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The sorption of uranyl cations and water molecules on the basal (001) face of gibbsite was studied
by combining vibrational and fluorescence spectroscopies together with density functional theory
(DFT) computations. Both the calculated and experimental values of O-H bond lengths for the
gibbsite bulk are in good agreement. In the second part, water sorption with this surface was studied
to take into account the influence of hydration with respect to the uranyl adsorption. The computed
water configurations agreed with previously published molecular dynamics studies. The uranyl
adsorption in acidic media was followed by time-resolved laser-induced fluorescence spectroscopy
and Raman spectrometry measurements. The existence of only one kind of adsorption site for the
uranyl cation was then indicated in good agreement with the DFT calculations. The computation of
the uranyl adsorption has been performed by means of a bidentate interaction with two surface
oxygen atoms. The optimized structures displayed strong hydrogen bonds between the surface and
the -yl oxygen of uranyl. The uranium-surface bond strength depends on the protonation state of the
surface oxygen atoms. The calculated U—-Oge. bond lengths range between 2.1-2.2 and
2.6-2.7 A for the nonprotonated and protonated surface O atoms, respectively. © 2008 American

Institute of Physics. [DOI: 10.1063/1.3042142]

I. INTRODUCTION

Sorption mechanisms on minerals are involved in retard-
ing migration of uranium into soils and sediments.' In aqui-
fer media, the different hydrolyzed species of uranium in-
volve the formal oxidation state (VI).* Sorption on gibbsite
Al(OH)j; is of interest mainly because of the abundance of
this aluminum hydroxyl mineral in soils. Two time-resolved
laser-induced fluorescence spectroscopy (TRLFS) studies™
have shown that two kinds of surface complexes, a type of
A1—U022+ complex and a polynuclear one at high pH val-
ues, may be considered to account for experimental results.
Nevertheless, the nature and the composition of the adsorbed
complexes are not fully understood. For example, it is diffi-
cult to assign any component of the extended x-ray adsorp-
tion fine structure (EXAFS) and TRLFS studies of Froideval
et al.” because of the formation of an amorphous aluminum
hydroxide during adsorption experiments. The study of
Hongxia et al.® has shown that the insensitive effect of the
ionic strength on uranyl sorption on Al,O5 and A1(OH); may
be interpreted as the formation of strong chemical bonds be-
tween the sorbed species and the surfaces of Al,O; and
Al(OH);. Furthermore, the comparison of sorption on gibb-
site of the uranyl cations allowed these authors to assume
that the sorption processes of U022+ are more complex than
those of Cu(Il), Cd(II), and Pb(II).®
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Understanding sorption mechanisms requires the exact
knowledge of surface structures and properties at the atomic
scale. However, it is difficult to record molecular features
from surfaces without a strong overlap with signals coming
from the bulk. Only the optical nonlinear and photoelectron
spectroscopies are able to collect direct information from
surfaces. Unfortunately, those kinds of methods are not eas-
ily usable for powders or require an analysis under ultra-
vacuum. Such limitations complicate the application of these
techniques for in situ analysis of solid-solution interfaces for
colloidal particles. Vibrational spectroscopy near-field ex-
periments, which record vibration signals of surface groups
of powder samples, are not yet able to detect the specific
signal of OH groups.7 This lack of experimental data at the
molecular level has led the scientific community to extrapo-
late the speciation of the surface groups from the bulk struc-
ture, even if relaxation effects are known to modify atomic
organization at mineral surfaces (e.g., gibbsiteg).

Quantum molecular modeling applied to gibbsite has led
to only three papers, two dealing with the bulk properties of
gibbsiteg’10 and one modeling the IR and Raman spectra of
gibbsite.11 Gale et al.’ used both periodic density functional
theory (DFT) and a localized basis set approach in order to
determine crystallographic parameters and some physical
properties as the full elastic constant tensor and the bulk
modulus, together with the frequencies of hydroxyl group
stretching modes. Digne et al."” studied all the naturally oc-
curring hydroxide aluminum phases using the generalized
gradient approximation (GGA) to describe the exchange-
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correlation potential. Their results were in agreement with
experimental crystallographic data'? and allowed one to de-
scribe the hydrogen bonds. On this basis, their thermody-
namical study demonstrated the highest stability of gibbsite
compared to the other aluminum (hydr)oxide compounds.

The aim of this paper is to investigate the interfacial
processes between gibbsite and uranyl cations in weakly
acidic aqueous solutions. Our experiments have been carried
out for samples prepared at pH 3. This value was chosen
since at this pH, only the free aqueous U022+ ion is present
in solution and thus expected to be sorbed, while the disso-
lution of gibbsite is still limited."” In this context, the iden-
tification of the number of surface species will be simplified.
Besides, the works of Hiemstra and Riemsdijk'4 and Hiem-
stra et al." confirmed by Jodin et al.,'® showed that the (001)
faces only bear uncharged OH groups bonded to two Al at-
oms [Al,(OH)] for pH values between 4 and 10, whereas
edge faces exhibit both doubly and singly coordinated hy-
droxyl groups (Al-OH). The latter are positively charged for
pH values smaller than 8. Thus in our acidic conditions, the
sorption of uranyl on gibbsite will be only considered on the
(001) basal faces. First, the bulk properties and the basal
(001) plane structure and properties of gibbsite are investi-
gated. Then, the interactions of water molecules and uranyl
cations under a reduced water pressure with the basal plane
are computed as a function of gibbsite surface properties on
the basis of spectroscopic experimental data.

