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Abstract

The fate of the oxoanion arsenate in diverse systems is strongly affected by its adsorption on the surfaces of iron (oxy-
hydr)oxide minerals. Predicting this behavior in the environment requires an understanding of the mechanisms of arsenate
adsorption. In this study, the binding site and adsorption geometry of arsenate on the hematite (01 2) surface is investigated.
The structure and termination of the hematite (012)-water interface were determined by high resolution X-ray reflectivity,
revealing that two distinct terminations exist in a roughly 3:1 proportion. The occurrence of multiple terminations appears
to be a result of sample preparation, and is not intrinsic to the hematite (012) surface. X-ray standing wave (XSW) measure-
ments were used to determine the registry of adsorbed arsenate to the hematite structure, and thus the binding site and geom-
etry of the resulting surface complex. Arsenate forms a bridging bidentate complex on two adjacent singly coordinated oxygen
groups on each of the two distinct terminations present at the hematite surface. Although this geometry is consistent with that
seen in past studies, the derived As–Fe distances are longer, the result of the topology of the FeO6 octahedra on the (012)
surface. As EXAFS-derived As–Fe distances are often used to determine the adsorption mechanism in environmental samples
(e.g., mine tailings, contaminated sediments), this demonstrates the importance of considering the possible sorbent surface
structures and arrangements of adsorbates when interpreting such data.

As multiple functional groups are present and multiple binding geometries are possible on the hematite (012) surface, the
XSW data suggest that formation of bridging bidentate surface complexes on singly coordinated oxygen sites is the preferred
adsorption mechanism on this and most other hematite surfaces (provided those surfaces contain adjacent singly coordinated
oxygen groups). These measurements also constrain the likely reaction stoichiometry, with only the protonation state of the
surface complex undetermined. Although bridging bidentate inner-sphere surface complexes comprised the majority of the
adsorbed arsenate present on the hematite (012) surface, there is an additional population of sorbed arsenate species that
could not be characterized by the XSW measurements. These species are likely more disordered, and thus more weakly bound,
than the bridging bidentate complexes, and may play a role in determining the fate, transport, and bioavailability of arsenate
in the environment. Finally, the possibility of obtaining species-specific XSW measurements by tuning the incident beam ener-
gy to specific features in a XANES spectrum is described.
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1. INTRODUCTION

The adsorption of arsenate (HnAsO3�n
4 Þ on mineral sur-

faces affects its fate, transport, and bioavailability in natu-
ral waters. Arsenate-sorbed iron (oxyhydr)oxides are
thought to be the source of widespread contamination of
shallow groundwater with arsenic in the Bengal Delta re-
gion (e.g., Smedley and Kinniburgh, 2002; Polizzotto
et al., 2005). The release of arsenic from tailings piles and
its transport in acid mine drainage is affected by adsorp-
tion/desorption onto iron-bearing phases (e.g., Foster
et al., 1998; Savage et al., 2000; Carlson et al., 2002; Cour-
tin-Nomade et al., 2003, 2005; Donahue and Hendry, 2003;
Fukushi et al., 2003; Moldovan et al., 2003; Morin et al.,
2003; Paktunc et al., 2003, 2004; Beaulieu and Savage,
2005; Walker et al., 2005). Arsenic concentrations in marine
and lacustrine systems is often controlled, at least partially,
by adsorption onto iron (oxyhydr)oxides (e.g., Devitre
et al., 1991; Azcue and Nriagu, 1993; Pichler and Veizer,
1999; Linge and Oldham, 2004). One of the commonly-sug-
gested methods of removal of arsenic from water supplies is
through filtration based on adsorption by iron oxides (e.g.,
Katsoyiannis and Zouboulis, 2002; Thirunavukkarasu
et al., 2003; Garelick et al., 2005; Jessen et al., 2005).
Understanding the molecular mechanisms of arsenate
adsorption is necessary for predicting the long-term fate
of arsenic in the environment and for generalizing arsenate
adsorption behavior in diverse systems.

Arsenate has been observed to adsorb onto iron (oxy-
hydr)oxide minerals through an inner-sphere binding mech-
anism (Goldberg, 1986; Grossl and Sparks, 1995; Grossl
et al., 1997; Jain et al., 1999). Past extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy studies have
attempted to identify the molecular geometry of adsorbed
arsenate (e.g., Waychunas et al., 1993, 1995; Manceau,
1995; Fendorf et al., 1997; Sherman and Randall, 2003),
suggesting plausible models based on As–Fe interatomic
distances, with most studies identifying primarily bridging
bidentate complexes. However, none of these studies had
the ability to directly determine the registry of the adsorbed
As with the structure of the sorbent. A recent study present-
ed X-ray crystal truncation rod (CTR) scattering measure-
ments (from which this registry may be determined) of
arsenate adsorption on hematite (001) and (012) surfaces,
showing changes in the CTR data between the clean and
As-sorbed surfaces, confirming that As adsorbs on ordered
surface sites (Waychunas et al., 2005a). However, these
measurements were made ex situ, and the actual As adsorp-
tion sites on these surfaces were not determined by CTR
scattering, being only inferred from analysis of complimen-
tary grazing incidence-EXAFS (GI-EXAFS) data.

In this study, we present X-ray reflectivity measurements
of the hematite (012) surface termination and structure, and
in situ Bragg-reflection X-ray standing wave (XSW) mea-
surements of arsenate adsorbed inner-sphere on the hema-
tite (012) surface [Note that the hexagonal (012) Miller
indexed surface is equivalent to the (0112) surface in Brav-
ais-Miller notation, which by 3-fold symmetry is equivalent
to the (1102) surface often referenced in the literature.]. The
X-ray reflectivity results reveal two distinct, coexisting ter-
minations for the hematite (012) surface. The relationship
of adsorbed As to the hematite crystal structure is visualized
through direct inversion of the XSW data using the model-
independent XSW imaging approach (Cheng et al., 2003;
Okasinski et al., 2004; Zhang et al., 2004), revealing similar
sites on the two hematite terminations, and with similar
fractional occupancies. The dominant site of adsorbed arse-
nate is then refined through model-dependent least-squares
fitting [often called XSW triangulation (Golovchenko
et al., 1982)] using the XSW imaging results as an initial
structural model. These results identify the preferred bind-
ing site and adsorption geometry on the hematite (012) sur-
face, and constrain the likely reaction stoichiometry.
Finally, the prospects for future XSW studies that are sensi-
tive to registering the adsorption site of chemically distinct
species [e.g., As(III) versus As(V)] are discussed.

