferrihydrifdsorption Envelopes

and goethite at pH 6-8 (14, 15). Attenuated total reflectancep ganic adsorption was studied as a functiorl (.01 and

Fourier transform infrared spectroscopic (ATR-FTIR) study g NaNQ;) and pH (3-10). The concentrations;ofAl ,Os
igs, eIect.rophoretic mobility (!EM) measurements, .and titrang arsenic wers g LI and 0.7 mM, respectively. Hydration
tion studies also suggested inner-sphere adsorption mechg; a|,0, adsorbent was effected in two steps. In the first stey
nisms of As(V) and As(lll) on ferrihydrite (16)Ex situ 100 mi,-Al,0, suspensions were hydrated in 0.01 or 0.8 N
ATR-FTIR studies indicated that both As(lll) and As(V)\ano, solutions for 7 days. The-Al,0; material transformed
adsorbed to the goethite surface as inner-sphere bridgjag, 5 hayerite polymorph during this hydration period, as wa
.bldent.ate. complexes at pH 3_,8'5 (17). Am situ EXAFS _ verified via ATR-FTIR analysis. Next, the pH of the suspension
investigation of As(III)_ adsorptlo.n at the ggethltelwater ING/as adjusted to values ranging between 3.75 and 9, using eit
terface reported a bidentate binuclear bridging configurg-1 \ HNO; or 0.1 M NaOH, and equilibrated for an additional
tion with an average As—Fe distance of388+0.014 A 54 Anappropriate amount of 5 mM As(l1l or V) stock solution
11). o ) . was then added to achieve an initial As concentration of 0.7 m\
Unfortunately, there are nim situ spectroscopic studies of tpg samples were reacted for 20 h on an orbital shaker operat
arsenic adsorption at the aluminum oxide/water interface. Alyg 30 rpm. The final pH was measured in thefiled glove box
minum oxides such as gibbsite may play an important rolg, 30 mL of the suspension was removed and then centrifug
in As retention in soil/water environments because their alys 11 950 g for 5 min. The supernatant was filtered throug
minol functional groups serve as dynamic sinks for varioy$,_, o filter paper. The filtrates of the arsenite-reacted san
oxyanions (18). A strong correlation between As(V) retentiofyes \ere treated with Ki§to induce the oxidation of As(ll)
with ammonium oxalate extractable Al indicated the impoi, ag(v). The total As(V) concentrations of the filtrates were
tance of As(V) fixation by amorphous aluminum oxides in soil$,aasured by the ammonium molybdenum method described

(19, 20)' ) ) ] Cummingset al. (23).
In this study, we investigated the complexation of As(lII)

and As(V) at the aluminum oxide/water interface as a fun%—
tion of pH and ionic strength using a combination of adsorption
envelopes, electrophoretic mobility measurements, and X-rayThe EM measurements were performed on a Zeta-Meter s)
absorption spectroscopy (XAS). We choseAl,O3 (Degussa tem 3.0 (Zeta Meter, Inc., NY). To assure the accuracy in El
Corp., Akron, OH) as the adsorbate in this study because theasurements, the instrument was calibrated by measurin
surface of well-hydrateg-Al ,O3 (Degussa) is structurally sim- constant; potential 294+ 1 mV) of standard colloidal sil-
ilar to that of aluminum oxides (e.g., bayrite) in soils. ATRica (Min-U-Sil) in distilled water. The suspension density of
FTIR and diffuse reflectance (DR) Fourier-transformed infrargd-Al ,O3 was 0.25 g L, and the background electrolyte was
(FTIR) spectroscopic investigations showed that the surface@®f M NaNG;. Hydration of they-Al,O3 material was as de-
y-Al,03 transformed into the bayerite polymorph upon agingcribed above. The EM measurements of the mineral suspe
(21, 22). sions were conducted at pH 4-10 for As(V) and at pH 4-8 fc
As(lll). Measurements at each pH value were done in both t
presence and the absence of 0.1 mM As(lll) or 0.1 mM As(V)
MATERIALS AND REAGENTS The narrower pH range for the As(lll) system was chosen dt
o . , ) to potential As(lll) oxidation at a pH 0£9.2 (12). The track-
Total ignition and transmission electron microscopic anqlﬁg times (s) of a total of ten particles were averaged, and t
ysis (TEM) of they-Al,05 showed greater than 99.6% pu-yerage values were used to estimate EM using the Helmholt
rity and an average particle radius of 13 nm (Degussagyq chowski equation (24). The average particle radius
The five-point Brunauer—Emmett—Teller (BET) surface aregs nm andl = 0.1 M are within the Hickel and Helmholtz—

