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Abstract

The 3-dimensional structure of adsorption complexes on mineral surfaces provides insight into the fundamental mechanisms controlling sorption
processes. This is important to the development of a general understanding of the behavior of contaminants such as selenite in the environment.
The adsorption of selenite (SeO2−

3 ) on the hematite (100) surface was studied using X-ray standing wave (XSW) measurements. Inner-sphere
bidentate surface complexes bridging between adjacent singly-coordinated oxygen sites were identified as the primary adsorption site. The lack
of binding to doubly-coordinated oxygen sites that were also exposed on the surface was likely due to differences in the reactivity or exchange
kinetics of these sites or cation–cation repulsion, although the latter appears to be a secondary effect based on past observations. While these
bridging bidentate geometries are similar to those inferred in past spectroscopic studies, the Se–Fe distances are such that these species might be
misidentified as edge-sharing complexes if studied by EXAFS spectroscopy, highlighting the need for a fundamental understanding of mineral
surface structure.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Adsorption of contaminants and trace element ions onto
mineral surfaces often controls the transport and cycling of
these elements in the environment [1]. Surface complexation
models are often used to describe the macroscopic adsorption
behavior of elements as a function of solution parameters such
as element concentration, pH, ionic strength, etc. The chemical
reactions used in surface complexation models can be eval-
uated by investigating the structure and composition of the
proposed surface complexes spectroscopically. However, many
commonly used spectroscopic methods provide indirect (e.g.,
vibrational spectroscopy) or 1-dimensional (e.g., X-ray absorp-
tion spectroscopy) information on the registry of adsorbed ions
with respect to the structure of the adsorbent. Unambiguous de-
termination of surface complex structure using such methods is
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often not possible as assumptions must be made regarding the
available binding sites and possible adsorption geometries.

A more fundamental picture of surface complexes may be
obtained by studying the adsorption of ions onto single crys-
tal surfaces, as these phases are amenable to surface-specific
probes that are capable of determining the 3-dimensional rela-
tionship of adsorption complexes to mineral surface structures.
The type and distribution of potential sites of adsorption on
single crystal surfaces can be measured experimentally using
surface X-ray scattering. Surface X-ray scattering or Bragg-
reflection X-ray standing wave (XSW) measurements can then
be used to determine the site(s) of adsorption with respect to
the crystal lattice of the adsorbent mineral. Such methods have
been used to study ion adsorption onto calcite [2–8], corundum
[9], hematite [9,10], and rutile [11–13].

In this study we investigated the (inner-sphere) adsorption
of selenite (SeO2−

3 ) on the (100) surface of hematite (α-Fe2O3)
using XSW measurements. Selenium is toxic at high concentra-
tions and has been implicated in teratogenic effects observed in
wildlife at the Kesterson National Wildlife Refuge in Califor-
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nia [14]. In oxidizing environments selenium occurs primarily
as the selenite (SeO2−

3 ) and selenate (SeO2−
4 ) oxoanions. Se-

lenite adsorbs strongly to mineral surfaces [15–30], typically
forming inner-sphere bidentate adsorption complexes on metal
oxide surfaces [31–34].

2. Materials and methods

2.1. Sample preparation

Hematite single crystals oriented, cut, and polished parallel
to (100) were obtained from Commercial Crystal Laboratories
(Naples, FL). Prior to use, the crystals were cleaned by re-
peated rinsing with HPLC-grade acetone and methanol, rinsing
with deionized water (>18 M� cm), soaking for 5 min each in
10−3 M NaOH and 10−3 M HCl with deionized water rinses
in between, and finally soaking in deionized water. To reduce
the adventitious carbon on the surface, the crystals were blown
dry in a stream of Ar gas, and then heated in an oven at 275 ◦C
for 3 h. After cooling, the crystals were stored in deionized wa-
ter until use. Preliminary X-ray reflectivity measurements (not
shown) provide an estimated surface roughness of ∼30 Å, com-
parable to the 25 Å roughness seen for the (001) surface of
hematite [35].

Solutions of 10 and 100 µM Na2SeO3·5H2O in 10 mM NaCl
were prepared from reagent grade chemicals and deionized wa-
ter; the pH was adjusted to 4 with HCl. A hematite (100) single
crystal was loaded in deionized water into a sample cell and
sealed with 8 µm-thick Kapton film. After mounting the sample
on a four-circle spectrometer (details below), the reaction solu-
tion was exchanged into the cell and allowed to react for 10 min,
after which it was drained from the cell, leaving a thin solution
film on the crystal surface (estimated to be ∼2 µm thick based
on past studies [36]). This cycle was repeated for approximately
one hour, after which the cell was sealed. XSW measurements
were made for hematite (100) reacted with the 10 and 100 µM
Se(IV) solutions. All measurements were made in situ in ap-
proximately 30 h.