Il. MATERIALS AND METHODS

Computational details. Periodic DFT calculations with
the Vienna ab inifio simulation package (VASP) code were
used.'” The Kohn-Sham equations were solved within the
GGA, as proposed by Perdew and Wang,18 to evaluate the
exchange-correlation energy. Generated projector augmented
wave pseudopotentials were used.” The pseudopotentials for
Al atoms have as valence electrons 3s23p'; those for oxygen
atoms have 2s?2p*. Integrations in the Brillouin zone were
performed using different k point sets generated with the
Monkhorst-Pack grid, centered at the lﬂ-point,20 and a
Methfessel-Paxton smearing of 0.3 eV for calculations in-
volving the presence of the uranyl ion.”! Spin polarized cal-
culations were carried out when the uranyl ion interacts with
the surface. For a charged unit cell, a neutralizing back-
ground charge was assumed by VASP. The geometry optimi-
zation was performed using the conjugate gradient optimiza-
tion scheme with a convergence criterion of 0.001 eV/A on
forces.

Gibbsite preparation. Gibbsite synthesis is described in
detail by Jodin et al*? Briefly, gibbsite particles were ob-
tained by aging a supersaturated solution of sodium alumi-
nate (Bayer liquor) prepared by oxidation of metallic alumi-
num in a concentrated sodium hydroxide solution. The solid
particles were separated from the solution by centrifugation,
then washed several times with a diluted nitric acid solution
at pH=4.0, and, finally, washed once with Milli-Q water.
Next, the sample was dialyzed against Milli-Q water until
the conductivity stabilized at a value close to that of Milli-Q
water (0.5 S/cm). The specific surface area measured by
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krypton adsorption at 77 K was equal to 4 m? g~!, distrib-
uted as 1.5 m>g™! of lateral specific surface area and
2.5 m? g7! of basal specific surface area. This distribution is
coherent with our previous measurements™~* and statistical
analysis of atomic force microscopic images.22

Uranyl adsorption. A uranyl stock solution (about 2.5
X 1072M), named U6S in the following text, was obtained by
dissolving a weighted amount of UO,(NO3),-6H,0 (Merck)
solid in a previously acidified (pH=1) NaClO, 1M solution
in order to avoid cation hydrolysis. All other chemicals were
of analytical grade, and Milli-Q water was used in all experi-
ments. Sorption experiments were carried out at room tem-
perature in polypropylene tubes at low pH values (pH=3) in
order to ensure that only free aqueous uranyl ions are present
in the solution.” Therefore, only this species is expected to
be sorbed on the substrate. Two different ionic strength val-
ues (u=0.1M or 1M) were considered, and the initial U(VI)
concentration was varied from 10™*M to 10M. For each
experiment, 200 mg of solid were contacted, for 24 h under
continuous stirring, with 10 ml of the uranium containing
solution. This solution was obtained as follows: 9.6 ml of a
background solution (NaClO,4, 1M) adjusted at the desired
pH value with a negligible volume of concentrated HCIO,
solution and 0.4 ml of U6S (u=1M; [U],,;=1073M); 9.96 ml
(NaClO,, 1M, pH=3) and 0.04 ml of U6S (u=1M; [U];;
=107*M); 9.6 ml (NaClO,, 0.1M, pH=3) and 0.4 ml of U6S
(w=0.1M; [U],,;=107*M); and 9.96 ml (NaClO,, 0.1M, pH
=3) and 0.04 ml of U6S (u=0.1M; [U],;=10~*M). Consid-
ering the low pH value (pH=3) of the solutions, one can
exclude the presence of dissolved carbon dioxide. Thus, no
uranium-carbonate species is present in our experiments.

Fluorescence spectroscopy. TRLES experiments were
carried out at room temperature on in sifu samples using a
tunable OPO Panther Continuum laser as the excitation
source at 430 nm (with pulse length around 7 ns) in order to
obtain the best signal-to-noise ratio. Spectra were collected
using a Spectra-Pro-300 monochromator (Acton Research
Corporation) coupled with a charge coupled device (CCD)
camera (Princeton Instruments). The emission spectra were
recorded in the range of 450-600 nm using the software
WINSPEC (Princeton Instruments). The time-dependent emis-
sion decays were fitted to (multi)exponential laws. The accu-
racy of the determined lifetimes is about 10% (variation in
the decay time value for several samples prepared in the
same conditions).

Infrared spectroscopy. Infrared spectra were obtained
with a Perkin Elmer System 2000 Fourier transform infrared
spectrometer. Powder spectra of gibbsite samples from pure
powder were recorded in either attenuated total reflection or
diffuse reflectance infrared Fourier transform (DRIFT)
modes. The detector used was a broad band deuterated tri-
glyceride sulfate (DTGS). The infrared beam was shaped by
using different pinholes (beam stop and Jacquinot stop) to
improve signal properties (beam divergence, signal/noise ra-
tio, spectral resolution, subtraction of water vapor rovibra-
tional spectra between reference and sample signals, and re-
producibility). The acquisition time was 1 min/spectrum, and
the spectral resolution was 4 cm™'. The infrared experimen-
tal wavenumber accuracy was better than 0.01 cm™'.
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FIG. 1. Raw Raman spectrum of gibbsite powder.

