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The surface complex formed by uranyl oxocations sorbed onto rutile titanium oxide has been probed

by X-ray Absorption Spectroscopy. These measurements are part of a work that aims to model the interaction
between heavy metal ions and mineral surfaces in aqueous conditions. In order to define the orientation

and structure of the oxocation complex on the surface, both polycrystalline and monocrystalline (110) and
(001) planes of rutile TiO, have been investigated. Polarized XANES measurements show that the uranyl rod
sorbs nearly parallel to the rutile surface, although this ideal configuration must be modulated by the surface
topographic defects. Site by site simulation compared to the EXAFS data suggests that two surface oxygen
sites are involved: shared edge and shared summit oxygen atoms of the TiO¢ octahedron. Both grazing
incidence EXAFS on the (110) plane and isotropic EXAFS on polycrystalline TiO, reveal comparable sorption
behavior: on average, the uranyl oxocation bonds to the surface as a bidentate complex with two short oxygen
distances at 2.32 A and three larger distances at 2.47 A. Grazing incidence EXAFS on the (001) plane shows an
unexpected low signal to noise ratio due to the lower uranium uptake. Data analysis suggests the formation
of an outer sphere uranium complex on this plane. The discrepancy between both plane reactivities is still

not understood.

Introduction

Among various environmentally relevant phenomena, the
migration of radionuclides potentially released from geological
waste disposal is of great importance.! Sorption and precipita-
tion/solubility of radionuclides® © are the most important fac-
tors determining their retention. Indeed, the fate of the
radionuclides potentially released is usually evaluated by the
partition between a mobile dissolved phase and a precipitated
or sorbed phase. Therefore, it is necessary to model the radio-
nuclide migration through numerous natural minerals in order
to assess the performance of the confinement of the under-
ground nuclear waste repository. A specific example of this
problem is the remediation of facilities, sediments, and soils
contaminated with uranium.”®

In order to model the interactions between heavy metal ions
and mineral surfaces in aqueous media, detailed knowledge of
the physico-chemical reactions at the solid-solution interface is
required. These interfacial reactions depend mainly on several
geochemical parameters such as pH, redox potential and ionic
strength of the aqueous medium, the speciation of the metal
ion and the surface properties of the substrates (acidity and
surface site density), which make a quantitative description
rather complicated. Nevertheless, the macroscopic thermo-
dynamics do not give any accurate information about the
elementary chemical reactions used to determine the equili-
brium constants. With ion exchange or surface comp-
lexation models, the simulations of the macroscopic
experimental data do not give unambiguous results and could
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yield, without any experimental validation, arbitrary surface
complexes.” ! Thus, it is necessary to relate the expected sur-
face complexes to the structure of the surface coordination
complexes. Therefore, the stoichiometry of the chemical
species involved in such processes should be deduced from
molecular-scale information provided by spectroscopic investi-
gations. In addition, these molecular studies emphasize the fact
that the sorbed ion size and the structure of the surface
involved are parameters as important as the geochemical ones.
Molecular probes thus constrain the equilibrium thermody-
namic simulations of the retention data. Consequently, the
mechanistic understanding will provide high confidence in
the prediction of the fate and the transport of metal ions in
natural systems. X-Ray Absorption Spectroscopy (XAS) is
one of the techniques that has been successfully applied to
this problem. Its use in actinide physical chemistry has been
constantly growing for the past fifteen years in the fields of
environmental studies related to the nuclear waste issue.
Considering sorption and related phenomena, although the
uranium cation has been most extensively investigated among
the actinide family,lz’20 recent works have also been devoted
to neptunium,’**? thorium® and americium sorption beha-
vior.>* Among the questions that XAS has addressed are inner-
versus outer-sphere complexation, formation of polynuclear
precipitates, and mono- versus polydentate surface binding
modes. Although one of the drawbacks of the technique is to
average the signal over all the possible species, tentative site
by site data analysis has been successfully undertaken.
Some of the more recent studies’>>%* exemplify this method,
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considering a topological approach between the cation coordi-
nation sphere and the surface. Thus, careful analysis of the
backscattering paths originating from the substrate atoms
allows the authors to draw the relationship between the acti-
nide polyhedron and the substrate atoms. This relationship is
often driven by thermodynamic equilibria such as pH. Note
that for all these systems the surface species involved in the
interface chemical reactions are difficult to measure due to
their low concentration on the solid surface.