2.2. X-ray standing wave measurements and analysis

XSW measurements were performed in a vertical scattering
geometry on a four-circle spectrometer at beamline 12-ID-D
(BESSRC) of the Advanced Photon Source, Argonne National
Laboratory. The incident X-ray energy (15.048 keV) was se-
lected using a liquid N2-cooled, symmetrical Si (111) mono-
chromator. The incident beam dispersion was controlled using
two sets of Si (111) or (220) double-bounce, channel cut post-
monochromators. The beam size was typically 0.01 mm2. Fe
and SeKα X-ray fluorescence was measured using a single-
element energy dispersive Ge detector mounted horizontally
facing the polarization direction of the incident X-ray beam.
Se surface coverage was measured by comparison of the SeKα

X-ray fluorescence from the sample with the ZnKα X-ray flu-
orescence from a standard of known Zn concentration; cor-
rections were made for differences in X-ray absorption cross
section, fluorescence yield, and linear attenuation.
Details of XSW measurements and the determination of ad-
sorbate positions on mineral surfaces can be found in Bedzyk
and Cheng [37]. Briefly, the reflectivity, R(θ), and the X-ray
fluorescence yields, Y(θ), were measured simultaneously by
rocking the hematite crystal through the specified Bragg reflec-
tion from the low-angle to the high-angle side. The resulting
modulation of Y(θ) for the element of interest provides infor-
mation on the location of the atom with respect to the diffracting
plane. For an adsorbate, this modulation takes the form:

(1)Y(θ) = YOB

[
1 + R(θ) + 2

√
R(θ)fH cos

(
ν(θ) − 2πPH

)]
,

where YOB is the fluorescence yield at an off-Bragg angle, ν(θ)

is the relative phase of the standing wave field, and H is the dif-
fraction vector. The coherent position, PH , is the average frac-
tional position, �d/dH , of the adsorbate ion with respect to the
diffracting plane (e.g., an adsorbate ion at a distance above the
diffracting plane equaling half the d-spacing, or �d/dH = 0.5,
has a PH = 0.5). The coherent fraction, fH , is a measure of the
spatial distribution of the fluorescing ion, and is comprised of
three terms:

(2)fH = CaD,

where C is the ordered fraction of the fluorescing element, a is
a geometrical factor taking into account the effects of multiple
ion positions, and D is the Debye–Waller factor. In practice, PH

and fH are obtained through fitting Eq. (1) to the experimental
Y(θ).

The Fe fluorescent modulations were dominated by strong
extinction effects (observed as an overall reduction in fluores-
cent intensity near the Bragg condition) that resulted from using
a large take-off angle between the detector and the crystal sur-
face. As a result, the measurements were not sensitive to PH

since the FeKα escape depth was much larger than the extinc-
tion depth. Instead, the Fe coherent positions were fixed to their
crystallographic values in the analysis, which included the ef-
fect of extinction. This will be remedied in the future by using
a small (<3◦) take-off angle for detecting fluorescent X-rays.

PH and fH are also the phase and amplitude, respectively,
of the H th Fourier coefficient, FH , of the element-specific nor-
malized density profile, ρ(r):

(3)FH =
∫

ρ(r) exp(i2πH · r)dr = fH exp(i2πPH ).

As recently demonstrated [38], the full elemental distribution,
ρ(r), may be obtained directly by Fourier inversion of the
XSW-measured Fourier coefficients in a process called XSW
imaging:

ρ(r) = Re
[
	H FH exp(−i2πH · r)

]
(4)= Re

[
	H fH exp

(
i2π(PH − H · r)

)]
.

The site of Se(IV) adsorption was determined by comparison
of the 3-dimensional density profile obtained through Fourier
inversion to the structure of the surface unit cell [13].

The Se position with respect to the hematite lattice was
further refined using triangulation by least-squares fitting of
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the atomic coordinates and ordered fraction, C, of Se as de-
scribed previously [2–6,12,37]. Differences between the model-
optimized fopt and Popt and the experimental fH and PH values
were minimized using least-squares fitting techniques. A fixed
vibrational amplitude of 0.2 Å was used to estimate the Debye–
Waller factor, D, of Se.