The hematite (012) surface was chosen for this study be-
cause it is one of the natural growth faces of hematite (Cor-
nell and Schwertmann, 2003), is predicted to be the most
energetically stable surface of hematite (Mackrodt et al.,
1987; Hartman, 1989), has oxygen functional groups in
multiple coordination states (Tanwar et al., 2007), and
high-quality hematite crystals with this orientation are com-
mercially available. Investigating arsenate adsorption on
this surface, and single crystal surfaces in general, provides
fundamental information on the mechanisms of adsorption
reactions and the arrangement(s) of an adsorbate with re-
spect to the sorbent crystal structure. This helps constrain
and test the assumptions of surface complexation models
and demonstrates the types of surface complexes to expect
on more complex mineral sorbents. The hematite (012) sur-
face is an excellent model system for studying reactions on
iron (oxyhydr)oxides as it has adjacent (2.89 Å separation)
singly coordinated oxygen functional groups, thought to be
the most reactive sites for adsorption on iron and alumi-
num (oxyhydr)oxides surface (e.g., Hiemstra and Van Rie-
msdijk, 1996, 1999; Venema et al., 1997; Catalano et al.,
2006a,b), that are sterically fully accessible (i.e., other near-
by surface functional groups will not block adsorbates from
reacting with the singly coordinated oxygen sites). Implicit
in this is the assumption that singly coordinated oxygen
functional groups on various iron (oxyhydr)oxide phases
have, to a first approximation, similar reactivity towards
adsorbates if sterically unhindered.

2. MATERIALS AND METHODS

2.1. Sample preparation

A natural hematite (a-Fe2O3) single crystal was oriented,
cut, and polished parallel to (012) (Tanwar et al., 2007).
The crystal was cleaned following previously described pro-
cedures (Catalano et al., 2006a,b). Briefly, the sample was
rinsed in HPLC-grade acetone and methanol, followed by
repeated washing in deionized water (>18 MX cm), drying
in a stream of Ar gas, and then baking for 3 h at
�350 �C. For the XSW measurements, a solution of
100 lM Na2HAsO4Æ7H2O in 10 mM NaCl was prepared
from reagent grade chemicals and deionized water; the
pH was adjusted to five with HCl.
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2.2. X-ray reflectivity measurements and analysis

To characterize the clean sample surface, high resolution
specular X-ray reflectivity data were collected at beamline
12-BM (BESSRC/XOR) at the Advanced Photon Source
(APS), Argonne National Laboratory (ANL) (Beno et al.,
2001a). The hematite sample was mounted in deionized
water in a thin film cell sealed with 8 lm Kapton� film
on a four-circle diffractometer. A Si (111) monochromator
was used to select an incident X-ray wavelength of 0.775 Å
(16.0 keV). A double mirror system was employed, with the
first mirror, a flat Pd-coated glass ceramic mirror, for har-
monic rejection and the second, a toroidal Rh-coated silica
mirror, for focusing. The reflected X-ray intensity at each Q

value was measured with a CCD area detector. The appli-
cation of a CCD area detector to the measurement of X-
ray reflectivity, including data collection, data integration,
and determination of statistical errors, has been described
previously (Fenter et al., 2006).

A description of the equations and parameters used in
calculations and fitting the experimental data have been de-
scribed previously (Catalano et al., 2006a). A structural
model of the hematite (01 2)-water interface was refined
through least-squares fitting. Due to the limited resolution
of the dataset (p/Qmax = 0.75 Å), atomic positions in each
layer could not be refined independently as this results in
significant correlations. The structural model consisted of
three Fe2O3 layers that were allowed to relax (see example
layer in Fig. 1). In each layer, the lowest (highest) O atoms
were constrained to have the same relaxations as the lowest
(highest) Fe atoms. The relaxations of the middle O atoms
in the Fe2O3 layers were constrained to equal the mean
relaxation of the two Fe atoms in each layer. In the upper-
most Fe2O3 layer, the upper Fe site was left vacant in the
final analysis, the upper O site was allowed to relax freely,
and the middle O site was constrained to have the same
relaxation as the lower Fe site. The electron density profile
derived from this refinement includes a spatial broadening
term due to the finite resolution of the data (Fenter,
2002). The bulk crystal structure and vibrational ampli-
tudes were taken from Finger and Hazen (1980). The spac-
Fig. 1. Structural models of two possible terminations of the a-Fe2O3 (0
large spheres are O; H atoms were not included in the models as their pos
sites of important surface functional groups (surface oxygens undercoordi
it is assumed that these groups protonate and/or hydrogen bond to int
appropriate bond valence sums.
ing of the Fe2O3 layers (Fig. 1) in the bulk structure,
corresponding to the d-spacing of the (012) plane, was
measured experimentally to be 3.684 Å, as compared to
the value of 3.682 Å of Finger and Hazen (1980). The struc-
tural models used to generate the X-ray reflectivity profiles
calculated for the ideal full- and half-layer terminations
(discussed below) included featureless bulk water starting
2.8 Å above the terminal oxygen planes [i.e., twice the van
der Waals radius of oxygen (Pauling, 1960)]. The good-
ness-of-fit parameter, v2, used in the data analysis has been
described previously (Geissbuhler et al., 2004). The errors
reported for the fitting results are based on the standard
deviations obtained from the least squares refinement of
the surface structure. All reported errors are at the 95%
(2r) confidence level.

2.3. X-ray standing wave measurements and analysis

XSW measurements were performed in a vertical scat-
tering geometry on a four-circle diffractometer at beamline
12-ID-D (BESSRC/XOR) at the APS (Beno et al., 2001b).
The incident X-ray energy (12.102 keV) was selected using a
liquid-N2-cooled, symmetrical Si (111) monochromator;
the beam dispersion was further controlled using two sets
of Si (111) or (220) double-bounce, channel cut postmono-
chromators. Entrance slits after the postmonochromators
reduced the incident beam size to 0.01 mm2 in order to illu-
minate a single grain in the hematite crystal. This allows for
analysis of the XSW data using dynamical diffraction theo-
ry for ‘‘perfect’’ single crystals. The hematite (012) single
crystal was mounted in deionized water in a sample cell
sealed with 8 lm Kapton� film. After mounting the sample
on the diffractometer, approximately 5 mL of the reaction
solution were exchanged into and flushed through the cell,
and allowed to react for 10 min. The bulk of the solution
was then drained from the cell, leaving a thin solution
film between the crystal surface and the Kapton� film [esti-
mated to be �2 lm thick based on past studies (Bedzyk
et al., 1990)]. This cycle was repeated for approximately
one hour, after which the cell was sealed and the XSW
measurements began. All measurements were made in situ
12) surface in aqueous solution. The small spheres are Fe and the
itions cannot be determined by X-ray scattering. Also shown are the
nated with respect to bulk oxygens). Although not shown for clarity,
erfacial water molecules to maintain charge balance and preserve
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in approximately 24 h. Fe and As Ka X-ray fluorescence
were measured using a single-element energy dispersive
Ge detector mounted horizontally facing the polarization
direction of the incident X-ray beam. The surface coverage
of As was measured by comparison of the As Ka X-ray
fluorescence from the sample with the Zn Ka X-ray fluores-
cence from a standard of known Zn coverage; corrections
were made for differences in X-ray absorption cross section,
fluorescence yield, and linear attenuation. Surface XANES
spectra were measured with the postmonochromators
removed.