In this paper, we present the investigation of the local struc-
ture of uranyl ion (UO,>") sorbed onto TiO, (rutile), both
polycrystalline and oriented single crystal. This substrate has
been chosen as a model oxide that frequently occurs in the
environment and influences contaminant transport in ground-
water. Titanium dioxide presents two different well-known
crystallographic structures, rutile and anastase. The rutile
phase was selected because of the simplicity of the crystallo-
graphic atomic arrangement. It is composed of chains of
slightly distorted Ti octahedra with alternate shared edge or
shared corner connections within each chain. As a result,
two types of oxygen sites are available for coordination, as
described in the course of this article. Three substrates were
considered for this article: polycrystalline rutile and the (110)
and (001) crystallographic planes. A combination of conven-
tional XAS measurements and polarized grazing incidence
XAS resulted in the topographical approach described above.

Experimental

Sample preparation

Titania powder (rutile structure) as well as single crystals were
purchased from CERAC. For the powder, the chemical purity
is 99.5% with an average grain size lower than 75 pm and a
specific surface area equal to 4.9 m? g~! (measured by the
N,-BET method). Prior to the experiments, surface impurities
were removed by washing the solid using deionized water until
a constant electrical conductivity was reached.

The dimensions of titania single crystals in the (110) orienta-
tion is 10 mm x 10 mm and 1 mm thick. The uranium(vi) stock
solutions were prepared by dissolving solid uranyl perchlorate
in a 0.5 M NaClO, solution previously acidified with HCIO, in
order to avoid cation hydrolysis. Solid uranyl perchlorate was
obtained after several steps of dissolution and evaporation
of UO,(NO3),-6H,O (from MERCK) in HCIO,4. Sorption
experiments were performed at room temperature considering
classical batch experiments in polypropylene tubes. Uranyl
concentrations in solution were measured by a-liquid scintilla-
tion using a TRI-CARB 2700TR PACKARD spectrometer.
The sorption protocol was slightly different for powder and
crystal substrates.

UW)ITiO,(p). A weighed amount (500 mg) was equilibrated
for 24 hours (hydration step) with 10 mL of NaClOy4 (0.5 M)
solution adjusted to pH = 3.5 with HCIO, 5 M. The sample
was then centrifuged and part of the liquid was replaced by
U(v) stock solution to get 107> M as the initial uranium
concentration. Then, the suspension was shaken for 5 hours
(sorption step) and after centrifugation the final uranyl
concentration and the sorption rate were determined (about
35%). Considering the specific surface area of the titania pow-
der and the above sorption conditions, the value of 35% for the
sorption rate leads to less than 10'® uranium atoms m~2. Thus
we can reasonably assume that full surface coverage is not
reached in our experimental conditions. The loaded solids were
finally washed with small amounts of deionised water and
dried at room temperature before XAS analysis.
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U(v)ITiO,(110) and U(vi)/TiO,(001). As we can expect that
the sorption rate is faster than for powders, the sample was
placed directly in 1 mL of uranyl solution (10~ M; pH = 3).
For single crystals, it could be very easy to reach a full satu-
rated surface during sorption experiments and potentially form
surface precipitates. In order to address this question the U 4f
XPS signal of the studied sample was compared to that
obtained for a sample prepared with 1 mL of a uranyl solution
with 107® M uranium concentration and pH = 3 (comparable
to the above powder sample which corresponds to unsaturated
conditions). No difference was found between these samples
which indicates that there is no surface site saturation for sin-
gle crystals in our conditions. Moreover, this conclusion is cor-
roborated by the absence of any U-U peak in the Fourier
transform of the EXAFS oscillations, as will be discussed
below.

U(vi)/aq. The 0.01 M uranium (vi) perchlorate solution was
prepared from the U(vi) stock solution as described above.

XAS data

Data collection. Uranium Lyj; edge (17166 eV) data were
recorded at the following synchrotron facilities: U(vi)/TiOx(p)
at ESRF, ROBL beam line (Grenoble, France); U(vi)/
TiO5(110), U(v1)/TiO,(001) and U(vi)/aq at SSRL, 11-2 beam
line (Stanford, USA).

ROBL:** bending magnet. The ring was operated at 6.0 GeV
with an optimal current of 200 mA. 11-2:° 26-pole wiggler.
The ring was operated at 3.0 GeV with an optimal current of
100 mA.

The beam line monochromators were calibrated before and
after the measurement using a Zr metallic foil (K edge at
17999.35 eV). Complete beam line descriptions have been pro-
vided elsewhere,?>?° the following summarizes the beam line
main components along the beam path.

ROBL: a set of vertical and horizontal slits, a vertical colli-
mating mirror, a double crystal Si(111) monochromator, a ver-
tical focussing mirror, a set of horizontal and vertical slits, I,
ionization chamber, sample holder and fluorescence detection
(4-element Ge detector). Beam line resolution at the U Ly
edge: 4.3 eV. Scan parameters: pre-edge region (17000-
17160 eV, 1s per 5 eV); post-edge region (17160 eV-18 000
eV, 0.5 eV per 2 s). 4 scans.