~ —1 . . .
of the y-Al20s was =90.1 nfg~". Thg |soelgf:tr|c poINt Was g1y chowski limits for estimating the EM values using the
=9.3, as determined by electrophoretic mobility measurementss| mholtz—Smoluchowski equation (24).

ACS-grade sodium arsenate, JH8sO, - 7H,O (Baker), and
sodium m-arsenite, NaAsg{Sigma), were used as sourceg,
of arsenic reagents. All reagents and samples were preparé’d
with boiled DDI water in a MN-filled glove box to min-  All XAS samples were prepared at 25¢)°C in a Ny-filled
imize the competitive adsorption between As and carboglove box using the same experimental methods as descrik
ate species as well as potential As(lll) oxidation by disabove for preparation of the As adsorption envelopes. The ¢
solved oxygen. The As(lll) reagent was prepared in an acidienite samples were prepared at 0.8 and 0.01 M NaN@and
medium (pH=3 HNO; solution) to avoid auto-oxidation atpH 5.5 and 8. The arsenate samples were prepared at pH 4
alkaline pH. and 10 at the same twavalues used in the As(ll) experiments.

lectrophoretic Mobility Measurements

chrotron XAS Analysis
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The total sample volumes were 30 ml. Thé\l,O3 suspensions for dampening of the XAFS amplitude with increaskgpace.
were centrifuged at 11,950 g for 5 min and the wet paste wsurier transformation was then performed over khgpace
recovered for XAS analysis. The mass of residual As in the erange of 1.3 to 11. &1 to obtain the radial structural func-
trained solution represented at most 3.5% of the total adsortigmhs (RSF). Final fitting of the spectra was done on Fouriel
As, and therefore the contribution of entrained (nonadsorbedinsformedk® weighted spectra iR space. The FEFF7 code
As to the XAS spectra was negligible in all samples. reference (27) was utilized to calculate single scattering theore
In addition to the As sorption samples, XAS spectra of As s@zal spectra and phase shifts for As—O and As—Al backscatte
lutions (10 mM of sodium arsenite at pH 3.5 and sodium arsenatging an input file based on the structural refinement of scorodi
at pH 4.2) were collected as references for As(lll) and As(MJFeAsQ - H,0)(28) with one Fe atom at 3. 33¢6replaced by
outer-sphere complexes. According to the MINEQL+ chemicall. The amplitude reduction factor was 0.91. During fitting, the
modeling speciation program (2%he speciation of As in thesevalues ofN andR of the As—O and As-Al shells as well as a
solutions was near 100% As(O4faqg) and 100%; HAsQ, (aq) single E, for all sets of backscattering atoms were allowed tc
at these pHsThe spectra of aqueous As(V) collected at piary. The Debye—Waller factors of the As—O shells were als
4, 8, and 10 were all the same; therefore, the XANES and takowed to vary, but those of the As—Al shells were fixed a
EXAFS results were not sensitive to As(V) protonation. The $6:01A2 for As(lll) and 0. 006A2 for As(V). When allowed to
lution and paste samples were loaded in Teflon sample holdeasy, the Debeye—Waller factors of the As—Al shells showed n
inside the glove box, which were then sealed with Kapton taprends for different samples (e.g., as a function of pH)pand
(CHR Industries) and stored in double ziplock bags containinge therefore used the average values (OA@JGor As(V) and
a N, atmosphere. The samples were kep&E8t+5C without 0. 01A2 for As(ll)) in the final fitting procedure to reduce the
exposure to atmospheric air prior to XAS data collection.  number of free parameters. Error estimates for the As—O she
Arsenic K-edge (11,867 eV) XAS spectra were collecteare +0. 02A and£20% for theR andN values, respectively,