Details of XSW measurements and the determination of
adsorbate positions on mineral surfaces can be found in
Bedzyk and Cheng (2002). Briefly, the reflectivity, R(h),
and the X-ray fluorescence yields, Y(h), were measured
simultaneously by rocking the hematite crystal through
the specified H = hkl Bragg reflection from the low-angle
to the high-angle side. The resulting modulation of Y(h)

for the element of interest provides information on the loca-
tion of the atom with respect to the diffracting plane. For an
adsorbate, this modulation takes the form:

Y ðhÞ ¼ Y OB½1þ RðhÞ þ 2
ffiffiffiffiffiffiffiffiffiffi
RðhÞ

p
fH cosðmðhÞ � 2pP H Þ�; ð1Þ

where YOB is the fluorescence yield at an off-Bragg angle,
v(h) is the relative phase of the standing wave field, and H

is the diffraction vector. The coherent position, PH, is relat-
ed to the fractional position of the adsorbate ion with re-
spect to the diffracting plane, and the coherent fraction,
fH, is a measure of the spatial spread of the distribution
of the fluorescing ions. fH = CaHDH consists of three fac-
tors: C, the ordered fraction of the fluorescing element;
aH, a geometric factor that accounts for multiple element
positions; and DH, the Debye–Waller factor (Bedzyk and
Materlik, 1985a). Model independent parameters PH and
fH are obtained through fitting Eq. (1) to the experimental
Y(h).

In addition to monitoring the fluorescence yield of the
surface adsorbate, we also (whenever possible) monitor
the fluorescence yield of a bulk lattice cation. Since we
know the lattice positions of the bulk atoms, this can then
be used as a systematic check of our XSW experiment. For
the analysis of this bulk X-ray fluorescence yield, Eq. (1)
needs to be multiplied by an extinction-effect factor (Bat-
terman, 1964; Bedzyk and Materlik, 1985a). As noted pre-
viously (Catalano et al., 2006b), the Fe fluorescent
modulations from non-specular reflections were dominated
by strong extinction effects (observed as an overall reduc-
tion in fluorescent intensity near the Bragg condition) that
resulted from using a large take-off angle between the detec-
tor and the crystal surface. As a result, these measurements
were not sensitive to PH since the Fe Ka escape depth was
much larger than the extinction depth. Instead, the Fe
coherent positions for the non-specular reflections were
fixed to their crystallographic values in the analysis, which
included the effect of extinction.

The XSW-determined parameters PH and fH are also the
phase and amplitude of the Hth Fourier coefficient of the
element-specific normalized density profile (Bedzyk and
Materlik, 1985b; Hertel et al., 1985). As recently demon-
strated, a measured set of these Fourier coefficients can
be Fourier inverted into an element-specific three-dimen-
sional atomic density map in a process called XSW imaging
(Okasinski et al., 2004; Zhang et al., 2004). . This method
obtains the three-dimensional distribution of the element
of interest in a model-independent manner, but with only
0.5–2 Å spatial resolution, depending on the d-spacings of
the measured Bragg reflections. The As position with re-
spect to the hematite lattice was further refined using trian-
gulation by least-squares fitting of the atomic coordinates
and ordered fraction, C, of As as described previously (Gol-
ovchenko et al., 1982). Differences between the model-opti-
mized fopt and Popt and the experimental fH and PH values
were minimized using least-squares fitting techniques. A
fixed isotropic vibrational amplitude of 0.1 Å was used to
estimate the Debye–Waller factors, DH, of As. Errors
reported for the triangulation fitting results are based on
the standard deviations obtained from the least-squares fit-
ting results. The error on the total surface coverage is de-
rived from counting statistics, and error on the coherent
coverage was calculated by propagating the errors from
the total surface coverage and the ordered fraction. The
uncertainties in the bond length calculations originate from
propagating the errors on the triangulation-derived As
positions. All reported errors are at the 95% (2r) confidence
level.

3. RESULTS AND DISCUSSION

3.1. Hematite (012) surface structure

Hematite (a-Fe2O3) consists of a distorted hcp oxygen
lattice with two-thirds of the octahedral voids occupied
by Fe(III). The space group is trigonal (R3c) with lattice
parameters a = 5.035 Å, c = 13.747 Å, and c = 120� (Fin-
ger and Hazen, 1980). In this manuscript, the hkl notation
is used for bulk indices instead of the full hkil notation, as
the relationship h + k + i = 0 makes the full notation
unnecessary. The crystal structure was reindexed using a
rectangular surface unit cell with the c-axis normal to the
(012) surface using the method described by Trainor
et al. (2002). This reindexing allows for easier visualization
of surface structure and determination of the reflections
that are symmetry equivalent with respect to the bulk but
nonequivalent with respect to the (01 2) surface. It should
be noted that this surface indexing lacks a rational repeat
along the surface normal, which results in some bulk Bragg
reflection having non-integer indices in the surface nota-
tion. The resulting rectangular surface unit cell is bound
by the bulk crystallographic vectors parallel to [�100],
[�1/3 �2/3 1/3], and [0.713 1.426 0.287] and can be defined
with surface lattice parameters |as| = 5.035 Å, |bs| =
5.427 Å, |cs| = 7.364 Å. Reflections listed in this surface
indexing are labeled with a subscript s.