11-2: a set of vertical slits, a vertical collimating mirror, a set
of horizontal and vertical slits, a liquid nitrogen cooled Si(220)
double crystal monochromator, a toroidal focussing mirror, a
set of horizontal and vertical slits, I ionization chamber filled
with argon, sample goniometer for grazing incidence and fluor-
escence detection (30-element Ge array detector), ; ionization
chamber filled with argon. The beam line was run focussed at
the U Lyj; edge for the XANES measurements (beam line reso-
lution at this edge: 1.2 eV) and unfocussed (to avoid beam
unstability) for the EXAFS measurements. Scan parameters:
pre-edge region (17000-17140 eV, 40 points, 1s per point);
edge region (17140 eV-3 k, 3s per 0.8 ¢V); EXAFS region
(3 k-12 k, 3-10 s per 0.05 k). 25 scans.

The 3-axes goniometer has been described in detail else-
where.!* The grazing incidence angle  was obtained by max-
imizing the fluorescence signal, near the specular angle of TiO,
at the U Lyj; edge energy (0.12°). For measurements with the
polarization vector on the crystallographic plane (//), the tilt
angle y was set to 0° (horizontal crystal). For measurements
with the polarization vector normal to the crystallographic
plane (L), y was set to 90° (vertical crystal). The EXAFS spec-
tra of U(vi)/TiO5(110) and U(vi)/TiO(001) were only
recorded in the // position. As explained in the text, the L
position does not allow a satisfactory signal to noise ratio.
The fluorescence detection was carried out by selecting the U
Lal emission line at 13615 eV. Bragg diffraction peaks from
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the crystal were avoided by seeking the optimum sample rota-
tion ¢ angle.

Data analysis. Data were analyzed using the EXAFS98
code.?” Pre-edge background removal was carried out on all
spectra using a linear function. XANES spectra were normal-
ized to an absorption equal to 1.0 at the middle of the first
EXAFS oscillation (17250 eV). EXAFS oscillations were nor-
malized with respect to the atomic absorption (Lengeler—
Eisenberger) modeled by a cubic spline function with 5 knots.
Fourier transformation (FT) to real space was performed
using k3 Welghtlng and a Kaiser window between 2.7 and
12.5 A~ with a spatial resolution of 0.16 A. For U(vi)/
TiO,(001), due to the low 51gna1 to noise ratio, FT was per-
formed between 2.7 and 10.0 A~

Curve fitting. EXAFS data fitting was carried out with
RoundMidnight code.?” Sets of phases ¢(0,k), amplitude
f(0,k) and electron mean free path (k) functions were gener-
ated with Feff8.1 code®®? using two model clusters. Potential
calculations inside the Feff code were carried out with self
consistency within a cluster of 4.45 A. Edge spectra were
calculated with the full multiple scattering method inside a
sub-cluster of 4.45 A. EXAFS spectra were calculated using
the path expansion approximation up to 6 A

The first model cluster of a UO,(0)s pentagonal bipyramid
(PBP) was constructed to model the U(vi)/aq species: 2 O at
1.75 A, 5 0 at 2.50 A. The reliability of ¢, f, and 1 obtained
with this calculation and used to fit the data of U(vi)/aq was
tested on the model compound Cu[(UO,),(SiO30H),]-6H,O
(cuprosklodowskite). Crystallographlc parameters of the first
coordination sphere:** 2 O at 1.77 A, 30 at232 A 20 at
243 A. EXAFS best fit parameters: 2 O at 1.76(1) A,30at
2.32(1) A, 2 O at 2.45(1) A, r factor = 0.014.

The second model cluster of UO,(0O); was positioned onto
the (110) surface of the rutile crystal (P4,/mnm, a =b =
4.594, ¢ = 2.958 A), UO,(0)3/TiOx(110): 2 O at 1.78 A, 30
at 2.44 A, 2 O at 2.30 A. As discussed in this article, two
oxygen sites are present in this surface: bridging oxygen atoms
corresponding to a Ti octahedron edge (site A) and non-bridging
oxygen atoms corresponding to two Ti octahedron summits
(site B). Two models were therefore constructed on the (110)
surface, one involving two bridging surface oxygen atoms
and one involving two non-bridging surface oxygen atoms.
In both cases, the uranium atom is bidentate with respect
to the surface. The ¢, f'and A functions obtained with model
A site (electronic parameters corresponding to site B are
identical, except for the U---Ti contribution) were used to
fit the data of U(vi)/TiOx(p), U(vi)/TiOx(110) and U(vi)/
TiO,(001). Their reliability was also tested on model com-
pound  Cu[(UO,)(SiO30H),]-6H>O  (cuprosklodowskite).
EXAFS best fit parameters: 2 O at 1.78(1) A, 3 0 at
2.31(1) A, 2 O at 2.41(1) A, r factor = 0.013.