on beamline X-11A at the National Synchrotron Light Sourceased on fits to the aqueous standards and the scorodite re
(NSLS), Brookhaven National Laboratory, Upton, NY. The ele@nce compound. Thd and R values for the more distant Al
tron storage ring was operated at 2.528 GeV with a current rargieells will be less accurate than those for the As—O shells, b
of 130 to 300 mA. The XAS spectra were collected in fluoresve lacked an As—Al reference compound to make an accurs
cence mode with a Lytle detector filled with Krypton gas. Thestimate of the errors. Based on the As—Fe shell fitting results
ionization chamberlg) was filled with 90% N and 10% Ar. the scorodite reference compound, we estimate the errors to
As an internal standard, the arsenic K-edge of sodium arsenatéeast-0. 03A and+30% forRas_a andNas_a|, respectively.
salt was run simultaneously with adsorption samples to checkThe XANES spectra of the adsorption and solution sample
for potential energy shifts during the run as well as possibieere normalized with respect to the step height at the edge €
As(lIll) oxidation during data collection. No oxidation of As(lIl) ergies and compared to gain additional information regardin
adsorbed at the-Al,0O3 surface was observed. A Ge filter waghe local atomic structure of adsorbed As(lll) and As(V) on the
used to remove elastically scattered radiation from the fluores-Al,O3 surface.
cence emissions. The monochromator consisted of two parallel
Si(111) crystals with a vertical entrance slit of 0.5 mm. The
Teflon sample holder was oriented at’ 46 the unfocused in-
cident beam and was attached to a cold finger cooled by Iquﬂ\
nitrogen I = 77 K). We performed data collection of the sorp-
tion samples at 77 K to minimize thermal disorder and possibleFigure 1 shows the effects of ionic strengthdn As(lIl) and
oxidation of As(lll) samples. For some samples, data colleés(V) adsorption envelopes. Arsenate adsorption appears to
tion was done at 298 K. Except for the signal-to-noise ratio, nosensitive to changes Irbetween pH 3 and 9.2. Approximately
differences were observed with the data collected at 77 K. TB8% of As(V) was removed at a pH &f5 at bothl, and the net
solution reference samples were scanned at 298 K. A totalaafsorption decreased to 25% with pH increases up to 10 (Fig. :
three spectra were collected for the sorption samples, and éwsorption of As(lll), however, was dependent on bicdihd pH:
spectrum was collected for the solution samples. adsorption increased from 30 to 55% with increasing pH fron
XAS data reduction and analysis were performed witB.2 to 8.2 and decreased with increasingithin the same pH
WinXas 1.1 (26) using the following procedures. First, threeange (Fig. 1).
spectra (except for the solution samples) per sample were avHayes and co-workers proposed an indirect macroscop
eraged. The averaged spectra were normalized with respeatithod for distinguishing inner-sphere from outer-sphere con
Eo determined from the second derivative of the raw spectialexes by examining effects on adsorption envelopes cou-
and then the total atomic cross-sectional absorption was septed with the generalized triple-layer model (29). According
unity. A low-order polynomial function was fit to the pre-edgéo this method, the formation of inner-sphere complexes is n
region and the post-edge region. Next, the data were converggdatly affected by, whereas the presence of outer-sphere con
from E space tok space and weighted by? to compensate plexes is indicated by changes in sorption with changjohge to

RESULTS AND DISCUSSION

dsorption Envelopes
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FIG. 1. lonic strength effects on As(lll and \)*Al O3 adsorption envelopes.