Assuming all Fe atoms remain sixfold coordinated by O
atoms (or OH or H2O molecules), then there are two crys-
tallographically and chemically distinct terminations of the
hematite (012) surface possible under aqueous conditions
(Fig. 1). The first termination consists of a stoichiometric
Fe2O3 layer with the upper Fe site vacant (half-layer termi-
nation). The second possible termination consists of a stoi-
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chiometric Fe2O3 layer with an additional O layer that com-
pletes the coordination shell of the upper Fe site (full-layer
termination). While both terminations contain zigzag rows
of singly coordinated terminal oxygens (>FeO) along bs,
they differ in that the half-layer termination contains both
doubly (>Fe2O) and triply coordinated (>Fe3O) oxygen
groups, whereas the full-layer termination contains only
>Fe3O groups. Comparison of the calculated reflectivity
profiles for these two ideal terminations to the X-ray reflec-
tivity of the sample used in this study reveals that neither of
the unrelaxed structures matches the experimental data
(Fig. 2a and b). This is not surprising since the calculated
reflectivity profiles did not take into account structural
relaxations and ordering of interfacial water. However,
the shape of the calculated reflectivity profiles (especially
the relatively lower reflectivity near Q = 1 Å�1 compared
to Q = 2.5 Å�1) was more similar to that expected for a
half-layer termination, suggesting that this is the more
likely termination.
Fig. 2. Absolute (a) and normalized (b) X-ray reflectivity data
(circles) and the reflectivity calculated for a full-layer termination
(dashed), half-layer termination (dotted), and for the best-fit model
(line). (c) Electron density profile of the best-fit structure of the
a-Fe2O3 (012)-water interface.
A model that accounts for the important interfacial
structural details of this surface was fit to the data using
a least-squares refinement. Preliminary fits could not repro-
duce the measured reflectivity when a fully occupied half-
layer termination was assumed (v2 = 42.06), and resulted
in unrealistic atomic relaxations (fit not shown). Allowing
the occupancy of Fe in the terminal layer to relax to
0.75 ± 0.03 resulted in a substantial improvement in the
fit quality (v2 = 1.32) and excellent reproduction of the
measured X-ray reflectivity over the full range of data
(Fig. 2). The resulting atomic relaxations (Table 1) were
reasonable and the positions of adsorbed and layered water
were similar to that recently seen for the a-Al2O3 (012) sur-
face (Catalano et al., 2006a). A lower limit on the lateral
surface domain size is Li > 4p/Qd2h (Fenter, 2002), where
d2h is the angular width of the reflected beam. At Q =
0.81 Å�1 (the first midzone), d2h = 0.138� (0.0024 rad),
corresponding to Li > �6500 Å.

The reduction in the Fe site occupancy suggests that the
hematite (012) surface has a mixture of half-layer (�75%)
Table 1
Optimized structural parameters from best fit model of the a-Fe2O3

(012)-water interface

Surface structure

Atom zinit
a (Å) zb (Å) rc (Å) hd

O (H2Oads)
e 20.05(8)f 0.20(3) 1

O (H2Oads) 18.8(1) 0.20(3) 1
O (>FeO) 17.70 17.50(4) 0.071 1
O (>Fe2O) 16.58 16.72(3) 0.071 1
Fe 15.80 15.95(3) 0.064 0.75(3)
O (>Fe3O) 15.45 15.60(3) 0.071 1
O 14.02 14.03(2) 0.071 1
Fe 13.67 13.68(2) 0.064 1
O 12.89 12.90(1) 0.071 1
Fe 12.12 12.12(1) 0.064 1
O 11.77 11.77(1) 0.071 1
O 10.335 10.327(5) 0.071 1
Fe 9.985 9.977(5) 0.064 1
O 9.209 9.206(5) 0.071 1
Fe 8.434 8.435(6) 0.064 1
O 8.084 8.085(6) 0.071 1

Layered water structure
z (Å) ro (Å) r ðÅÞ dw (Å)
22.0(1) 0.6(1) 0.4(1) 2.0(2)

Non-structural parameters and quality of fit
Water film (lm) Roughness (Å) v2

10g 2.4(1) 1.32

For a detailed description of the fitting parameters see Catalano
et al. (2006a).

a Atom height for the unrelaxed (bulk) structure.
b Atom height from the best fit model.
c Vibrational amplitude.
d Occupancy.
e Near-surface oxygen sites are labeled assuming a half-layer

termination.
f Uncertainties in the last digit are listed in parentheses, reported

at the 95% confidence level. Parameters with no listed uncertainties
were not varied in the analysis.

g Includes the contribution from the 8 lm Kapton film.



Fig. 3. Structural model of the unrelaxed half-layer termination of
the hematite (012) surface viewed along as with the expected
locations of the singly coordinated oxygen groups upon relaxation
overlain (dashed circles).
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and full-layer (�25%) terminations. Accurately measuring
the proportion of these two terminations requires refining
a structural model that contains both terminations, with
each relaxing separately. However, this is not possible be-
cause of the limited data range and the correlations that
would exist between the parameters in each model from
the similar z coordinates of certain atoms [e.g., a site of ad-
sorbed water on the full-layer termination is expected to oc-
cur at roughly the same z as the doubly coordinated oxygen
site (>Fe2O) in the half-layer termination]. Thus, the accu-
racies of the atomic relaxations determined from the X-ray
reflectivity data are expected to be worse than the reported
precisions. What is clear from the current analysis is that
this sample contains a mixture of terminations, with the
half-layer termination being dominant. We should note that
although the occupancies of the O atoms bound only to the
half-layer Fe atom (>FeO and >Fe2O on the half-layer ter-
mination; Fig. 1) also must be less than 1 (they should re-
duce in proportion to the Fe occupancy), these were not
varied to prevent an excessive number of adjustable param-
eters and because the decrease in the electron density that
would results from their removal is likely offset by an in-
crease in electron density from water adsorption on the
other termination. As the reflectivity data measures the lat-
erally averaged electron density profile, reducing the occu-
pancies of these O sites in the model without explicit
introduction of additional adsorbed water for the full-layer
termination would effectively create a �3 Å vacuum layer
over 25% of the surface in the model, which is physically
unrealistic.

The termination of the hematite (012) surface has been
recently studied by Tanwar et al. (2007). In that study, the
sample was prepared differently (it was not annealed) and
measured in humidified He as opposed to under bulk water.
Tanwar et al. (2007) observed that the half layer termina-
tion was the dominant termination of the surface. We
recently observed that a different crystal annealed in air at
450 �C for 24 h expressed the full-layer termination (unpub-
lished data). It thus appears that sample preparation can af-
fect the termination of the hematite (012) surface found
under aqueous conditions and that the occurrence of a mix-
ture of terminations is not intrinsic to the hematite (012)
surface. This will be explored in detail in a future study.

As only the specular X-ray reflectivity data were mea-
sured, no lateral relaxations of near-surface atoms could
be determined. However, if the singly coordinated oxygen
groups on the half-layer termination remain in their bulk
positions along bs, the uppermost FeO6 octahedra would
be distorted (Fig. 3). A relaxation along bs to above the
Fe site would reduce this distortion, and likely be the stable
structure in aqueous solution. Such a relaxation is consis-
tent with the XSW imaging results, and will thus be as-
sumed during the remaining analyses.