Fitting procedure was carried out in ky(k) for the filtered
back-transformed EXAFS oscillations between 0.7 and 4.0 A
(0.7 to 2.2 A for U(v1)/TiO»(001)). No significant signal is
included in the spectra beyond 4 A and the back-Fourier trans-
form operation suppresses the high frequency noise. The scat-
tering paths included in the fit are described in the Results and
Discussion section. The Debye-Waller factor of the quadru-
pole multiple scattering path of O=U=0’ was fixed to two
times that of the U=O single scattering path.’! Empirical
self-absorption and dead time corrections were obtained by
normalizing the EXAFS first shell amplitude to two oxygen
atoms (this is always the case for U(vi) in aqueous media).
Although self-absorption is expected to be small for the sorbed
samples, dead time corrections might become significant as the
integrated count rate of the detector was set at high values (the
ratio ICR/U(Lal)CR was about 1000). Global absorption
correction factors were included in the floating S,> parameter
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and were found to be equal to 1.223 for U(vi)/aq, 0.958 for
U(v1)/TiOs(p), 0.951 for U(vi)/TiOy(110) and 1.206 for
U(v1)/TiO5(001).

Results and discussion

Grazing incidence XANES

In order to address the orientation and structure of the oxo-
cation complex onto the surface, the three rutile samples that
have been considered in this study, (U(vi)/TiOx(p), U(vi)/
TiO,(110) and U(vi)/TiO»(001)), are expected to give comple-
mentary answers. In the polycrystalline case, and because the
XAFS probe averages over all the central atom crystallo-
graphic sites, a convoluted signal over the different surface
complexes is expected. In the crystal surface investigation,
because of the sample anisotropy and by use of the polarized
X-ray beam, the oxocation orientation, if any, is expected to
be defined as well as the topographic relationship between
the uranyl and the Ti octahedra.

The Ly absorption edge of uranium arises from the excita-
tion of a 2ps,, core electron to the VdCdI‘lt 6d orbitals (major
transition in the dipolar approximation).>? Fig. la shows the
uranium Ly XANES spectra of compounds U(vi)/aq,
U(v1)/TiO,(p) and U(vi)/TiO5(110). The broad white line A
is typical for uranyl Lj; edge (2p core hole width = 7.4
eV¥). Note that A is less intense in the case of U(v1)/TiOx(p)
than in the other cases. Comparison with other measurements
carried out on these beam lines shows that the experimental
energy resolution is responsible for this discrepancy in A inten-
sity. At this edge, the uranyl XANES spectrum is well known
to exhibit a characteristic feature (about 17 eV above the edge
maximum) accounting for a strong multiple scattering contri-
bution due to the linear oxocation bonds.>!**3¢ All the spec-
tra of Fig. 1a, as expected in such sorption conditions, exhibit
the uranyl characteristic feature, B, and its occurrence is dis-
cussed below in more details. Feature C accounts for the sec-
ond sphere backscattering neighbors. The high energy shift
(about 1 eV) of C in Fig. 1a from U(vi)/aq to U(v)/TiO,(p)
and U(vr)/TiO5(110) suggests a small contraction of the ura-
nium second coordination sphere upon sorption.

The two non-polarized (isotropic) simulations of UO,(O)s
pentagonal bipyramid (PBP) and UO,(0);/TiO,(110) (site A
case) reproduce qualitatively the experimental spectra (cf.
Fig. 1). However, feature C is more pronounced in the experi-
mental spectrum of U(vi)/aq than in the calculated PBP one.
This might be attributed to the fact that the effect of the sol-
vant medium is not properly taken into account in the simula-
tion of an isolated PBP cluster.

Although the polarization dependence of the K or L; edges
depends on a factor that ranks from 3 to 0 (from parallel to
perpendicular relative angle between the X-ray electric field
vector & and the bond vector #)*! this is not the case for the
L1, Ly edges for which the effect is much weaker. After the
work of Citrin,>’ the effective number of neighbors can be
approximated by the relation:

N

= (0.740.9[¢-#) (1)

i=1

Negr (0)

where N is the number of neighbors at r and &7 is the scalar
product of the X-ray electric field vector with the bond vector.
From a parallel to perpendicular relative orientation of ¢ and 7,
the factor in brackets in eqn. (1) varies from 1.6 to 0.7.

