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Abstract

In order to understand, at a molecular level, the mechanisms involved in the interactions between radionuclides and minerals, both
thermodynamic and structural investigations, using spectroscopic techniques, are presented. However, the natural clays are rather
complex minerals. Therefore, it is first necessary to perform these studies on simple substrates such as single crystal and oxides,
and then extrapolate the obtained results on the natural minerals. We examine in this review the sorption processes of the hexavalent
uranium onto montmorillonite, TiO2 (powder and single crystal), silica and alumina as well. The corresponding sorption constants are
determined using the results obtained with the following techniques: laser-induced spectrofluorimetry, X-ray photoelectron spectros-
copy, second-harmonic generation and X-ray absorption spectroscopy. In addition, for TiO2, these results are compared with theo-
retical calculations using periodic density functional theory, which gives the atom distribution at the interface and the relative energy
stabilities of the different surface complexes. To cite this article: R. Drot et al., C. R. Chimie 10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Afin de comprendre, à l’échelle moléculaire, les mécanismes impliqués dans les interactions entre radionucléides et minéral, des
études thermodynamiques et structurales sont présentées. Les argiles constituant une famille de substrats complexes, il est néces-
saire de réaliser ce type d’étude sur des phases unitaires représentatives, afin d’extrapoler ensuite ces résultats aux solides naturels.
Sont examinés, dans cette revue, les processus de sorption de l’uranium hexavalent sur la montmorillonite, TiO2 (poudre et mono-
cristal) et également sur l’alumine et la silice. Les constantes de sorption correspondantes sont déterminées en utilisant les résultats
structuraux obtenus à l’aide des techniques spectroscopiques suivantes : spectrofluorimétrie laser, spectroscopie de photoélectrons
X, génération de seconde harmonique et spectroscopie d’absorption X. De plus, pour TiO2, ces résultats sont comparés à des calculs
périodiques utilisant la théorie de la fonctionnelle de la densité, qui permettent d’accéder à la distribution des atomes à l’interface
ainsi qu’à la stabilité relative des complexes de surface. Pour citer cet article : R. Drot et al., C. R. Chimie 10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The performance assessment of an underground geo-
logical nuclear waste disposal is one of the major issues
of the nuclear fuel cycle. One of the main concerns re-
lated to the safe storage of nuclear waste in an under-
ground repository is the migration of radiotoxic
elements through the geosphere [1,2]. In this field, the
interaction between solute and solid surfaces, which is
mainly governed by sorption/desorption processes, is
a crucial point. The precipitation/solubility phenomena
of the radionuclides have to be taken into account, as
well. Therefore, a detailed knowledge of the minerale
water interface is of fundamental interest since the cor-
responding interfacial reactions play a significant role
in the geochemical regulation of metals. They are, how-
ever, inherently complex and require to quantify several
physico-chemical parameters to build a predictable
model. These phenomena depend mainly on parameters
such as the pH, the redox potential, the ionic strength of
the aqueous medium, the concentration and speciation
of the radionuclides of interest (taking into account
the solid precipitates), the specific surface area and
the density of functional surface groups of the substrate.
Different approaches of the sorption processes are usu-
ally used: empirical models using a partition factor
(Kd), mechanistic models such as macroscopic ion
exchange or microscopic surface complexation [3e12].
Nevertheless, using only these models, the experimen-
tal data simulations do not give unambiguous results.
Indeed, these determinations without any experimental
validation could yield, for instance, to the choice of
arbitrary surface complexes. Consequently, the precise
determination of the corresponding thermodynamic
constants is not an easy task and an accurate under-
standing, at a microscopic scale, of the mechanisms
involved is imperative before any modeling. Therefore,
it is necessary to relate the expected surface complexes
to the structure of the surface coordination complexes.
Up to now, most of the published works present a ther-
modynamic or a structural point of view, but only a few
have used structural results as an experimental con-
straint in the modeling procedure [13e17].

We present, in this review, the necessity of a com-
bined use of four structural techniques, which allows
one to investigate the sorption mechanisms at a molecu-
lar scale and thus identify the species involved in the
retention processes: laser-induced fluorescence spec-
troscopy (LIFS), X-ray photoelectron spectroscopy
(XPS), surface second-harmonic generation (SSHG)
and grazing X-ray absorption spectroscopy (GI-XAS).
In addition to the experimental investigations, ab initio
calculations were also performed. Sorption of the
uranyl ion onto montmorillonite and rutile titania will
be considered as illustrative purpose to present the ap-
plied methodology, since under environmental condi-
tions, uranium typically occurs in the hexavalent form
as the mobile aqueous uranyl ion (UO2

2þ). Then, the
sorption of this ion onto solid surfaces has been widely
studied because this process has a significant effect on
transport properties [3,10e12,18e20].