3.2. Arsenate adsorption geometry

Direct inversion of the measured XSW Fourier compo-
nents (Fig. 4), each characterized by fH and PH values
(Table 2), into the coherent interfacial distribution of As
was performed using the XSW imaging method. Surface
symmetry equivalents of the measured reflections were
included in the inversion by assuming the appropriate val-
ues of fH and PH (no symmetry equivalents were measured).
The resulting images reveal that As adsorbs primarily
above and between the terminal, singly coordinated oxygen
groups on pairs of corner-sharing FeO6 octahedra, �3 Å
above the uppermost plane of Fe atoms of the half-layer
termination (Fig. 5). A second, smaller population can be
seen in a similar geometry �2.6 Å above the uppermost
plane of Fe atoms of the full-layer termination, reflecting
the mixed terminations of this surface. These locations sug-
gest that As adsorbs in a bridging bidentate geometry on
adjacent singly coordinated oxygen sites on this surface.
The XSW imaging results also reveal that adsorbed As is
offset from a symmetrical bridging geometry (i.e., halfway
between the singly coordinated oxygen groups with the
Osurface–As–Osurface plane normal to the surface), with the
two symmetry-related As sites shifted along as in opposite
direction. Such an offset would result if the arsenate tetra-
hedra were slightly rotated about an axis created by the
pairs of adjacent singly coordinated oxygen groups.

Although the XSW imaging approach provides a model-
independent visualization of the location of adsorbed As,
the spatial resolution (p/Qmax) is only 1.8 Å normal to the
surface and 1.3 Å in the surface plane, as it is limited by
the number of Fourier components that were measured.
More precise, but model-dependent, information regarding
the location of As with respect to the surface unit cell was
obtained through a least-squares refinement of a structural
model compared to the measured PH and fH values. The
two As sites on each termination observed by XSW imaging
were used as initial inputs for the refinement, with their mo-
tions related by symmetry (Dx1 = �Dx2, Dy1 = Dy2,
Dz1 = Dz2 for each pair). The resulting structural model
(Fig. 6, Table 3) differed little from the direct inversion re-
sults and reproduced the fH and PH values well (Table 4).
Inclusion of the As associated with the minor, full-layer ter-
mination improved the quality of fit (v2 = 3.85) compared
to a model with As only on the half-layer termination
(v2 = 9.45). The total ordered fraction, C, was determined
to be 0.58 ± 0.13, with 75 ± 8% of the arsenic bound to
the half-layer termination. This distribution of As between



Fig. 4. Experimental R(h) and Y(h) data and fits to the XSW measurements of arsenate sorbed from a 100 lM solution onto the hematite
(012) surface.

Table 2
XSW measurements of arsenate adsorbed on the hematite (012) surface

Reflection, H (hkl) dH (Å) QH (Å�1) As Fe

Bulka Surfaceb fH
c PH

c fH
c fcal

d PH
c

(012) (002) 3.69 1.71 0.41(2) 0.15(1) 0.21(1) 0.245 0.50(1)
(006) (0 2 1.72) 2.70 2.33 0.28(4) 0.06(3) 0.48(1) 0.65 0e

ð014Þ ð0 2 0:28Þ 2.52 2.49 0.19(2) 0.99(2) 0.59(1) 0.88 0.5e

ð123Þ (103) 3.69 1.71 0.54(6) 0.89(2) 0.00(1) 0 0e

ð114Þ (1 1 1.86) 2.70 2.33 0.14(2) 0.49(4) 0.75(1) 0.88 0.5e

a Indexing of the bulk structure from Finger and Hazen (1980).
b Reindexed with the surface c-axis (cs) normal to the surface.
c The measured coherent fractions and positions with the uncertainties in the last digit, reported at the 95% confidence level, in parentheses.
d The calculated coherent fractions for Fe atoms based on the bulk hematite crystal structure assuming C = 1 and D = 1.
e Fixed to their crystallographic values.
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the two terminations matches well the proportion of the
these terminations determined by X-ray reflectivity. Com-
bining the ordered fraction with the measured As surface
coverage of 0.94 ± 0.03 lmol m�2 yields a coherent surface
coverage of 0.54 ± 0.12 lmol m�2.

The positions of adsorbed As, especially the location of
As bound to the minor, full-layer termination, have moder-
ate to large uncertainties, a result of the relatively large
number of fitting parameters needed to describe the As dis-
tribution as well as correlations between some parameters.
Further discussion regarding adsorption geometry is fo-
cused on arsenate adsorbed to the dominant, half-layer ter-
mination, as this is well constrained. The structural model
refinement confirmed that As on the half-layer termination
is offset from a symmetrical bridging geometry, with the
two As sites displaced �0.2 Å along as in opposite direc-
tions from the expected site on the half-layer termination.
This offset likely occurs to minimize steric interactions be-
tween the unbonded oxygen atoms on the arsenate tetrahe-
dra and nearby doubly coordinated oxygen functional



Fig. 5. Results of direct inversion of the XSW data: (a) Top view of
the surface unit cells of each termination of the hematite (012)
surface. The small spheres are Fe, the medium spheres O, and large
spheres singly coordinated O sites on the surface. (b) Measured
lateral distribution of Fe shown as a cut through the maximum
density plane for each termination. (c) Measured lateral distribu-
tion of As shown as a cut through the maximum density plane
above each termination. The white dashed line at 0.5as is included
to highlight the offset of the two maxima in the As density; if As
were in a symmetric adsorption geometry these maxima would be
on this line.

Fig. 6. Schematic model of arsenate surface complexes on hematite (012
included to illustrate the presence of two distinct terminations on the surf
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groups on the hematite surface. This demonstrates that
adsorption geometry is affected not just by the functional
groups the adsorbate binds to, but also adjacent groups
on the surface.

As the X-ray reflectivity data did not provide informa-
tion on lateral relaxations, and as the presence of two termi-
nations made quantitative analysis of the vertical
relaxations difficult and of poor accuracy, atoms on the
hematite (012) surface were assumed to be in their bulk
positions when evaluating XSW-derived interatomic dis-
tances, with the exception of the positions of the singly
coordinated oxygen atoms on the half-layer termination
as discussed above. This XSW triangulation-derived struc-
tural model results in As–Osurface bond lengths of
1.8 ± 0.6 Å, within experimental error of the range of dis-
tances (1.66–1.69 Å) commonly seen by EXAFS spectros-
copy for As(V) adsorbed on metal oxide surfaces (e.g.,
Waychunas et al., 1993, 2005a; Fendorf et al., 1997; Arai
et al., 2001, 2002, 2004). XSW-derived As–Fe interatomic
distances are 3.5 ± 0.4 Å assuming the unrelaxed bulk Fe
positions.