Raman spectroscopy. The Raman spectra of gibbsite
powder were recorded with a triple subtractive monochro-
mator T64000 Jobin Yvon spectrometer equipped with a con-
focal microscope. The detector was a CCD cooled by liquid
nitrogen. The Raman spectra were excited by a laser beam at
541.53 nm emitted by an argon laser (Stabilite 2017, Spectra
Physics) focused on samples with a diameter of about
1.5 pwm and a power of about 20 mW. The Raman back-
scattering was collected through the microscope lens (X50)
and dispersed by an 1800 groves/mm grating to obtain a
spectral resolution of 2.7 cm™'. Wavenumber accuracy in

vacuum was better than 0.8 cm™'.

IIl. RESULTS AND DISCUSSION
A. Bulk structure

Gibbsite polymorph has a sheet structure, crystallizing
usually in pseudohexagonal platelets with monoclinic sym-
metry. All of the polymorphs of Al(OH); are composed of
layers of aluminum atoms located in two-thirds of the octa-
hedral sites with hydroxyl groups on either side, half of these
groups bonding the layers together. The stacking sequence of
layers only differentiates gibbsite from the other polymorphs.
The stacking structures of gibbsite and bayerite were thor-
oughly described by Giese Jur.?® Saalfeld and Weede'? re
fined the crystal structure in the centrosymmetric space
group P2,/n (Czhs) from x-ray diffraction (XRD) patterns.
Their results and assignments have been recently confirmed
by Mercury et al.*’ The low electronic density of hydrogen
limits significantly the XRD technique in describing accu-
rately hydroxyl groups in terms of H positions and thus O-H
distances. This situation is usually tackled by using neutron
diffraction (ND) and/or vibrational spectroscopy. ND data
for gibbsite were reported by Mercury et al..”” but, unfortu-
nately, the authors were unable to locate the H atoms during
the Rietveld analysis.

The Raman spectrum of the studied gibbsite powder in
the 3300-3700 wavenumber range is presented in Fig. I.
This spectrum shows that the powder used in this work is a
pure phase of the gibbsite structure. Polarized Raman mea-
surements obtained on a single crystal, in the way previously
described by Wang and J ohnson,” were very similar to those
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FIG. 2. (Color online) Hydrogen (1-6) and aluminum (I-II) notations. (001)
view of gibbsite.

obtained by these authors. The six gibbsite components were
located at 3619, 3524, and 3517 cm™! (related to OH in-
plane numbers 1, 2, and 4, respectively; see Fig. 2) and at
3434, 3370, and 3363 cm™' (related to OH out-of-plane
numbers 6, 3, and 5, respectively; see Fig. 2). This qualita-
tive spectral assignment was obtained from the measure-
ments  recorded in  the  different  polarization
conﬁgurations.z&29

It is possible to measure OH bond lengths by infrared
spectroscopy by recording uncoupled vibration of hydroxyl
groups isolated in the gibbsite structure.*® This could be done
following the infrared spectra of either OD groups diluted in
a gibbsite OH structure or OH groups diluted in a gibbsite
OD structure. Indeed, at low dilution, the chemical environ-
ment of each kind of hydroxyl group can be determined
without any vibrational coupling between vibrating groups.
Moreover, the consequences of TO-LO effects and particle
shapes on the infrared absorptions are also avoided.""” In
particular the absorption at 3460 cm™!, which was shown to
be related to those effects, is not of interest to describe the
bulk O-H bonds. Therefore, we tried to deuterate a gibbsite
sample in order to dilute H into D, carrying out a synthesis of
gibbsite in a D,O medium or putting gibbsite in D,O. In both
cases, the H dilution was not sufficient to uncouple all O-H
vibrators. However, it was possible to record the infrared
spectra of uncoupled O-D stretching vibrations diluted in a
gibbsite OH structure using the DRIFT technique. The
DRIFT method usually enhances a small signal, such as har-
monic components, or a surface signal. Here it was used to
record the O-D stretching vibrations, deuterium being
present at its natural atomic abundance, i.e., 0.015%. The
DRIFT spectra of gibbsite in the O-D stretching region show
five peaks at 2667, 2603, 2548, 2519, and 2506 cm™! (Fig.
3). From these wavenumbers and the wavenumber of OH,
the harmonic wavenumbers were calculated” (Table I).
From these spectral data, the lengths and the perturbation by
the H bond of bulk O-H groups (e.g., see Refs. 31 and 32)
were estimated according to Herzberg:33 the harmonic wave-
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FIG. 3. DRIFT spectrum of a gibbsite sample in the O-D stretching region
(D in natural abundance, i.e., 0.015% of H atoms).

number of each bulk stretching mode is linked to the nature
and to the length of the corresponding bond via a linear
relation between the harmonic wavenumber w and the O-H
bond length r, depending on the nature of the OH group,