competitive adsorption with counteranions. Based onthistheog9.3 via electrostatic interactions (outer-sphere complexe:s
our data suggest that As(lll) predominantly forms inner-sphebeit at a pH of>9.3 predominantly inner-sphere complexa-
complexes at pH 3—4 and outer-sphere complexes formin the ibh would be expected to occur. Similarly, electrostatic in
range 4.5-10, whereas As(V) predominantly forms inner-sphaegactions and or ligand exchange reactions between As(ll
complexes regardless of pH ahd and they-Al,0O3 surface may occur at pH 3-9, whereas pre
It is interesting to compare this data interpretation with thdominant inner-sphere adsorption is expected at a pH®2
adsorption mechanisms that may be expected based on the gl to the development of negatively charged As(lIIl) specie
dependent As solution speciation and charge properties of gpK, = 9.22; As(OH) + H,O = As(OH), + H™).
minum oxide surfaces. The dissociation constants of As(lll) Based on the results of thedependent adsorption envelopes
and As(V) indicate that the predominant solution species aaad the surface complexes predicted by pH-dependent char
negatively charged As(V) species &0, and or HAs@™) teristics of the adsorbents and the adsorbate, no conclusive st:
and uncharged As(lIl) species (As(Ofiiat pH 3-9. The sur- ments on the As(lll) and As(V) surface speciation can be mad
face of the aluminum oxide in this pH range has a net positiRecent spectroscopic studies have shown that some metals
charge due to its relatively high IEE=0.3) (Fig. 2). There- an oxyanion may form mixtures of inner- and outer-sphere con
fore, As(V) might adsorb on thg-Al,O3; surface at a pH of plexes at metal oxide and clay mineral surfaces (30-32). V
therefore performed EM measurements and XAS studies f
further characterization of As complexation at fh@luminum
oxide/water interface.

Electrophoretic Mobility Measurements

1 A ° According to Hunter electrophoretic mobility (EM) measure-
o ments are useful not only to obtain IEPs for colloidal material
o o ° but also to indirectly distinguish inner-sphere complexes fror
& 0.1M NaNO;only outer-sphere complexes (33). Nonspecific ion adsorption of i
0 different electrolytes outside the shear plane (i.e., formation
00.1mM As(V) o outer-sphere complexes via van der Waals forces) generally dc
o g not affect the IEP but it could cause shifts in the value of EN
A0.TmM As(lll) if present at high concentrations of indifferent electrolyte (33)
y The shear plane is at the outer edge of the inner part of the dc

4 5 6 7 8 9 10 ble layer and near the outer Helmholtz plane or the Stern lay:

pH depending on the models to describe the interface (33). Inne

FIG.2. Electrophoretic mobility measurementserl,0; with and with-  SPhere complexes generally cause shifts in both IEP and EM d
out 0.1 mM As(lll or V). All systems contained 0.1 M NaNO to specific ion adsorption inside the shear plane (33). In son

Electrophoretic mobility (um/s)/(V/cm)
]
[n}
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cases, however, inner-sphere adsorption does not significantly
affect the EM and IEP of the pure solid suspension (16, 33).

The electrophoretic mobility measurements indicated that
sorption of As(V) (in a 0.1 M NaN@ background) lowered
the EM between pH 4-10 and shifted the isoelectric point of
the solid from=9.4 to =8.4 (Fig. 2). Adsorption of As(lIl),
however, resulted in no significant change in EM between pH 4
and 8 (Fig. 2). These results agree with the EM measurements
on amorphous Al(OH)reacted with As(lll and V) reported by
Suareztal.(16). A large shiftin the point-of-zero charge (PZC)
from pH 9.2 to 5.4 was observed in the presence of 1 mM As(V),
whereas the same measurementwith As(l1l) showed only a slight
shift in PZC (16).

Based on the information above, our EM measurements sug-
gestthe formation of inner-sphere complexes for As(V) at pH 4—
10. It is true that EM can be shifted by a physically adsorbed
anion such as nitrate, but the nitrate concentration is constant in
all EM measurements. If physical adsorption of nitrate is out-
competing the formation of outer-sphere As(V) complexes, we
should observe the same EM values for the systems containin,c}:;lG_3

Normalized Absorbance

0.1 M NaNGQ; in the presence and absence of 0.1 mM As(V)gmpjes.

which is not the case (Fig. 2). Therefore, our experimental evi-
dence (shiftsin IEP and EM with 0.1 mM As(V) and 0.1 NajjO
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As(lI(aq), pH=3.5
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—J,,‘} N pH=55,1=0.8
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25 0 25 50 75 100 125 150 175
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XANES spectra of the As(l11)+-Al 03 and sodium As(l1l) solution

7~ between 3 and 50 eV. For the other three As(l1l) adsorption sar

sphere complexes) at thealuminum oxide/water interface.