3.3. Location of incoherent As

Approximately 40% of the As Ka X-ray fluorescence,
corresponding to a surface coverage of 0.40 ± 0.12
lmol m�2, originated from arsenic species not coherently
ordered on the hematite (012) surface. Assuming a 2 lm
thick water film above the surface (this was not measured),
the equivalent of 0.20 lmol m�2 of As exists in the reaction
solution. The remaining 0.20 lmol m�2 of As may occur
sorbed as an outer-sphere species, on disordered defect
sites, or in the diffuse layer. The contribution of outer-
sphere species to the coherent modulation of the fluores-
cence yield may be small or negligible at the diffraction
conditions used because of the Debye–Waller factor. If
we assume that a 10% XSW modulation is detectable, then
) looking down bs. The step shown on the right side of the figure is
ace. The spatial relationship of these two terminations is unknown.



Table 4
Comparison of measured and refined XSW results for As in a bridging bidentate geometry

Reflection, H (hkl) XSW data Triangulation results v2

Bulk Surface fH PH fopt Popt

(012) (002) 0.41 0.15 0.39 0.15 3.85
(006) (0 2 1.72) 0.28 0.06 0.44 0.05
ð014Þ ð0 2 0:28Þ 0.19 0.99 0.29 0.96
ð123Þ (103) 0.54 0.89 0.51 0.89
ð114Þ (1 1 1.86) 0.14 0.49 0.03 0.50

Table 3
Positions of As (from XSW triangulation fitting), Fe, and O (from bulk crystal structure) in the hematite (012) surface unit cell

Atom Half-layer termination Full-layer termination

X (Å) Y (Å) Z (Å)a X (Å) Y (Å) Z (Å)a

Adsorbed arsenate

Asb 4.0 ± 0.6 3.5 ± 0.7 5.1 ± 0.2 3 ± 2 2 ± 1 2.6 ± 0.6
Asb 3.6 ± 0.6 0.8 ± 0.7 5.1 ± 0.2 4 ± 2 4 ± 1 2.6 ± 0.6

Structural atomsc

O 4.27 2.06d 4.03 4.27 3.99 1.78
O 3.29 4.77d 4.03 3.29 1.28 1.78
O 1.54 3.28 2.91 1.75 4.90 0.35
O 0.91 0.63 2.91 0.77 2.19 0.35
Fe 0.00 2.06 2.13 0.00 4.12 0.00
Fe 2.52 4.77 2.13 2.52 1.41 0.00

a Z arbitrarily set to 0 Å for the full-layer iron sites.
b Two positions are related by symmetry. Errors shown are at 95% confidence level.
c O and Fe positions are unrelaxed bulk atom locations for hematite, except where specified.
d O positions relaxed along bs as shown in Fig. 3.
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for the Bragg reflections with the smallest Q value
(1.71 Å�1), a single outer-sphere species at this coverage
would need to have a vibrational amplitude less than
0.7 Å to be observable. If the detection limit is raised to a
20% XSW modulation, then this maximum vibrational
amplitude drops to 0.2 Å. The vibrational amplitude con-
straints become even smaller when considering the Bragg
reflections with larger Q values. Thus, an outer-sphere spe-
cies occurring at the fractional coverage of the incoherent
As would need to have low positional disorder with respect
to the crystal lattice to be observed by XSW, which is
unlikely as such species lack a direct bond to the surface.

The contribution to the XSW modulation from arsenic
adsorbed onto defect sites will depend on the nature of
the defect. Defects such as steps, kinks, and vacancies are
likely ordered with respect to the underlying crystal struc-
ture, and arsenate binding to such sites in appreciable quan-
tities would therefore be detectable by XSW measurements.
On this sample, the density of binding sites on steps can be
estimated from the surface domain size (> � 6500 Å). For a
surface unit cell surface length of �5 Å, this domain size
suggests that a step is present every 1300 unit cells. If we as-
sume a step has the same density of binding sites as a unit
cell [7.3 sites nm�2, based on singly coordinated oxygen
sites per hematite (012) surface unit cell], then this corre-
sponds to a binding site density on steps of 0.009 lmol m�2,
more than an order of magnitude less than the coverage of
the incoherent adsorbed As. Adsorption onto defects not
ordered with respect to the hematite lattice, such as those
at grain boundaries, would contribute to the incoherent ad-
sorbed As signal. Similarly, As in a diffuse layer would ap-
pear disordered in the XSW derived from a Bragg reflection
from the hematite lattice. Although the location of this
unconstrained fraction of adsorbed As cannot be deter-
mined from the present data, it appears to be in a more dis-
ordered form (either weakly bound or on disordered sites)
than the inner-sphere bridging bidentate complexes ob-
served with the XSW measurements.

3.4. Comparisons to past studies

Past experimental studies of As(V) adsorption onto iron,
aluminum, manganese, and titanium (oxyhydr)oxides have
consistently observed the formation of inner-sphere adsorp-
tion complexes (Waychunas et al., 1993, 1995, 1996, 2005a;
Manceau, 1995; Sun and Doner, 1996; Fendorf et al., 1997;
Arai et al., 2001, 2002, 2004; Goldberg and Johnston, 2001;
Ladeira et al., 2001; O’Reilly et al., 2001; Randall et al.,
2001; Farquhar et al., 2002; Manning et al., 2002a; Foster
et al., 2003; Sherman and Randall, 2003; Pena et al.,
2006). In all experimental studies that were sensitive to
the local atomic environment of the adsorbate, bridging
bidentate (i.e., bidentate binuclear) complexes were ob-
served. A subset of these studies (Manceau, 1995; Fendorf
et al., 1997; Randall et al., 2001; Waychunas et al.,
2005a) have also observed the formation of edge-sharing
bidentate (i.e., bidentate mononuclear) complexes on goe-
thite, although there is still some debate about whether



1892 J.G. Catalano et al. / Geochimica et Cosmochimica Acta 71 (2007) 1883–1897
these actually form (Sherman and Randall, 2003). Mono-
dentate arsenate complexes have also been observed to
form, primarily at low surface coverages (Waychunas
et al., 1993; Fendorf et al., 1997). In most past EXAFS
spectroscopy studies where multiple surface complexes were
identified (e.g., Waychunas et al., 1993; Manceau, 1995;
Fendorf et al., 1997), the number of Fe neighbors identified
was often significantly larger than that expected for purely
adsorbed arsenate. This suggests that in such studies an Fe–
As precipitate formed, the FEFF-derived EXAFS fitting
functions were not correct, erroneous Debye–Waller factors
were used, or features in the EXAFS spectra were misiden-
tified [e.g., Sherman and Randall (2003) suggested that the
feature previously identified as due to an Fe neighbor at
�2.85 Å is actually produced by multiple scattering]. In-
ner-sphere arsenate surface complexes have also been iden-
tified in contaminated soils and soils overlying geochemical
anomalies, mine tailings, cement-stabilized sludge, water
treatment adsorbents, and iron corrosion products (Foster
et al., 1998; Savage et al., 2000; Farrell et al., 2001; Man-
ning et al., 2002b; Morin et al., 2002; Jing et al., 2003,
2005; Moldovan et al., 2003; Paktunc et al., 2003, 2004;
Beaulieu and Savage, 2005; Cances et al., 2005).