Aw/Ar,=—135 cm™/0.01 A. (1)

This kind of empirical law was confirmed by a large number
of studies on various systems, such as carboxylic acids, wa-
ter in solvents, and mineral acids (e.g., see Refs. 33 and 34).
The application of this law to both in-plane and out-of-plane
OH groups in gibbsite structure yields OH bond lengths of
0.955 and 0.967 A (A=0.012 A), respectively. As a com-
parison, the rule of Lutz and Jung,“ described for water
molecules and hydroxide ions in solid hydrate, yields a simi-
lar range of bond lengths (0.944-0.964 A, A=0.020 A).
The shortest bonds correspond to in-plane O-H groups (OH
numbers 1, 2, and 4) involved in the weakest H bonds. These
values obtained from vibrational spectra are higher than the
ones previously determined by XRD. Considering the
H-bond network in this structure, 0.012 A was reasonable,
while the crystallographic data provided an overestimated
value of 0.13 A.'*%

Those experimental results have to be compared now
with an ab initio study. At first, to estimate the cell param-
eters and the chemical bond distances, bulk calculations were
carried out. To evaluate the crystallographic parameters, re-
laxation was performed in two steps: first, atomic positions

TABLE I. Experimental wavenumbers of OD stretching modes and deduced
harmonic wavenumbers used in this paper to estimate the OH(D) distances
since the values deduced from the XRD measurements are not adequate.

Jop @WoH
OH No. (cm™) (cm™)
1 2668 3792
2/4 2604 3739
5 2548 3681
6 2519 3658
3 2507 3642

J. Chem. Phys. 129, 244704 (2008)

TABLE II. Calculated and experimental gibbsite bulk parameters.

Experimental® Calculated® This work
a (A) 8.684 8.765 8.736
b (A) 5.078 5.083 5.099
c (A) 9.736 9.594 9.628
B (deg) 94.54 92.63 92.83
Vv (A% 428.0 427.0 428.4

*Saalfeld and Weede (Ref. 12).
°DFT calculations (Ref. 10).

are allowed to relax with a constant volume, and second,
they are allowed to relax with an unconstrained volume.
Starting from the experimental parameters of Saalfeld and
Weede,'? the cell energy convergence with respect to the
cutoff energy and the k point sampling are first checked.
Using an optimized k point sampling of (2X4X2) and a
cutoff energy of 450 eV, good cell parameters are obtained,
in comparison with experimental and previous calculated
DFT results (see Table II). The ¢ parameter is slightly under-
estimated due to the GGA formalism used in this study.
These optimized parameters will be used in this study for
constant volume relaxations.

Saalfeld and Weede'? displayed values of 2.781, 2.829,
and 2.888 A for O—H---H interlayer bonds. Calculations
give the following bond lengths: 2.706, 2.749, and 2.807 A.
A difference of about 0.1 A is found whatever the bond is.
Calculations for out-of-plane and in-plane O—H bond lengths
for the bulk geometry generated average values (see Table
SI-1 in Supporting Information for details®®) of 0.991 and
0.981 A (Ad=0.010 A) in good agreement with the previ-
ously obtained experimental values determined from infrared
absorptions (Ad=0.012 A). Our experimental and calculated
results also agreed with those calculated by Balan et al." and
Gale et al.,’ who found OH bond lengths of 0.979-0.994 A
(Ad=0.015 A) and 0.974-0.988 A (Ad=0.014 A),
respectively.

B. Molecular structure of the (001) face

Since anion adsorption has been shown to be specific to
the lateral faces,'*’ uranyl adsorption may be assumed to
preferentially occur on the basal (001) face. The absence of
cation adsorption on edges is coherent with the fact that in
the pH range of 4-10, the basal faces are uncharged while
the lateral ones are positively charged.14’29 The infrared spec-
tra of uranyl sorbed on the gibbsite sample confirmed this
assumption: no change in the OH infrared absorption was
observed, whereas changes were reported with sulfate” or
carboxylate anions;”’ in particular the broad band at around
3460 cm™!, sensitive to anion adsorption, remained un-
changed when uranyl was adsorbed.

Calculations were based on a (001) face with OH groups
bicoordinated to aluminum atoms without any deprotonation
effects, in agreement with our experiments at pH 3. In order
to model adsorption reaction on the (001) surface, it was
necessary to evaluate the number of AI(OH); layers required
to reproduce surface relaxation. The surface was built start-
ing from the mean of the calculated bulk atomic positions
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FIG. 4. (Color online) The two-layer gibbsite model used throughout the
study.

using a (2X4 X 1) k point sampling in accordance with the
(2X4X2) k point set used for the bulk calculations and a
450 eV cutoff kinetic energy. Since VASP employs a three-
dimensional periodic boundary condition, a minimum of
10 A interslab distances were kept to ensure that the inter-
molecular interaction is sufficiently small.