Unfortunately, the K edge of uranium is energetically
out of range and the L; edge absorption cross section and
fluorescence emission line are far weaker than the Ly ones,
making the measurements extremely difficult on highly dilute
systems.
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Fig. 1 a) Uranium Ly edge experimental spectra of U(vi)/aq, U(vi)/TiO,(p) and U(vi)/TiO,(110). U(vi)/aq and U(vi)/TiO,(p) correspond to
isotropic measurements. U(vi)/TiO,(110) was measured with & parallel (middle curve) and perpendicular (bottom curve) to the (110) surface. For
clarity, spectra have been shifted along the ordinate axis and energy was calibrated against the absorption white line maximum. b) Uranium Lyj;
edge simulated spectra (Feff8.1) of UO,(0)s>* and UO,(0)s clusters on the TiO,(110) surface in the parallel and perpendicular configurations of
the oxocation with respect to the surface. The simulation assumes non-polarized X-rays (top curve) or was carried out with & normal to the surface

(bottom curves).

The Fourier transformed intensity of the EXAFS oscilla-
tions (and in particular the contribution from the uranyl
oxygen atoms) is expected to be highly sensitive to the polari-
zation effect.>’ Unfortunately with & normal to the crystal
plane the crystal intercepts the beam horizontally, thus lacking
a factor of 100 in the photon flux on the sample. No EXAFS
data could be recorded in this configuration. Thus using the
polarized XANES technique and observing the evolution of
the oxocation characteristic B feature, two ideal configurations
must be distinguished:

i) The uranyl rod is parallel to the surface: with ¢ normal to
the crystal surface, Ng(.l) is given by N.g = 1.4 and B must
decrease in intensity with respect to N = 2. With & parallel
to the surface, Neg(//) is averaged over the 360° in plane orien-
tations and this case is equivalent to the isotropic one
(N o= N=2).

i) The uranyl rod is perpendicular to the surface: with & nor-
mal to the crystal surface, Neg(L) = 3.2. With ¢ parallel to the
surface, Neg(//) = 1.4.

Fig. 1b shows the Ly edge XANES simulations of an acti-
nyl pentagonal complex positioned with the actinyl rod paral-
lel and perpendicular to the rutile (110) surface. The simulation
compares the isotropic case to configurations i) and ii) for
which ¢ is normal to the (110) plane. In the first case, although
much smaller than previously described,?!**3® a decrease of B
intensity can be observed. In the second case, B is strongly
increased. Note that the energy of B evolves from one orienta-
tion to another because the backscattering phase is sensitive to
the electric field direction. Comparison of these simulations
with the experimental spectra of Fig. la demonstrates that
the uranyl rod is not perpendicular to the surface in U(vi)/
TiO,(110). This result is expected because the two axial oxygen
atoms are too strongly bonded to the uranium to be available
for any coordination with the surface. Although the polariza-
tion effect on B has been proved small by the simulation when
the oxocation is parallel to the surface, it can be hardly seen in
the experimental spectra. This is attributed to the topography
of the surface that exhibits steps, plateaux and defects instead
of an ideal planar geometry.*® It averages the uranyl orienta-
tion to a value higher than the ideal 0 degrees corresponding
to perfect parallelism. As a result of this effect the decrease

of B intensity in the perpendicular configuration is much
smaller than expected from the simulation, as observed in
Fig. la.

Grazing incidence EXAFS

Fig. 2a presents the raw EXAFS spectra of U(vi)/aq and
Fig. 2b shows the corresponding FT. The structural para-
meters presented in Table 1 obtained for U(vi)/aq agree well
with the data previously reported in the literature.***
Because of the back-FT range, the fit (Fig. 3) must include
the four-legged multiple scattering path O=U=Q’. Its path
length was fixed as twice the first shell U=0O bond
length. Further addition of the three-legged O=U=0’ and
four-legged O=U=0 scattering paths did not improve the
fit quality, as already reported.”! Difference shell analysis
was performed by substraction of U=0 and O=U=0 contri-
butions from ky(k). The resulting ky(k)* corresponding to
the uranium equatorial shell displayed in Fig. 4 shows that
the second uranium neighbors (the equatorial oxygen atoms)
behave as a pure single distance oscillator as can be expected
for the aqueous uranyl species. Therefore the uranyl cation
environment in aqueous media is best described as a penta-
gonal bipyramid.