EE{I'es, the first downward oscillation is between 3 & eV (in-
dicated by a dashed line C in Fig. 3) and contains a well-resolve

Another explanation for the observed EM shift of the AS(V)Eeat (indicated by a dashed line B in Fig. 3)%27 eV. This

y-Al,03 samples is the formation of aluminum-arsenate (sulg—
face) precipitates, which might mask the charge propertiesiﬂ
the y-Al,03. However, speciation calculations in MINEQL+
predict that all samples were undersaturated with respect.
AlAsQ, - 2H,0(s). Calculations were based on the initial [As]
0.7 mM and total dissolved Al concentratioB99 .M, which
was the highest Al concentration measured in the supernatants
of the samples before As was added. Additionally, our EXAFS
data show no indication of the formation of such precipitates, as
will be shown in a later section.

The fact that we do not observe a change in the EM value
of y-Al,O3 upon As(lll) adsorption can be explained by either
the formation of outer-sphere complexes and/or the formation
of neutral inner-sphere complexes.

Arsenic XANES Analysis

The normalized XANES spectra of the As(lll and V) ad-
sorption samples and the reference arsenic solution samples are
presented in Figs. 3 and 4. For the As(l)Al,03 samples re-
acted at pH 8, there is a significant effect of ionic strength on
the XANES spectra, whereas only a minor effect is observed at
pH 5.5 (Fig. 3).

Comparison of the XANES spectra of the high and lbw
As(lll) adsorption samples reacted at pH 8 to the spectrum of
aqueous As(lI)(Fig. 3) shows that the [0\{0.01 M) adsorption
sample has a similar overall oscillation pattern to the agueous

Normalized Absorbance

As(lll) standard between 0 and 100 eV. The highest point ingg_ 4.
both spectra (é&+3 eV) is followed by a downward oscillation samples.

at is absent in the As(lll)(ag) sample and not well resolve
the As(lll)/y-Al,03 sample reacted at pH 8 arid= 0.01.

shoulder also occurs &t10 eV (indicated by dashed line A
i OFig. 3) and is present in all spectra, but it is broader in th
As(lll) adsorption samples than in the aqueous As(l11) spectrun

I\ T~ As(V)(aq), pH=4.2
T ____ pH=4,1=0.01
) \Mﬁ\*/ pH=4, 1=0.8
,,V\\/x_ pH=8, =0.01
N\ pH=8,1=08
! ——__— pH=10,1=0.8
0 40 80 120 160 200 240 280
eV

XANES spectra of the As(V)Al,03 and sodium As(V) solution
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atpH of<5.5, where they predominate, as well as at pH 615,
where they co-exist with outer-sphere As(lll) surface complexe
Unlike the As(lll) samples, there were no significant differ-
ences in the XANES features in the As(V) adsorption sample
reacted under different reaction conditions (Fig. 4). Moreove
the spectra of the sorption samples show distinct features d

ferent from the As(V)(aqg) spectrum (Fig. 4). A peal&it8 eV
(indicated by dashed line A) is sharp in an aqueous arsenate s¢
‘ ‘ ‘ ‘ ple but the feature becomes broader in all adsorption sampl
25 75 125 175 Our As(V) XANES data suggest As(V) inner-sphere complex

eV ation in all adsorption samples, regardless of pH &nihis
FIG. 5. Results of linear combinations (LC) of a XANES profile fit for result is cpn5|stent with the result of the adsorptlon enVEIOF
As(lll)/y-Al ,05 adsorption sample (pH 8, = 0.01). The solid line is the ex- @S @ function of and the EM measurements, which suggeste
perimental data and the open circles represent the LC fit. the formation of As(V) inner-sphere complexes at the alumin

surface (Figs. 1 and 2).

Normalized Absorbance

3
n
w

Overall, the spectrum of the sample reacted at pH 8lard Arsenic K-edge EXAFS Analysis
0.01 M appears to be intermediate between the aqueous As(lII)_.