In the first step, surface energy was calculated with a cell
containing one to three layers (stacked up in the ¢ crystallo-
graphic direction), where all atoms were allowed to fully
relax. Surface energy can be defined as

Egab = Eaion), bulk X NaiOH), slab
2XS

: 2)

Egurtace =

with Eg,, being the cell energy, E AI(OH)jbulk being the energy
of a bulk unit cell, N being the number of A1(OH); motifs in
the slab, and S being the geometric surface aXb
=44.54 A2, This expression is divided by two because of the
symmetry of the cell. The calculated surface energies were
0.286, 0.279, and 0.276 eV/m?2, from the one-layer to the
three-layer model, respectively. The magnitude of these
variations was low enough to assume that interactions be-
tween layers were weak. Second, we considered a partial
relaxation of the surface. The AI-O bond lengths of the ac-
tive (001) plane were calculated for three different surface
models (see Table SI-2 in the Supporting Information®).
Whatever the used model is, the bond lengths for both Al I
and Al II atoms (Al numbering in Fig. 2) were similar.
Therefore, the two-layer model, with one layer frozen at the
bulk geometry, was an accurate model of the real (001) gibb-
site surface (see Fig. 4).

In this two-layer model, the bond lengths of OH groups
nearly perpendicular to the layers are 0.987(6), 0.985(5), and
0.983(3) A (H numbering from Fig. 2). These distances are
slightly shorter than the equivalent ones computed in the
bulk structure: 0.994(6), 0.992(5), and 0.988(3) A. This is in
good agreement with the fact that the latter were involved in
interlayer hydrogen bonds. All the in-plane and out-of-plane
hydrogen-bond characteristics are given in Table SI-1 of the
Supporting Information.*®

J. Chem. Phys. 129, 244704 (2008)

C. H,0 sorption on gibbsite

Few theoretical studies were devoted to the reactivity of
the (001) gibbsite plane with water, all of them using classi-
cal molecular dynamics.38’39 Simulations to study water-
surface interactions considered six different mineral
surfaces,” with the models differing in surface coverage
from zero to at least six monolayers. At the liquid water—
gibbsite surface interface, the OH groups, tilted toward va-
cant surface octahedral sites, were shown to become strongly
preferred for the adsorption of H,O molecules, which ac-
cepted H bonds from the surface OH groups. The surface OH
groups that were oriented almost parallel to the surface con-
stitute the second kind of adsorption site that was H-bond
acceptor from water molecules. Moreover, they showed that
both donating and accepting H bonds of the H,O molecule
create a hydrogen-bonding network across the interfacial re-
gion, as it was previously shown for kaolinite.***!

As H,O adsorption takes place, thanks to a hydrogen-
bonding network, we chose to consider interfacial interac-
tions with a maximum of three hydrogen bonds per water
molecule. One surface hydroxyl site could create one or two
hydrogen bonds toward the oxygen atom of the water mol-
ecule; in the same way one or two hydrogen atoms from the
water molecule could participate in the interaction, binding
with surface oxygen atoms [Figs. 5(a) and 5(b)].

On the basis of these adsorption configurations, four
types of sites were defined. The presence of one or two out-
of-plane hydrogen atoms and the possible presence of an
aluminum atom just under the site (because of the 2/3 occu-
pancy of the octahedral sites with aluminum atoms) differ-
entiated the adsorption structures [Fig. 5(c)]. First, water ad-
sorption energies at low coverage were determinated for
interactions between water molecules with two out-of-plane
hydroxyl groups [circles in Fig. 5(c)]. Five possibilities for
this kind of interaction were found on the whole surface: two
of them involve the presence of a sublayer aluminum atom,
and three others without the latter. DFT calculations showed
that adsorption energies were similar whatever the surface
site is, ranging from 0.58 to 0.64 eV. Consequently, sublayer
aluminum atoms do not exert any significant influence on the
water adsorption energies. These results probably arise from
the constrained octahedral configuration. One of the most
stable structure (with E,4,=0.64 eV) is structurally equiva-
lent to the water interaction with the octahedral side of the
kaolinite lalyer.42

Second, water adsorption energies were calculated for
sites exhibiting only one out-of-plane hydrogen atom [circles
in Fig. 5(c)]. Adsorption energies for the six different con-
figurations were found between 0.29 and 0.54 eV. Higher
energies were observed for two sites with a sublayer Al atom
(0.53 and 0.54 eV). Calculated adsorption energies for the
four other sites are of 0.29, 0.45, 0.51, and 0.54 eV. Conse-
quently, considering these lower interaction energies with
surface, these sites show somewhat longer hydrogen bond
lengths in comparison with the sites with two out-of-plane
hydrogen atoms. To conclude this part of this work, the pres-
ence of two out-of-plane hydrogen atoms per site led to
strong adsorption energies, with some relatively shorter hy-
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Al [} H

FIG. 5. (Color online) The two possible water adsorption configurations. (a)
Water molecule is linked to two surface hydrogen atoms. (b) Water molecule
is linked to only one surface hydrogen atom. (c) The four kinds of H,O
adsorption sites are illustrated: in-plane H atoms are surrounded in yellow;
out-of-plane ones are surrounded in purple. Blue circles: water molecule is
linked to two surface hydrogen atoms [see Fig. 5(a)]. Green dash circles:
water molecule is linked to only one surface hydrogen atom [see Fig. 5(b)].
Two sites are related to the presence of a sublayer aluminum atom. (d) One
of the three possible monolayer coverages of the (001) plane of gibbsite.
The black rectangle represents the unit cell. The two water molecules con-
figurations appear within red circle (one out-of-plane H atom: 0.63 eV) and
blue dot circle (two out-of-plane H atoms: 0.45 eV).

drogen bond lengths, whereas the presence of only one out-
of-plane hydrogen led to weaker water-surface interactions.
Finally, two different orientations of water molecules upon
the surface were observed. For sites with two out-of-plane
hydrogen atoms, the plane of the water molecule was per-
pendicular to the surface, whereas the molecular plane was
parallel to the surface for sites exhibiting two in-plane hy-
drogen atoms.