The modification of the beating in the raw EXAFS signal
between 6 and 9 A~! from aqueous to sorbed uranyl suggests
a distortion of the pentagonal bipyramid polyhedron upon
sorption onto the rutile surface. The rutile structure is com-
posed of strings of Ti cations surrounded by slightly distorted
shared-edge oxygen octahedra. Two types of oxygen atoms
from the Ti polyhedra are available for surface coordination:
bridging oxygen atoms corresponding to an octahedron edge
(site A) and non-bridging oxygen atoms corresponding to
two octahedra summits (site B). As an example, Fig. 5 pre-
sents the (110) crystallographic plane of TiO, which contains
50% of site A and 50% of site B. In contrast, the (001) plane
contains 100% of site A. In the polycrystalline rutile sample,
all the crystallographic planes are present, although in a pro-
portion that is unknown, and this leads to an averaging of
site A type and site B type occurrences. In order to better
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Fig. 2 a) Experimental raw EXAFS oscillations of U(vr)/aq, U(v1)/TiOx(p), U(v1)/TiO,(110),, and U(v1)/TiO,(001),,. For clarity, oscillations
have been shifted along the ordinate axis. b) Experimental FT moduli of the EXAFS oscillations of U(vi)/aq, U(v1)/TiO,(p), U(v1)/TiO5(110),,
and U(v1)/TiO,(001),,. Comparison is made with the simulated spectrum of the UO,(O); cluster on the TiO,(110) surface (site A, B, 50% site
A +50% site B). For clarity, moduli have been shifted along the ordinate axis.

understand the relation between the oxocation and the sur-
face oxygen sites, two clusters of UO,(0);/TiO, have been
constructed as site A and site B surface complexes (see
Experimental section for details). In both cases, the axial
and equatorial uranium coordination shells are identical since

Table 1 Best fit parameters of the filtered EXAFS oscillations of
U(vr)/aq, U(v1)/TiOx(p), U(v)/TiO,(110) and U(v1)/TiO,(001)

Number of U-O Debye-Waller/

Sample neighbors  distances/A A% eg/eV r Factor
U(vi)/aq 2.0(-)* 0  1.77(1) o> = 0.0038(1) 0.021
4.7(3) O 2.42(1) o> = 0.0085(1)
2.0(-) O 3.54(—-) o> = 0.0076(—)
ey = —2.76(24)
U(v1)/TiOA(p): 20-)0  1.79(1) o =0.0034(1)  0.030
one equat. shell 5.0(7) O 2.39(2) 6% = 0.0175(15)
0.5(-)Ti  3.13(-) o> = 0.0400(350)
2.0(-) O 3.58(—) o> = 0.0068(—)
ey = —2.24(49)
two equat. shells 2.0(-) 0 1.79(1) o> = 0.0035(1) 0.022
2.5(4) O 2.33(2) o> = 0.0088(2)
3.1(1) O 2.49(3) o> = 0.0199(7)
0.5(-)Ti  3.05(-) o> = 0.0400(350)
2.0(-) O 3.58(—) o> = 0.0070(—)
e = —2.10(113)
U(w1)/TiOx(110):  2.0(-) O  1.78(1) o =00017(1)  0.019
one equat. shell 4.9(1) O 2.38(1) 6% = 0.0115(1)
0.5(—) Ti 3.12(-) o = 0.0324(40)
20-)0  3.56(-) o = 0.0034(—)
e = —3.57(12)
20-)0  1.78(1) o> =0.0014(1)  0.017
two equat. shells 2.12) O 2.31(1) o> = 0.0037(1)
2.9(2) O 2.46(1) o> = 0.0070(1)
0.5(-)Ti  3.02(-) o> = 0.0256(50)
2.0(-) O 3.56(—) o> = 0.0028(—)
ey = —3.18(20)
U(v1)/TiOx(001)’:  2.0(-)O  1.77(1) o = 0.0008(4)  0.028
one equat. shell 5.5(14) O 2.43(2) 6% = 0.0107(3)

o = —3.33(100)