spectrum and the spectra of the other As(lll) adsorption sam-)F |ghur<(ajs 6fa ar_ld fa fSEOWAthI?I bagksrowdosubtradﬁ%d
ples: i.e., it contains features from both spectra. This indicat¥§'dntedx functions of the s(lll and V)y-Al,03 samples
that this sample contains a mixture of inner-sphere and outer-

sphere As(lll) complexes, whereas the other samples contain a

mainly As(lll) sorbed in an inner-sphere fashion. To substanti- AT @),
ate the notion that the As(lIly-Al,O3 samples reacted at pH 8 pH=35
and| = 0.01 M contains a mixture of outer-sphere and inner- pH=, 1=0.8

sphere As(lll) sorption complexes, the XANES spectrum of this
sample was fit with a linear combination (LC) of spectra rep-
resentative of inner- and outer-sphere complexes As(lll) com-
plexes (26). For the outer-sphere reference, we used the spec-
trum of a sodium arsenite solution (10 mM and pH 3.5). For the pH=5.5, 10,01
inner-sphere reference, we used the spectrum of the AgdIl)/
Al,0O3 sample reacted at pH 5.5 ahd= 0.8 M since it shows
pronounced features of inner-sphere complexation (Fig. 2). As
shown in Fig. 5, an excellent fit was obtained with relative con- 1 3 s 7 o 11 13 15
tributions of inner-sphere and outer-sphere complexes of ap- k(A"

proximately 66 and 34%, respectively. Fits on Kleweighted

x spectrum of these samples gave similar results (not shown).

pH=8, 1=0.01

2K

pH=5.5,1=0.8

(=2
o>

These results support the notion that the sample reacted at pH 8
and| = 0.01 M contains a mixture of inner- and outer-sphere §
As(IIl) sorption complexes. £

Our As(Ill) XANES results, which suggest the formation of =2 As(lac), pH=3.5
both inner- and outer-sphere complexes at pH 8lagd0.01 M = aigie
but only the formation of inner-sphere complexes at pH 5.5, are £ pH=8, 1=0.3
consistent with the results of theeffect on the As(lll) adsorp- ug pH=8, 1=0.01
tion envelopes (Fig. 1). At a pH of5.5, loweringl resulted = 65, 108
in increased As(lIl) adsorption, which indirectly suggested that = —
outer-sphere As(Ill) complexation also occurs in this pH range, pHEs.5, F0.01

-1

whereas the insensitivity of As(lll) adsorptionltehanges at a 0 1 2 3 4 5 6
pH of <5 suggests the predominant formation of inner-sphere
As(IIl) complexation (Fig. 1). R(A)

The EM measurements of As(lll)-reactgeAl ,O3 showed no

s ; FIG. 6. (a) k®-weighted normalizedy functions for As(lll)(aq) and
5|gn|f|cant change in the EM values pfAIZOs between pH 4 As(lll)/ y-Al,03 adsorption samples. (b) Fourier transforms (RSF) of the

and8 compared to nonreactedhl .03 (Fig. 2)' Combined with functions of As(lll)/-Al,03 adsorption samples. The solid lines are the exper
the As(lIl) XANES data, our EM data suggest that the As(Illinental data and the dotted lines represent the theoretical multishell fit to t

inner-sphere complexes forming at theAl O3 are neutral, both data.
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Transform Magnitude

3
R(A)
FIG.7. (a)k®-weighted normalizeg functions for As(V)(aq) and As(Vy/-
Al>03 adsorption samples. (b) Fourier transforms (RSF) ofytHanctions of

As(V)/y-Al,03 adsorption samples. The solid lines are the experimental data
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imental As—O distances, the theoretical As—Al bond distance
were estimated for different As adsorption configurations (e.g
monodentate, bidentate mononuclear, and bidentate binuclez
assuming that the surface structure/efl,0s (i.e., aluminum
tetrahedral configuration) was fully converted to the aluminur
octahedral configuration of the bayerite polymorph after 7 day
of hydration.

The presence of an Al shell in all samples indicates the
As(lll) and As(V) inner-sphere complexation occurs under al
conditions studied (Figs. 6b and 7b). For monodentate inne
sphere complexation (F|gs 8c and 8f), tResqi)-ai range is
calculated to be 3.62—3.7 and the Rasv)-al range 3.54—
3.66A. For bidentate mononuclear bonding (Figs. 8b and 8e
the RAS(...)_,SU range is 2.21-2.78 and theRas)-a range is
2.07-2.64A. For bidentate binuclear complexation (Figs. 82
and 8d), theRAS(...)o al range is 3.16-3.5A and theRas)-ai
range is 3.03-3.4A. The average As—Al distances of the exper-
imental samples as determined by EXAES3(21 and=3. 11A
for As(lll) and As(V), respectively) are therefore consistent witt
inner-sphere bidentate binuclear complexes for both As(l1l) an
As(V). Our XANES dataindicated that a mixture of inner-sphere
and outer-sphere As(lll) complexes was present at pH 8 ar
| =0.01 M. We do not, however, observe the resultant lowe
averageNy we would expect as a result of the presence o
outer-sphere complexes for this sample compared to those
the other As(lll) samples (Table 1). This indicates that the EX
AFS data for these spectra are not very sensitive to chang
with respect to the Al coordination shell, which is probably due
to the weak backscattering of the light Al atom, leading to rela
tively high uncertainties ity . This illustrates the usefulness of
combining macroscopic techniques with XANES and EXAFS
datain investigating metal/metalloid speciation at mineral/wate