Although the characteristics of clay materials such as
low permeability, high sorption capacity and plasticity
make them an effective barrier against radionuclides’
migration [21], only few works were devoted to the
microscopic study of uranium sorption on clay minerals,
especially in acidic pH ranges [18e23]. Montmorillon-
ite is a clay mineral formed by two-dimensional sheets
of tetrahedral SiO4 alternating with sheets of octahedral
Al(O,OH)6 [24]. Its retention capacities for fission
products or actinides are acknowledged [22,25e31].
The existence of both exchange and edge sites’ surface
complexes on montmorillonite were already experi-
mentally demonstrated using molecular spectroscopic
probes [22,23,25,32,33]. Because montmorillonite
presents several types of sorption sites, uranyl sorption
mechanisms on this mineral are expected to be com-
plex. However, based on its alumino-silicate structure,
this clay can be viewed as an assemblage of ‘‘basic
structural units’’, which could be represented as
‘‘Al-edge site’’ and ‘‘Si-edge site’’. Consequently, the
investigation of the U(VI) sorption mechanisms onto
both alumina and silica solids and the comparison of
the obtained results with those obtained for the U(VI)/
montmorillonite system have allowed one to clearly
identify the sorbed uranyl species on montmorillonite.

The rutile titanium dioxide was considered under
both powdered and single crystal forms. Due to its
high chemical stability over a wide range of pH values,
this solid is an interesting mineral model. Moreover, an
average repartition of the different crystallographic ori-
entations of rutile powders has been established, with
the TiO2(110) orientation as the main one [34e36].
The aim of the study was to account for the powder
retention properties from a molecular study of the
different crystallographic planes of titania. Moreover,
despite its very particular properties, sorption processes
of very few actinides were studied considering this ox-
ide. Then, the structural investigation of the interactions
between the hexavalent uranium ion and TiO2 surface
appeared particularly pertinent. Finally, to provide sup-
port to the experimental investigations, theoretical calcu-
lations were performed. As an example, the interactions
between uranyl ions and the TiO2(110) single crystal
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face, using periodic density functional calculations
(DFT), are presented. This theoretical modeling al-
lowed one to get information as nature of the sorption
sites and relative energy stabilities of the different sur-
face complexes. These results were directly correlated
to the experimental ones in order to better understand
sorption processes of radionuclides on mineral surfaces.

Finally, the surface complexation modeling of the
U(VI) retention data onto both substrates (montmoril-
lonite and titania) which were completed using the
obtained structural constraints, will be presented, in
this review. The determined sorption constants thus
appear more reliable as they take into account several
constraints obtained from independent spectroscopic
techniques. Moreover, the validity of the sorption
constants values can thus be tested, as well, by consid-
ering sorption edges obtained for a wide range of exper-
imental conditions and, especially, for low cation
concentrations where spectroscopic techniques are not
sensitive enough.

2. Summary of substrate characteristics

Prior to the sorption experiments, the Nae
montmorillonite (Wyoming bentonite, marketed under
the name Volclay) was first treated to remove the solu-
ble phases (such as calcite) and to condition the clay
as homoionic [16]. Nevertheless, a low percentage of
silicated phases was still present (lower than 10% in
weight: quartz, albite/orthose) as observed by Electron
Probe MicroAnalysis [16].

The specific surface area of the clay was found to be
35 m2/g determined by N2-BET analysis [16], and the
cation exchange capacity (CEC) was 63 meq/100 g
[37]. Reference oxide compounds (a silica gel and
a g-alumina), purchased from Merck, were used with-
out further purification. The N2-BET specific surface
areas of alumina and silica were determined and found
to be 140 and 380 m2/g, respectively [38,39].

The titanium dioxide single crystals (Cerac) were
used without any further treatment. Each crystal was
10� 10 mm and 1 mm thick with two polished faces
and the (110), (111) and (001) crystallographic orienta-
tions were considered. The rutile powder (Cerac) was
thoroughly washed with deionized water until the pH
and the conductivity of the supernatant kept constant.
The corresponding specific surface (N2-BET method)
was found to be 4.9 m2/g [40].

Uranium(VI) stock solutions were prepared by dis-
solving a known amount of UO2(NO3)2$6H2O (Merck)
in an acidified NaClO4 solution (pH¼ 1). The stock
solution concentrations were between 10�3 and 10�2 M
[16,40]. The exact uranyl concentrations were mea-
sured by a-liquid scintillation counting using a TRI-
CARB spectrometer supplied by Packard (Camberra
Co., Meriden, CT) and the Alphaex� scintillation
cocktail according to a protocol described in the litera-
ture [41].