“ Numbers in italics correspond to fixed or linked variables. * Because of the
low signal to noise ratio of this spectrum, only a two-shell fit on a smaller back
FT range was carried out (¢f. Experimental section).
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the two surface O-O distances in site A and site B are iden-
tical (2.96 A), yielding the same equatorial shell geometry for
both sites. However the two complexes differ in their third
coordination sphere, as a consequence of the Ti position.
Fig. 2b presents the simulated FT spectra of site A and B
complexes. The two simulations show that both sites can be
differentiated and this can be explained using the description
of the U backscattering paths. Although in both sites the U-O
nearest scatters are identical, differences arise from the pre-
sence in site A of a U--.Ti pair (around 3 A). In site B,
the U-O-Ti angle (around 140°) damps the U-O-Ti path
amplitude, resulting in an insignificant contribution. One
should note that the interference of the backscattering paths
in the 2.2-3.4 A range (not phase-shift corrected) of the FT
makes inaccurate the direct assignment of one peak to one
contribution (only used to seek clarity in the discussion).
For instance peak C of the FT can be mainly attributed
to the U---Ti interaction although it is mixed with the multi-
ple scattering contributions of the trans-dioxo ion (peak D
on the FT). The net result is a mixing of peaks C and D
with modulations in amplitude. Because of the absence of
any U-Ti path in site B, there is a minimum in the FT
amplitude between 2.4 and 2.6 A. An equal mixture of sites
A and B was examined in order to simulate the presence of
both sites in the polycrystalline and the (110) plane samples.
This model is based on two assumptions: i) both sites are
crystallographically present in the same proportion (this is
true for the (110) plane but it depends on the preferred clea-
vage planes for the polycrystalline sample, and this is
unknown); ii) both sites have comparable reactivity (this
has not been demonstrated). The result of this simulation
is shown at the bottom of Fig. 2b.

In a first approximation, a fit with one equatorial shell was
carried out on U(v)/TiO5(p), U(v1)/TiO,(110),, and U(v1)/
TiO,(001),, . In the first two cases the back-FT range includes
the U- - -Ti contribution from site A and the multiple scattering
contribution from the trans-dioxo group as for U(vi)/aq. As
an example, Fig. 6 shows the different scattering path contri-
butions to the total EXAFS spectrum in the case of U(vi)/
TiOy(p). Note that no polarization effect is to be expected
between U(v1)/TiOx(p) and U(v1)/TiO5(110),, or U(vn)/
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Fig. 3 a) Fitted (- - -) filtered EXAFS oscillations of U(v1)/aq, U(v1)/TiO,(p), U(v1)/TiO,(110),, and U(v1)/TiO,(001),, . For clarity, oscillations
have been shifted along the ordinate axis. b) Corresponding fitted (- --) FT moduli of the EXAFS oscillation of U(vi)/aq, U(vi)/TiO,(p) U(vi)/
TiO,(110),, and U(v1)/TiO5(001),,. For clarity, FTs have been shifted along the ordinate axis.

TiO,(001),, since the polarized XANES measurements have
demonstrated that the angle between the surface and the ura-
nyl axis is small. Because the signal to noise ratio is unexpect-
edly low for U(vi)/TiO(001),,, only a reduced back-FT
region including the first oxygen neighbors has been fit (cf.
Experimental section). Given the above assumptions to define
the ratio of site A and B in the (110) face and in the powder,
the number of Ti atoms has been fixed to 0.5 in the fits. The
U---Ti distance has also been linked to the U-O°? distance
given the geometrical constraints. The results for U(vi)/
TiOx(p) and U(v1)/TiO,(110),, show a slight increase in the
U=0 bond distance (+0.02 A) and a decrease in the U-O*
bond distance (—0.03 A) with respect to U(vi)/aq. However,
these variations lie within the uncertainties of the measure-
ments and they don’t account for the beating modifications

g
o

U(Vl)laq

o o o
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T T T

EXAFS Amplitude of the equatorial O (k*CHI(k))
e
T
1

o
=

6 8
k (A-1)

Fig. 4 Difference shell analysis of the filtered EXAFS oscillations of
U(vi)/aq, U(v1)/TiO5(p), U(v1)/TiOx(110),, and U(vi)/TiO»(001),,
presenting the oscillations accounting for the equatorial oxygen atoms.
The arrows show the beating in the EXAFS oscillation for U(vr)/
TiO,(p) and U(v1)/TiOx(110),, .

observed in the raw EXAFS spectra. Although the fit quality
is satisfactory, the intensity decrease of peak B in the FT from
U(vn)/aq to U(v1)/TiO5(p) and U(v1)/TiO5(110),, suggests a
possible splitting of the second coordination shell, given that
the usual number of equatorial neighbors for uranyl(vi) oxoa-
nion is between 5 and 6. The difference shell analysis of Fig. 4
shows the equatorial backscatter oscillators. Clearly, a beating
around 9.5 A~ ! for U(v1)/TiO,(p) and U(v1) /TiO,(110),, sugge-
sts that two distances are included in this shell with a dis-
tance separation of ~0.16 A (estimated from the beat-node
position k = 1/(2AR)).