3 v

and the dotted lines represent the theoretical multishell fit to the data. 2) 31 - O\As —0 d) Gl -0 \
a— 07 AI——o/ \

and the As(lll and V) solution samples. The spectra show strong Y N
sinusoidal oscillations resulting from O-shell backscattering.

Figures 6b and 7b show the RSFs (uncorrected for phase shift) d :}
of the As(lll and V) solutions and adsorption samples. The solid  b) - 0\ ) _~0 Nas 0
lines represent the Fourier transforms of the experimental data A'\ As— 0o ¢ M\o PARS
and the dashed lines are the best fits obtained from multiple- j o/ i 0
shell fittings. The vertical dashed lines A and B correspond to
the As—O and As—Al shells, respectively. 0

The structural parameters obtained from the linear least- c) # Y f) §
square fits of the EXAFS data are shown in Table 1. The ra- Al—0—As Al— 0 —As—O

dial distances of As—Al shells wef3. 22 A for As(lll) and
~3.11A for As(V). These distances can be used to determine

TR

0

the configuration of As(lll) and As(V) inner-sphere complexes . _ .

FIG.8. Molecular configurations of As(lll) and As(V) inner-sphere surface
forming at the hydrategr-Al,O; surface. Using a known Al— complexes. (a) As(lll) bidentate binuclear, (b) As(Ill) bidentate monounclear
O distance of the Al@octahedral (1.85 to 1. 9A) an O-O (¢) As(lll) monodentate mononuclear, (d) As(V) bidentate binuclear, (€) As(V
edge separation distance of 2.52— 2;.‘8(134) and the exper- bidentate mononuclear, and (f) As(V) monodentate mononuclear.
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TABLE 1
Structural Parameters from XAFS Analysis for As(l11 and V)/~-Al,03, Adsorption, and As(l11 and V) Solution Samples
As(ll-0 As(I1)-Al
Sample Crd R (A)Pe o2 (R2)C CNf R (A)9 o2 (R?) Eg (eV)?
As(lll)ag, pH= 3.5 31 1.78 0.0046 5.58
pH8,1 =0.8 3.0 1.78 0.0054 0.9 3.22 .ah 5.75
pH 8,1 =0.01 3.0 1.77 0.0060 1.3 3.22 .ah 5.61
pH5.5,1 =0.8 3.2 1.77 0.0067 1.2 3.19 .@h 5.77
pH 5.5, =0.01 3.2 1.75 0.0077 11 3.19 .ah 5.48
As(V)-O As(V)-Al
Sample CcRd R (A)Pe o? (A2 CNf R(A)9 o2 (A?) Eo (eV)d
As(V)ag, pH 4 4.0 1.68 0.0040 3.36
pH 10,1 =0.8 4.0 1.69 0.0020 2.2 3.11 .@me 3.58
pH8,1 =0.8 4.1 1.69 0.0025 2.1 3.12 .@me 3.76
pH 8,1 =0.01 4.0 1.69 0.0026 21 3.11 @’ 3.58
pH4,1 =038 4.0 1.68 0.0030 2.1 3.11 .@me 3.63
pH4,1 =0.01 3.9 1.68 0.0029 2.1 3.11 @’ 3.50

@ Coordination number.

b Interatomic distance.

¢ Debye—Waller factor.

d Fit quality confidence limit for parameter&20%.
€ Fit quality confidence limit for parameters0.02 A
f Fit quality confidence limit for parameter&30%.
9 Fit quality confidence limit for parameter0.03 A
h Fixed parameter.
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