In many of these past studies, the adsorption geometry
has been inferred based on arsenic–metal cation interatomic
distances obtained from EXAFS spectroscopy. For iron
(oxyhydr)oxides, As–Fe distances of �2.85, �3.25, and
�3.60 Å have identified the presence of edge-sharing biden-
tate, bridging bidentate, and monodentate complexes,
respectively. These distances are derived from studies of
arsenate adsorption onto goethite. However, the As–Fe dis-
tances observed in this study (3.5 ± 0.4 Å) are intermediate
between the distances expected for bridging bidentate and
monodentate complexes. These distances are longer than,
although within error of, those typically expected for bridg-
ing bidentate complexes because the FeO6 octahedra are ar-
ranged differently on hematite surfaces than on goethite
surface. In fact, the model of bidentate arsenate corner-
sharing between two adjacent edge-sharing FeO6 octahedra
often used in molecular modeling and interpreting EXAFS
data, as in Sherman and Randall (2003), cannot exist on
any known rational termination of hematite. Adjacent
edge-sharing FeO6 octahedra are never exposed in a way
that both would have singly coordinated oxygens available
to bind to the same As atom, except perhaps on a step or
other surface defect. The adjacent FeO6 octahedra arsenate
binds to on the hematite (012) surface, and likely on most
other hematite surfaces, are corner-sharing. This demon-
strates that the As–Fe distances resulting from the forma-
tion of bridging bidentate surface complexes are
dependent on the sorbent structure, and that geometries
different from those considered in past studies are possible.
For systems where arsenate is sorbing to Fe(III)-bearing
phases lacking goethite-like polyhedral arrangements or
to nanoscale phases where polyhedra may be distorted
(e.g., Waychunas et al., 2005b), multiple arrangements of
FeO6 and AsO4 polyhedra should be considered when
assigning adsorbate binding modes from EXAFS data.

One other study to date has examined arsenate adsorp-
tion onto the hematite (012) surface using ex situ GI-EX-
AFS measurements (Waychunas et al., 2005a), inferring
that 78 ± 10% of the adsorbed arsenate was in edge-sharing
bidentate complexes, with the remainder in bridging biden-
tate complexes. It is unclear if the discrepancy between that
study and the current work is the result of different mea-
surement conditions [this study was performed under aque-
ous solution, the Waychunas et al. (2005a) study in
humidified He], or if the GI-EXAFS data were misinter-
preted, as the As–Fe distance characteristic of edge-sharing
complexes was identified for only one polarization direction
and was atypically short (2.75 ± 0.02 Å). In addition, the
analysis of surface domain size and step density discussed
above demonstrates that the number of available binding
sites on steps (where edge-sharing complexation may be
more favorable) is too small to account for the edge-sharing
complexes identified on a similarly prepared sample by
Waychunas et al. (2005a). If such complexes formed on or-
dered sites on the hematite (01 2) surface, they would have
vibrational amplitudes comparable to that of the bridging
bidentate complexes, and thus would have been observed
by the XSW measurements. It is difficult to further evaluate
potential sources of error in the GI-EXAFS analyses in
Waychunas et al. (2005a), as they do not report the raw
GI-EXAFS spectra of As(V) sorbed to the hematite (012)
surface. However, as demonstrated above, the three-dimen-
sional relationship of an adsorbate to the structure of the
substrate is directly imaged from XSW measurements,
whereas GI-EXAFS measurements require this relationship
to be inferred from fitting results that can be highly model-
dependent. Our analyses show that the edge-sharing com-
plex of As proposed by Waychunas et al. (2005a) is not
the dominant species of As adsorbed to hematite (012) in
contact with an aqueous solution, suggesting that these
edge-sharing complexes were either an artifact of the ex situ
measurement conditions or were identified incorrectly.

3.5. Preferred binding site, adsorption geometry, and reaction

stoichiometry

The XSW measurements presented here are the first to
directly determine the relationship of adsorbed arsenate to
the structure of an iron (oxyhydr)oxide sorbent. These results
demonstrate that the dominant form of adsorbed arsenate
binds exclusively to singly coordinated oxygen functional
groups on both terminations of the hematite (012) surface.
As multiple types of functional groups are present on the
hematite (012) surface, this suggests that arsenate preferen-
tially reacts with the singly coordinated oxygen groups. The
reason for this preference may be steric (i.e., doubly and tri-
ply coordinated groups may not be accessible), energetic, or
kinetic (e.g., faster exchange kinetics of singly coordinated
functional groups). These results also demonstrate that arse-
nate dominantly forms bridging bidentate surface complexes
on hematite (012). Considering the ubiquitous identification
of bridging bidentate arsenate surface complexes on iron,
aluminum, manganese, and titanium (oxyhydr)oxide phases
(see discussion in Section 3.4), it is likely that this is the pre-
ferred adsorption geometry of arsenate.

Identification of the inner-sphere binding site and
adsorption geometry of arsenate on the hematite (012) sur-



Fig. 7. Fluorescence-yield XANES spectrum of arsenate adsorbed
on the hematite (012) surface. The two open squares are YOB

values determined from XSW measurements made at those
energies. These values were converted to normalized absorbance
by setting the high-energy YOB value equal to the normalized
absorbance at that energy.
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face provides enough information to constrain the possible
stoichiometry of the reaction occurring at pH 5 to the
following:

2>FeOH + H2AsO4 + nHþ = (>FeO)2AsO2Hn
n�1 + 2H2O

ð2Þ

Although the choice of arsenate dissociation state is arbi-
trary when writing such a reaction, as it is related to all
other possible states through equilibrium reactions, the
state used in reaction (2) was chosen to reflect the likely pre-
dominant species present under the conditions of this study
[arsenate has pKa values of 2.2, 6.9, and 11.5 (Baes and
Mesmer, 1986)]. The choice of surface protonation state is
also arbitrary (i.e., all protonation states are related
through equilibrium reactions); here we use a neutral sur-
face site from a simple 2-pKa model of surface functional
group protonation/deprotonation (Schindler and Stumm,
1987). The real protonation state (and charge) of singly
coordinated functional groups on the hematite (01 2) sur-
face is not accessible through our measurements, and pre-
diction of this state will depend on the parameters
obtained from modeling the charging behavior of this sur-
face, which has yet to be measured. The experimentally-de-
termined pHiep of the a-Al2O3 (012) surface (which has a
similar distribution of surface functional groups) is 4.5–
5.2 (Franks and Meagher, 2003; Kershner et al., 2004; Fitts
et al., 2005) and the measured pHiep of a single crystal of
hematite (multiple crystal faces) is 6.1 (Kallay et al.,
2005), suggesting that in this study the hematite (012) sur-
face was near its isoelectric point. The protonation state of
the arsenate surface complex also cannot be determined
from the XSW measurements, and thus the proton stoichi-
ometry cannot be established. However, a recent surface
complexation modeling study by Fukushi and Sverjensky
(2007) predicted that on hematite powders the dominant
arsenate surface species under similar conditions will be a
fully deprotonated bridging bidentate complex. We expect
arsenate species on the hematite (012) surface to behave
similarly.