3. Results and discussion

3.1. Hematite (100) surface structure

The structure of hematite (α-Fe2O3) consists of a distorted
hexagonal closest packed oxygen layers with Fe3+ occupy-
ing two thirds of the octahedral holes, trigonal space group
R3C with lattice parameters a = 5.035 Å, c = 13.747 Å, and
γ = 120◦ [39]. For simplicity, hkl notation will be used for
bulk indices instead of the full hkil notation, which is unnec-
essary as h + k + i = 0 for hexagonal systems. The crystal
structure of hematite was re-indexed with a rectangular surface
unit cell having the c-axis normal to the (100) surface. This
allows for easier visualization of surface structure and deter-
mination of the reflections that are symmetry equivalent with
respect to the bulk but nonequivalent with respect to the (100)
surface. For this surface, the rectangular surface unit cell is
bound by the bulk crystallographic vectors parallel to [010],
[001], and [210] and can be defined with surface lattice para-
meters as = 5.035 Å, bs = 13.747 Å, cs = 8.721 Å.

The hematite (100) surface is expected to consist of rows of
dimers of iron octahedra along as (Fig. 1). The crystal struc-
ture of hematite is such that there is only one chemically-
feasible (100) termination. Our choice of indexing produces six
chemically-identical, crystallographically-related (100) planes
in each surface unit cell. The XSW analyses are independent
of which of these six planes are chosen as the surface; an ad-
sorbate (e.g., selenite) bound to any of these planes produces
the same coherent positions and fractions if sorbed in the same
local adsorption geometry. While there is nothing structural or
chemical that requires the dimers of iron octahedra to remain
intact (e.g., one of the two iron octahedra could desorb from
the surface to reduce Fe–Fe repulsion), the adsorption geome-
try of selenite observed by XSW imaging (discussed below) is

Fig. 1. Polyhedral view of the bulk-terminated hematite (100) surface. The
larger spheres are singly-coordinated oxygen sites, which are potential sites
of adsorbate binding.
Table 1
XSW measurements of SeO2−

3 adsorbed on the hematite (100) surface

Reflection, H (hkl) dH

(Å)

qH

(Å−1)

Se Fe

Bulka Surfaceb fH
c PH

c fH
c fcal

d PH
e

10 µM Se(IV)
(1 0 2) (0 2 2) 3.69 1.71 0.18(2) 0.47(2) 0.19(1) 0.245 0.5
(1 0 4) (0 4 2) 2.70 2.33 0.27(2) 0.45(1) 0.68(1) 0.88 0.5
(2 1 0) (1 0 3) 2.52 2.49 0.32(2) 0.81(1) 0.72(2) 1 1
(0 1 2) (1 2 1) 3.69 1.71 0.24(2) 0.28(1) 0.12(1) 0.245 0.5
(1 4 1) (1 4 1) 2.70 2.33 0.14(2) 0.30(1) 0.83(1) 0.88 0.5

100 µM Se(IV)
(1 0 2) (0 2 2) 3.69 1.71 0.09(1) 0.50(3) 0.18(1) 0.245 0.5
(1 0 4) (0 4 2) 2.70 2.33 0.14(1) 0.48(1) 0.56(1) 0.88 0.5
(2 1 0) (1 0 3) 2.52 2.49 0.30(1) 0.83(1) 0.81(1) 1 1

a Indexing of the bulk structure from Finger and Hazen [37].
b Re-indexed with the surface c-axis (cs ) normal to the surface.
c The measured coherent fractions and positions with the uncertainties in the

last digit in parentheses.
d The calculated coherent fractions for Fe atoms based on the bulk hematite

single crystal structure assuming C = 1 and D = 1 (see Eq. (2)).
e The Fe coherent positions were fixed to their crystallographic values.

only feasible if these dimers are present. The potentially reac-
tive surface functional groups on this surface are singly- and
doubly-coordinated oxygen atoms exposed on the top of the
dimers of iron octahedra. The bond valence of these surface
oxygen atoms is likely satisfied through hydroxylation and hy-
drogen bonding when the surface is in contact with aqueous
solution.

3.2. Inner-sphere selenite adsorption geometry

The fH and PH values derived from the five measured
Y(θ)Se and Y(θ)Fe (Fig. 2) were used as input to Eq. (4) to
determine the position of adsorbed Se with respect to the Fe
atom positions in the hematite (100) surface unit cell using the
XSW imaging approach (Fig. 3). Surface symmetry equivalents
of the measured reflections were included in the inversion by as-
suming the same fH and PH values (no symmetry equivalents
were measured). The maximum Se density appears 2.1 Å above
the outermost Fe layer over the octahedral vacancies in the hcp
oxygen lattice (i.e., over the 1/3 of octahedral sites not occu-
pied by Fe3+). While some additional Se density is found on
top of the Fe dimers, this is due to the use of a limited num-
ber of Fourier components in obtaining the density plot using
Eq. (4). Comparable density is present at this site if fH and PH

values calculated from a model with Se only over the octahe-
dral vacancies are used as input for XSW imaging (calculations
not shown). This provides a model-independent visualization
of the structure with a spatial resolution of ∼1 Å, which is
limited by the number of Fourier components that were mea-
sured.