Monolayer water coverage of the whole surface is ob-
tained with two water molecules per unit cell, where each
water molecule is linked to three surface hydroxyl groups.
The value of two molecules per unit cell is in perfect agree-
ment with our experimental thermogravimetric measure-
ments of the isotherm adsorption of water at 30 °C. Since
the higher adsorption energies are 0.64 eV (for the three sites
exhibiting two out-of-plane hydrogen atoms with no Al atom
in the sublayer), we assumed that three structurally ordered
water monolayers could be formed, with very close stabili-
ties. An example of these configurations is represented in

J. Chem. Phys. 129, 244704 (2008)

TABLE III. Bond lengths of uranyl cation with five water molecules: Com-
parison of DFT calculations with experimental EXAFS data obtained in
acidic aqueous solution. Distances are in A and angles are in degree.

DFT* EXAFS"
dy-o 1.78 1.77%0.02
dy_on, 2.46 2.42+0.02
®(0=U=0) 179.7 180

“Reference 43.
PReference 44.

Fig. 5(d). The calculations of these three configurations
showed that the adsorption energy of a second water mol-
ecule was of about 0.45 eV. Therefore, the destabilization
due to the adsorption of a second water molecule was weak
and ranged from 0.05 to 0.1 eV. This is explained by the
water interatomic distance (with a minimum of about 4.5 A)
preventing any H-bonding interactions between water mol-
ecules. Therefore, the water layer leads to relatively strong
hydrogen bonds with the surface hydroxyl groups, as for the
similar octahedral kaolinite surface.*’ Finally, an alternation
of the direction of the dipolar moment of the water molecule
is found for the three monolayer configurations: either di-
rected toward the surface or away from it. This phenomenon
was previously described by Wang et al..”’ who demon-
strated that water molecules pointing their dipoles toward the
surface donated H bonds to surface OH groups, whereas wa-
ter molecules pointing their dipoles away from surface ac-
cepted OH bonds from the surface OH groups.

D. Uranyl adsorption

Since the edge faces are strongly positively chargedm’29

while in this pH range the basal charges may be neglected, it
was expected that the hydrated uranyl cations are sorbed on
the basal faces. Our infrared spectra retrieved this trend. In-
deed, the absorption spectra did not show any significant
change in the OH stretching region after the sorption of the
uranyl cations in opposition with the anion retention; uranyl
cations bonded mainly to the basal faces. According to the
literature, a bidentate uranyl complex formation was as-
sumed to be favorable (leading to an inner-sphere
complex).“f46 Therefore, surface complexes in our compu-
tation possessed three water molecules as a first hydration
shell (the free uranyl cation in aqueous acidic solution exhib-
its five hydration shell water molecules). The structure of the
uranyl ion from our previous theoretical and experimental
studies™** is presented in Table III.

In the first step, the interaction of the hydrated uranyl
cation with the “dry” gibbsite surface was investigated. The
basal oxygen atoms of hydroxyl groups with in-plane hydro-
gen were good candidates to link with the uranium atom
since they offer a direct possibility of chelation of the ura-
nium atom in the uranyl’s equatorial plane. Three of these
kinds of structural sites are available on the (001) surface:
two of them hold the same O-O distances (about 2.7 A, sites
I and III), whereas the last one exhibits a longer distance
(about 3.4 A, site IT) (Fig. 6).

Specific distances and differences in energy (relative en-
ergy) obtained for the most stable complexes are presented in
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FIG. 6. (Color online) The three possible sites for uranyl adsorption.

Table IV. Figure 7 displays the most stable adsorption con-
figuration among those three sites (site I). All of the created
complexes were stabilized throughout a hydrogen-bond net-
work by means of three hydrogen bonds between the surface
and the “-yl” oxygen atoms (O-yl) of the uranyl ions what-
ever the site (I, II, or III) is. One of the O-yl atom possesses
two hydrogen interactions, one being weaker than the other
(for instance, 1.69 and 2.16 A for site I). Distances between
uranium atom and surface oxygen atoms were in the range of
2.6-2.7 A. The interaction of uranyl with the gibbsite sur-
face led also to a slight decrease in the O=U=0 bond angle
(until a minimum of 169° for site III) and a lengthening of
the U—(O-yl) bond [typically about 1.90 A for all complexes
-1.78 A for the U=(O-yl) bond of uranyl in the gas phase].
These three initial adsorption sites had similar geometric
configurations, consequently leading to strong similarities
between the final geometries of the formed complexes.
Nevertheless, oxygen atoms of the (001) plane engaged
in these complexes with uranium atoms adopt a fourfold co-
ordination when sorption occurred. A possible local deproto-
nation of the adsorption hydroxyl groups could thus be as-
sumed, as it was already observed on the oxide surface.”
The computation of the U—Ogypee and also the (O-yl)-H
distances (hydrogen bonds) in this case are given in Table IV
(deprotonated sites). Geometrical features of this kind of

TABLE IV. Characteristics of the adsorbed complexes (distances and rela-
tive energy) with respect to the surface protonation state. Distances are in A.