The sample used in this study also provided the oppor-
tunity to compare the reactivity of singly coordinated oxy-
gen functional groups on the two terminations present. The
excellent agreement between the proportion of the two ter-
minations (75 ± 3% half-layer termination) and the distri-
bution of the inner-sphere arsenate on the two
terminations (75 ± 8% on the half-layer terminations) sug-
gest that these functional groups have an equal reactivity
towards the adsorption of arsenate. This was not necessar-
ily expected, as the two terminations have a different distri-
bution of oxygen functional groups on the surface, and thus
a different distribution of charges and hydrogen bonds.
Although doubly (on the half-layer termination) and triply
(on the full-layer termination) coordinated oxygen func-
tional groups appear to have minor steric interactions with
adsorbed arsenate, causing the offset from a symmetric
adsorption geometry as described above, these interactions
either make a minimal contribution in determining the sta-
bility of the arsenate surface complexes, or the effects on
stability are equivalent on the two terminations even
though different functional groups are involved.
3.6. Implications for As mobility in the environment

Under conditions similar to those used in this study,
arsenate fate, transport, and bioavailability will likely be
controlled primarily by the formation of bridging bidentate
surface complexes in systems where iron (oxyhydr)oxides
are present. The apparent dominance of such complexes
on aluminum, iron, manganese, and titanium (oxyhydr)ox-
ide surfaces suggests that modeling the adsorption behavior
of arsenate in complex environmental systems should be
straightforward. However, as we observed that a significant
fraction of adsorbed arsenate is not coherently adsorbed,
and thus cannot be characterized by XSW, further experi-
mental work is needed to identify what other adsorbed spe-
cies are present. As such species occur in a more disordered
form, it is possible they are more weakly bound, and may
thus dominate that fraction of arsenate that may be remo-
bilized and made bioavailable.

3.7. Prospects for species-specific XSW

The off-Bragg yield, YOB, is a measure of the X-ray fluo-
rescence induced by the incident X-ray beam away from
dynamical diffraction conditions. The variation in YOB with
incident X-ray energy is thus proportional to the XANES
spectrum of the element of interest. XSW measurements
for the (002)s reflection near the As K-edge demonstrate
this modulation in YOB (Fig. 7). In particular, the data
show clear consistency between the observed variation in
YOB with the energy-dependent X-ray absorption of As.
By tuning the incident X-ray beam energy to a feature in
a XANES spectrum indicative of a specific oxidation state
of an element (e.g., As(III) whiteline, Cr(VI) pre-edge
feature), it will be possible to measure an oxidation
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state-specific XSW profile. Thus, XSW measurements can
provide insight into the mechanisms of surface-catalyzed re-
dox changes by determining how both reduced and oxi-
dized forms of an element associate with the surface, even
when multiple valence states are present simultaneously.

4. CONCLUSIONS

This study sought to determine the three-dimensional
relationship of adsorbed arsenate to the structure of, and
thus the functional groups on, the hematite (012) surface
in aqueous solution. Characterization of the hematite sur-
face reveals a mixture of a dominant half-layer and minor-
ity full-layer termination (75% and 25% of the surface,
respectively). The coexistence of two terminations appears
to be due to sample preparation, and is not a unique attri-
bute of the hematite (012) surface. Structural relaxations
are minor (<0.15 Å), and water ordering at the hematite
(012)-aqueous solution interface is similar to what was
recently observed for the corundum (012) surface (Cata-
lano et al., 2006a).

XSW measurements demonstrate that arsenate adsorbs
on the (012) surface of hematite by forming inner-sphere
bridging bidentate complexes bound to singly coordinated
oxygen functional groups. Arsenate was found to distribute
itself between the two surface terminations in proportion to
their occurrence, suggesting both terminations have an
equal affinity for the adsorption of this species. No evidence
was found for the formation of edge-sharing bidentate or
monodentate complexes. Such complexes may form on sur-
face defects not ordered with respect to the hematite lattice,
which do not contribute to the XSW modulations; they are
not present on terraces on this surface under the conditions
studied. Approximately 25% of the arsenate associated with
the surface (i.e., the arsenate not in the solution phase) was
not coherently sorbed, and thus was most likely bound to
disordered surface defects, as outer-sphere species, or in
the diffuse layer.

Although, the adsorption geometry observed in this
study is consistent with the dominant geometry observed
in past studies, the resulting As–Fe distances are longer
than typically seen for bridging bidentate surface complexes
on iron (oxyhydr)oxides. This demonstrates that proper
interpretation of the EXAFS spectra of adsorbates, the
most common method for determining adsorbate structure,
requires a detailed understanding of the surface structure of
the sorbent phase. Without this consideration, it is possible
to misidentify the binding geometry of arsenate in environ-
mental samples, which would result in the assumption of
incorrect reaction stoichiometries and possibly lead to erro-
neous prediction of future fate and transport.

This study is the first to directly measure the full-struc-
tural relationship of adsorbed arsenate to the crystal struc-
ture of an iron (oxyhydr)oxide sorbent phase, with
knowledge of both the mineral surface structure and the
location of the adsorbed species. These results suggest that
arsenate prefers to bind to singly coordinated oxygen
groups in a bridging bidentate geometry, and constrain
the likely adsorption reaction stoichiometry. Although
bridging bidentate surface complexes are the dominant
form observed in this and past studies, yet to be identified
minor sorbed arsenate species also are present, and are
potentially the most important species affecting arsenate
fate, transport, and bioavailability. Finally, we have dem-
onstrated that the off-Bragg fluorescence yield, YOB, ob-
tained from XSW measurements tracks the XANES
spectrum of the fluorescing element, and that by tuning to
the correct incident energy, species-specific XSW measure-
ments can be made.
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