Least-squares refinement of the Se position with respect to
the surface unit cell were done to provide more precise, but
model-dependent, structural information concerning the Se dis-
tribution. The position of maximum Se density from the directly
inverted XSW image was used as an initial starting point (Ta-
ble 2). The optimized Se position resulted in excellent agree-
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Fig. 2. Experimental R(θ) and Y (θ) data and fits to the XSW measurements of Se(IV) sorbed from a 10 µM solution onto the hematite (100) surface.
ment between the observed and calculated fH and PH val-
ues (Table 3). As there are two symmetry related Se sites in
the surface unit cell, the position of Se in each site was con-
strained to preserve the symmetry of the surface (i.e., the rela-
tive motion along the three lattice directions were constrained
as: �xSe1 = −�xSe2, �ySe1 = �ySe2, �zSe1 = �zSe2). The
positions of the two Se sites along as were fixed to 0.5as as they
consistently refined to this value but had unreasonably large
least-squares errors when allowed to vary. The poor precision in
the Se positions was a result of the symmetry constraints which
fixed the mean Se position to 0.5as . Thus, motion along as only
affected the fH values (which had large errors) in the optimiza-
tion by changing the geometrical factor, a (see Eq. (2)); PH

values were only affected by changes in the mean Se position.
Relaxing the symmetry constraint along as (i.e., the constraint
that �xSe1 = −�xSe2 was removed) while keeping all other
variables fixed resulted in a Se position of 0.49 ± 0.01as for
both Se sites, suggesting that fixing the Se position along as to
0.5as was valid for the full analysis. The symmetry constraint
along as could not be relaxed in the full analysis because the
number of variables would have exceeded the number of de-
grees of freedom. The ordered fraction, C, was determined to
be 0.25, and, when combined with the measured surface cov-
erage of 0.8 µmol m−2, yields a coherent surface coverage of
0.2 µmol m−2 (0.12 Se atoms nm−2). The remaining Se was
likely adsorbed on defect sites, as disordered outer-sphere com-
plexes, and/or in the diffuse layer.

In order to determine if the adsorption geometry changes at
higher solution Se(IV) concentrations, additional XSW mea-
surements were made in a 100 µM solution (Fig. 4). The fluo-
rescence yields were similar to those observed at 10 µM Se(IV),
producing comparable PH values and slightly lower fH value.
This suggests that at this higher concentration Se binds in the
same manner, with the reduction in fH values due to the in-
creased background Se fluorescence from the solution and ad-
ditional outer-sphere or diffuse-layer species.
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Table 2
Positions of Se (from XSW triangulation fitting), Fe, and O (from bulk crystal
structure) in the hematite (100) surface unit cell

Atom X (Å) Y (Å) Z (Å)a

Adsorbed selenite
Seb 2.52 4.5 ± 0.1 2.2 ± 0.1
Seb 2.52 11.4 ± 0.1 2.2 ± 0.1

1st oxygen layerc

O 3.29 1.15 1.33
O 1.54 3.44 1.45
O 3.29 5.73 1.57
O 1.75 8.02 1.33
O 3.50 10.31 1.45
O 1.75 12.60 1.57

Iron layerc

Fe 2.52 2.59 0
Fe 2.52 6.57 0
Fe 2.52 9.47 0
Fe 2.52 13.44 0

2nd oxygen layerc

O 0.98 1.15 0
O 4.34 3.44 0
O 0.77 5.73 −0.12
O 4.06 8.02 0
O 0.77 10.31 0.12
O 4.27 12.60 −0.12

a Z = 0 Å arbitrarily set to the iron layer.
b Two positions are related by symmetry.
c O and Fe positions are unrelaxed bulk atom locations for hematite.