AE
d(U-0Oyy) d(O-yl---H) (eV)
Protonated

Site 1 2.61-2.67 1.56-1.69-2.16 0
Site II 2.58-2.66 1.68-1.74-2.12 0.23
Site III 2.56-2.71 1.75-1.78-2.31 0.48

Deprotonated sites

Site I 2.15-2.19 1.61-1.77-2.08 0
Site II 2.12-2.18 1.68-1.81-1.97 0.46
Site IIT 2.13-2.21 1.85-1.85-2.45 0.30

J. Chem. Phys. 129, 244704 (2008)

9P - o

(b)

FIG. 7. (Color online) The most stable calculated complex. Hydrogen bonds
are in black dash lines; water molecules are in circles. (a) Top view and (b)
side view.

configuration are the following. First, the O-U-O bond angle
was highly distorted (153°, 141°, and 158° for sites I, II, and
111, respectively), as was already observed within periodic
DFT calculations of uranyl adsorption on hydroxylated
alumina?’ and Ti02.45 This behavior could be coherent with
the low bending frequency of the uranyl moiety
(208 cm™!).* Second, the averaged U=0 distances were
very similar to the ones observed for protonated complexes,
but a stronger interaction took place between uranyl and the
surface. The U—-Ogg,ce distances were shortened by about
0.5 A compared with the protonated complexes, whereas
distances between the three remaining water molecules and
the uranium atom increased to about 0.1 A.

In the second step, the first water monolayer has been
included in the uranyl adsorption process in order to take
into account part of the solvent effect. Even though the main
features of the adsorbed complexes remained unchanged,
U—(O-yl) bond lengths slightly increased, hydrogen bonds
being created between the O-yl atom and the water mono-
layer. U—Oggce distances remained unchanged except for
the most stable site (site I) whose distances increased to 2.53
and 2.87 A. This could be explained by the formation, in
this case, of three stronger hydrogen bonds (1.70, 1.75, and
1.79 A), which led to a translation of the molecule upon the
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FIG. 8. Difference Raman spectrum of adsorbed uranyl cations at a pH
value of 4. The difference corresponds to the subtraction of the Raman
spectrum obtained after adsorption by the initial sample spectrum.

surface. Lengthening of U-(O-yl) distances was also ob-
served when deprotonation is considered. In a general way,
global characteristics of the adsorbed complexes were not
altered (U-O distances were still between 2.1 and 2.2 A).

To summarize calculation results, even if several con-
figurations had to be considered on the surface, all of them
converged to a similar structure of adsorbed uranyl complex
on the (001) plane. Local deprotonation of oxygen atoms
involved in bonds was also considered, leading to a signifi-
cant decrease in the U—-Og,,.c bonds revealing a covalent
bond character. Only one complex configuration was deter-
mined on this gibbsite face. At last, the presence of a water
monolayer did not induce any major changes in the adsorp-
tion geometry in both cases (protonated sites or not) but
enhanced hydrogen bonding between the adsorbed molecule
and the surface.

These results were validated by experimental Raman and
TRLFS data. The Raman spectrum displayed a weak inelas-
tic signal with adsorption that was characteristic of the sym-
metric stretching mode of uranyl cations.**™ The difference
spectrum obtained by a normalized subtraction of the initial
sample Raman spectrum by the sorbed sample Raman spec-
trum is displayed in Fig. 8. The inelastic signal of sorbed
uranyl groups was centered at 830 cm™' with a low full
width at half maximum of about 30 cm™' and a symmetric
shape. These characteristics were a priori inconsistent with a
signal due to several structurally different surface complexes.
Moreover, characteristic wavenumbers of different possible
aqueous complexes in this pH range49 would tend to show
that here, the collected Raman signal of the stretching modes
of uranyl did not correspond to uranyl in aqueous solution
characterized by the highest wavenumber in this pH range.49
The wavenumbers were not low enough to correspond to any
precipitated aggregates or sorbed polymers of uranyl
cations.” Consequently, the sorbed uranyl species was
strongly perturbed by adsorption, with an equatorial plane
not composed of four or five water molecules but rather three
water molecules and two surface oxygen groups (bidentate
complex).49’52 The presence of the asymmetric stretching and
the bending modes in the Raman spectrum, which could con-

J. Chem. Phys. 129, 244704 (2008)
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FIG. 9. Fluorescence spectra of uranyl sorbed onto gibbsite for two delays
after the laser pulse [(a) 0.2 us and (c) 20 ws] and (b) in aqueous solution.

firm the computed bended structure of the sorbed uranyl,
were not observed here because of a too weak Raman signal.
The infrared signals of these modes were overlapped by the
strong absorptions of the gibbsite modes and were not usable
either.