In the case of U(vi)/TiO,(001),,, the results of the fit with
one equatorial shell are identical to those of U(v)/aq, suggest-
ing that another sorption mechanism is involved for this crys-
tallographic face. Fig. 4 also shows that the equatorial shell
most likely involves a single bond length, as no beating is visi-
ble. This suggests the formation of an outer-sphere complex in
the case of the (001) surface and inner-sphere complex in the
case of the (110) surface and the powder. However, this con-
clusion regarding the coordination of UO,?" when adsorbed
onto the (001) surface must be drawn with some care, consider-
ing the small fitting range used and the low signal to noise ratio
of the spectrum.

A similar fitting procedure with a split in the equatorial
shells of U(vi)/TiOx(p) and U(v1)/TiO»(110),, yielded a short
U-O distance (around 2.32 A with two atoms) and a
long distance (around 2.47 A with three atoms). Such beha-
vior has already been reported by Waite et al.,*® with attribu-
tion of the shorter distance to out of plane equatorial oxygen
neighbors (0°") and of the larger distance to surface
equatorial oxygen (O"™). As for Waite et al., the geome-
trical constraint of the surface oxygens precludes the occur-
rence of a tridentate uranyl complex to the surface. The
number of neighbors from Table 1 is consistent with the for-
mation of a bidentate complex. However the large uncertain-
ties associated with the amplitude variables in EXAFS do
not allow us to discriminate between Waite’s proposed geo-
metry and an opposite geometry with the short U-O equa-
torial distance associated to surface oxygens. In our fits,
attempts to include the U---Ti contribution at a distance
corresponding to U-O™"" longer than U-O°"" lead to signifi-
cant disagreement in the region of peaks C and D of the FT.
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Fig. 5 a) UO,(0); cluster onto the TiO,(110) surface. Bridging oxygen atoms, site A. b) UO,(O); cluster onto the TiO,(110) surface. Non-brid-

ging oxygen atoms, site B.

This suggests that in the case of titania, the U-O*""" bond
lengths are shorter than the U-O°" bond lengths. In addi-
tion, this distance assignment is in better agreement with
expected U-OH, distances in several uranyl compounds
(above 2.4 A).¥

As a summary, Fig. 7 shows the schematic structure of the
bidentate uranyl complex onto site A of the (110) surface.
To date, the sorption behavior on the (001) surface leading
to an outer-sphere complex is still not understood. Since this
fit result is less credible because of the low signal to noise ratio
of the spectrum, this result would suggest different reactivities
for each surface. As a consequence, it would suggest that the
assumption of equal site A and B occupation for the polycrys-
talline sample is probably too simplistic.

As previously noticed, a slight lengthening of the uranyl
bond from 1.77 A to 1.79 A is also observed for U(vi)/TiO,(p)
and U(v)/TiOx(110),,. This effect lies just above the uncer-
tainty value. If significant, this 0.02 A lengthening could be
an indication of the covalency of the bond between the ura-
nium atom and the surface oxygen atoms. Indeed, the length
of the U-O™ bond is related to the electronic density between
these two atoms. Since the U-O** bond is longer, the density is
lower, and as a rule of thumb it would be consistent with an
increased covalency of the U-O"T bond with respect to the
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Fig. 6 Experimental filtered EXAFS oscillations of U(vi)TiO,(p) and
the 5 scattering paths included in the fitting procedure.
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aqueous species. The shortening of the U-O equatorial bond
from 2.42 A for U(vi)/aq to 2.32 A for U-O*"" also favors this
interpretation. This covalency in the U-O"" bond is not sur-
prising, taking into account the lack of coordination for the
rutile surface oxygens and the possibility of charge delocaliza-
tion along the surface.

Conclusions

EXAFS and XANES measurements of the surface complex
formed by uranyl sorbed onto TiO, rutile provide a complete
description of the uranyl coordination sphere. Grazing inci-
dence XAS has been used in order to define the orientation
of the sorbed oxocation with respect to the surface as nearly
parallel. EXAFS measurements in both isotropic and grazing
incidence polarized modes have demonstrated that in both
polycrystalline and monocrystalline (110) plane cases, the
average structure of the surface complex results from a biden-
tate bonding mode to site A and B surface oxygen atoms.
Addition of the U---Ti contribution from site A in the fits
shows that the two short U-O equatorial distances corre-
spond to surface binding and the three longer ones corre-
spond to aquo oxygen atoms in order to complete the
uranyl coordination sphere.

In the (001) plane case, an outer-sphere uranyl complex
is formed, in contrast with the (110) plane. The reactivity
difference between these two surfaces is still not understood.

300 @249 A

20V@ 179 A
207 @233 A

Fig. 7 Site A sorption model onto the (110) surface is shown with the
corresponding schematic atomic arrangment according to the best fit
parameters of U(vi)/TiOx(110),,.
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