Table 3
Comparison of measured and refined XSW results for Se in the bridging biden-
tate site

Reflection, H(hkl) XSW data Triangulation results χ2

Bulk Surface fH PH fopt Popt

(1 0 2) (0 2 2) 0.18 0.47 0.24(6) 0.53(3) 0.584
(1 0 4) (0 4 2) 0.27 0.45 0.23(6) 0.48(5)

(2 1 0) (1 0 3) 0.32 0.81 0.22(6) 0.77(3)

(0 1 2) (1 2 1) 0.24 0.28 0.24(6) 0.24(3)

(1 4 1) (1 4 1) 0.14 0.30 0.23(6) 0.29(4)

The position of Se above the pairs of singly-coordinated
oxygens on the surface demonstrates that Se binds in a bridg-
ing bidentate geometry (Fig. 5). Ignoring possible relaxation
of the surface structure, this position results in Se–Osurface dis-
tances of 1.6–1.7 Å and Se–Fe distances of 2.9–3.0 Å. Previous
studies have shown that surface relaxations at hydrated min-

Fig. 3. Results of direct inversion of XSW data: (a) Top view of surface unit
cell of hematite (100). The small spheres are iron, the medium sphere oxygen,
and large spheres singly-coordinated oxygen sites on the surface. (b) Mea-
sured lateral distribution of Fe shown as a cut through maximum density plane.
(c) Measured lateral distribution of Se shown as a cut through maximum den-
sity plane.
Fig. 4. Experimental R(θ) and Y (θ) data and fits to the XSW measurements of Se(IV) sorbed from a 100 µM solution onto the hematite (100) surface.
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Fig. 5. Model of Se(IV) surface complexes on hematite (100) as determined
from triangulation refinement of Se position. The selenite complex is shown as
a planar complex (instead of trigonal pyramidal) as the XSW data provides no
information regarding oxygen positions.

eral surfaces are relatively modest, typically <0.2 Å [40], and
consequently these nominal bond lengths should approximate
that of the actual surface complex. As XSW measurements can-
not determine the position of the oxygen atoms in the hematite
crystal or bound to the sorbed selenite molecules, it is unknown
where the third (apical) oxygen atom on selenite is located. The
trigonal pyramidal shape of selenite and the XSW-imaged lo-
calization of Se between the Fe atoms (and thus between two
singly-coordinated oxygens) implies that this third oxygen must
be above Se but off to one side of the Osurface–Se–Osurface plane.
The symmetry of the site suggests that there is no preferred
direction of offset (i.e., offset of the apical oxygen in either di-
rection is equally probable).

3.3. Se(IV) binding site preferences

Although sites were available for both edge-sharing and
bridging bidentate selenite surface complexes to form, only the
bridging complexes were observed. The lack of edge-sharing
complexes may relate to the coordination of surface functional
groups, as the bridging complexes only bond to the singly-
coordinate oxygen sites, whereas formation of edge-sharing
complexes also requires binding to doubly-coordinated oxy-
gen sites. Singly- and doubly-coordinated oxygen sites on iron
oxide surfaces have different acidity constants [41] and thus
are expected to have different binding constants for selenite.
Kinetic effects may also affect where selenite binds, as singly-
coordinated oxygen groups have significantly faster exchange
rates than doubly-coordinated groups [42]. Irrespective of the
affinity of surface functional groups for selenite adsorption,
cation–cation repulsion between Se and Fe may also make
edge-sharing complexes (expected Se–Fe distance of ∼2.4 Å)
less favorable than bridging complexes (Se–Fe distance of 2.9–
3.0 Å) on the hematite (100) surface. However, the relative
importance of functional group reactivity and exchange rates
and cation–cation repulsion is difficult to assess without further
study.
3.4. Comparison to past studies

Selenite has consistently been observed to form bidentate
complexes on iron and aluminum oxide surfaces in EXAFS and
infrared spectroscopic studies [31–34]. These complexes exclu-
sively bind to these surfaces by bridging two adjacent apices
of Fe(III) octahedra, except for the case of selenite sorbed on
hydrous ferric oxide (HFO), where both bridging and edge-
sharing complexes have been observed [33]. However, the Se–
Fe distances predicted from the complexes observed in this
study by XSW (2.9–3.0 Å) are significantly shorter than those
seen in past EXAFS studies (3.38 Å), and would have likely
been interpreted as evidence of the formation of bidentate edge-
sharing complexes. This can be attributed to the orientation of
the Fe(III) octahedra on the hematite (100) surface, which are
rotated in a way that reduces the Se–Fe distance. This demon-
strates that EXAFS spectra of adsorbates on mineral surfaces
cannot always be interpreted correctly without a fundamental
understanding of the geometry of surface functional groups.

4. Summary

Selenite (SeO2−
3 ) adsorption on the hematite (100) surface

was studied using XSW measurements. Selenite was found to
adsorb in a bridging bidentate geometry on adjacent singly-
coordinated oxygen groups. As doubly-coordinated oxygen
groups were also exposed on the surface, exclusive binding to
the singly-coordinates groups was likely due to differences in
the reactivity or kinetics of these groups. The selenite adsorp-
tion geometry observed in this study was similar to geometries
seen on related iron oxide phases in the past.
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