Our interpretation of the Raman data were in agreement
with the TRFLS measurements performed considering in situ
samples (powder in contact with the solution) in order to
avoid any changes in the system during the drying step.
Whatever the considered uranium concentration (10™*M or
1073M) and the ionic strength (0.1M or 1M) are, the fluores-
cence spectra exhibited the same feature (Fig. 9): for a delay
equal to 0.2 us after the laser pulse, four peaks were clearly
observed, located at 489, 510, 533, and 559 nm. The analysis
of the fluorescence decay profiles led to two different life-
times: 1.8 and 15 us. In order to confirm the presence of
several species, the fluorescence spectrum was recorded
20 ws after the laser pulse to obtain only the spectrum of the
species presenting the longer lifetime (15 us). No difference
has been observed whatever the U(VI) concentration and the
ionic strength are. The general shape of the obtained spec-
trum was a broad emission band centered at 523 nm (Fig. 9).
The shorter decay time (1.8 us) was similar to the lifetimes
generally reported for the aqueous U022+ ion.” Since the
experiments were performed with the solid in suspension,
part of the total amount of cation initially introduced could
still be in solution (sorption percentage lower than 100%),*°
and, consequently, the fluorescence spectrum recorded with
0.2 ws as delay time should be the convolution of the fluo-
rescence spectra of aqueous and sorbed uranyl ions. To test
this assumption, the emission spectra of uranyl in solution
(pH=3, before contact with the powder) were recorded. It
presented the common classical vibronic structure of aque-
ous U022+ with six peaks located at 474, 488, 510, 534, 560,
and 588 nm, and the associated decay time was measured as
1.7 us. This value identical to the shorter one obtained for
the suspensions led us to conclude that only the species pre-
senting the longer lifetime (15 us) corresponded to uranyl
surface species. The general shape of the fluorescence spec-
tra for 0.2 us after the laser pulse can thus be considered as
the convolution of the emission spectra of both free aqueous
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uranyl ion and uranium-surface species (spectrum obtained
20 ws after the laser pulse). These Raman and TRLFS re-
sults showed that only one type of uranium adsorption site
was present on the (001) gibbsite face at pH=3 as well as for
[U(VD)]=10"* and 107*M, in perfect agreement with DFT
calculations, which demonstrated the existence of only one
site upon the surface. Moreover, as the spectroscopic param-
eters of the sorbed species were the same at 0.1M and 1M
ionic strengths, the formation of inner-sphere complexes was
suggested. Indeed, at a high ionic strength the retention via
the formation of outer-sphere complexes was strongly unfa-
vored, while the formation of inner-sphere complexes was
not influenced at all.>*

IV. CONCLUSION

This study combined experimental and theoretical ap-
proaches to investigate the uranyl cation interaction with
gibbsite in order to get more insight into the possible reten-
tion processes of this mineral into soils. First, we focused on
the bulk gibbsite structure. Periodic DFT simulations are in
good agreement with the O-H bond lengths and geometrical
configurations, which were experimentally determined. Cal-
culations supplied the mean values for respectively in-plane
and out-of-plane hydrogen atoms of 0.981 and 0.991 A (the
difference being Ad=0.010 A), in good agreement with IR
measurements displaying mean values of 0.955 and 0.967 A
(the difference being Ad=0.012 A).

On the basis of experimental results, IR measurements,
and previously published surface charge behaviors, only the
uranyl interaction with the (001) face of gibbsite was consid-
ered. In order to study the interaction of water molecules and
uranyl cations with this face, the surface was modeled with
an optimized two-layer model. Weak interactions existing
between the gibbsite layers allow us to use a two-layer
model.

The first water monolayer without uranyl cations was
made of a mix of two water adsorption structures: the water
dipolar direction was directed either toward the surface or
away from it. This feature has already been observed by
means of molecular dynamic simulations. For both adsorp-
tion structures, a relatively strong hydrogen-bond network
was created with the surface hydroxyl groups (formation of
water cluster was not observed).

The interaction of the aqueous uranyl cation with the
surface was then investigated. The potential adsorption sites
were defined as oxygen atoms belonging to hydroxyl groups
possessing in-plane hydrogen atoms because of a direct ac-
cessibility for the U atom with the surface. The interaction of
uranyl with all the three different O—O sites finally led to a
bidentate adsorption mode due to the high symmetrical con-
figuration of the (001) face. Hydrogen bonding was found to
take place with respect to the -yl oxygen atom and seemed to
stabilize the adsorption configuration. If a local deprotona-
tion of the hydroxyl groups was considered during the ad-
sorption process, a more covalent bonding of uranium with
the surface was observed [Ad(U-Ogypee)=—0.4 A relative

J. Chem. Phys. 129, 244704 (2008)

to the protonated site]. The addition of a water monolayer
did not significantly modify the structure of the surface com-
plexes.

Finally, DFT calculations put forward the existence of
only one type of adsorption site upon the surface, even if
various complex stabilities were detected. This has been con-
firmed by means of Raman and TRLFS measurements,
which clearly demonstrated the formation of a unique sur-
face complex.

Temperature and solvent effects will be taken into ac-
count in a following study by means of the Car—Parinello
molecular dynamics in order to fully describe the structure
and the behavior of the uranyl cations at the solid-liquid
interface.
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