3. Results and discussion

3.1. Surface sites’ identification and surface acidity
constants

As underlined before, rutile is mainly composed of
the (110) crystallographic orientation. As shown in
Fig. 1, three types of surface oxygen atoms can be
expected to react with uranyl ion: three-fold coordinated
oxygen (referred to as surface oxygen in the text and
denoted Os), two-fold coordinated (referred to as bridg-
ing oxygen and denoted Ob) and single-fold ones (re-
ferred to as top oxygen and denoted Ot). The first step
of this study was to investigate the hydrated surface in
order to clearly identify the surface groups. To reach
that goal, titanium dioxide has been considered under
both powder and single crystal forms. First, O1s XPS
spectra were collected in a direction normal to the
(110) single crystal face (Fig. 2(I)). In such experimental
conditions, three components were clearly observed:
529.7, 531.0 and 532.2 eV. The main contribution was
attributed to the bulk oxygen atoms (529.7 eV). When
the sample was tilted, a fourth component, located at
533.5 eV, was also observed (Fig. 2(II)). The relative in-
tensities of the 531.0, 532.2 and 533.5 eV contributions
were strongly promoted by the crystal rotation, which
led to assign these components to surface species [40].
The two first ones, located at 531.0 and 532.2 eV, were
observed either for the photoelectrons’ collection
along the normal of the sample or at grazing angle of
detection. According to the literature [42e44], they

Fig. 1. (110) crystallographic face. Os, Ob and Ot denote three-fold,

two-fold and single-fold surface oxygen atoms, respectively. The

three possible bidentate uranyl surface complexes are also repre-

sented: tt for topetop complex, bb for the bridgingebridging com-

plex and bt for the bridgingetop one.
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were addressed to the two-fold and to single-fold
oxygen atoms, respectively. The weakest contribution
(533.5 eV) was attributed to the oxygen of molecular
physi-sorbed water (noted Ow). Thus, it was concluded
that three kinds of oxygen atoms exist on the
TiO2(110) surface: three-fold surface oxygen atoms
(Os) almost identical to bulk ones (529.7 eV), two-fold
ones (531.0 eV, noted Ob) and single-fold ones
(532.2 eV, noted Ot). This interpretation was consistent
with the number of titanium atoms surrounding the oxy-
gen surface species: the lower the number of titanium
atoms, the higher the binding energy. For the powder,
four contributions to the O1s signal were observed lo-
cated at 529.6, 531.0, 532.2 and 533.2 eV, respectively,
in perfect agreement with the results obtained for the sin-
gle crystal [40]. The (110) crystallographic face ap-
peared thus well adapted as a model for the powder
surface properties.

The surface sites being identified, the next step was
to calculate the surface acidity constants using a crystal-
lographic model. The MUSIC model based on the Paul-
ing bond valence concept has been developed by
Hiemstra et al. and has been widely described in the
literature [45e48]. It is a correction of the basic Pauling
bond valence concept in order to take into account the
metaleoxygen distances’ distribution in solids (actual
bond valence concept). According to Brown and Alter-
matt [49], a well known empirical expression can be
used to determine the actual bond valence, which allows
one to calculate the surface acidity constants for each
crystallographic planes. Moreover, it has been estab-
lished that the rutile powder is mainly composed of

Fig. 2. O1s XPS spectrum of the rutile (110) crystallographic face:

(I) collection along a direction normal to the surface of the crystal

and (II) tilted (70�) sample. Os refers to three-fold coordinated oxy-

gen atoms, Ob denotes two-fold oxygens, Ot denotes single-fold ones

and Ow refers to molecular physisorbed water.
three types of crystallographic orientations: (110) for
60%, (100) and (101) for 20% each [35,36]. Then, the
crystallographic repartition being known for the pow-
der, the surface acidity constants being determined
previously [47], using the MUSIC model, it was possi-
ble to fit the potentiometric titration curves with a very
restricted number of adjustable parameters. The fit of
the titration curves was performed considering the con-
stant capacitance model included in the FITEQL code,
an iterative non-linear least squares optimization pro-
gram [50,51]. All the titration curves (various ionic
strengths) were successfully fitted considering the
same inner-capacitance value (1.5 F/m2), the experi-
mental repartition of the crystallographic orientations
together with the crystallographic density of surface
sites (5.2, 7.4 and 7.8 sites/nm2 for (110), (100) and
(101), respectively) and the calculated acidity constant
(MUSIC approach).

3.2. Identification of the U(VI) surface complexes

3.2.1. Clay mineral

3.2.1.1. U(VI)/Naemontmorillonite. The reported
uranyl sorption edges on Naemontmorillonite are
presented in Fig. 3. It was shown that below pH 4, the
U(VI) sorption rate slowly increased and the amount
of sorbed uranium depended on both the ionic strength
and the cation concentration [16]. The greater the ionic
strength (or metal concentration), the lower the sorbed
amount. This behavior has been demonstrated as typical
of an interaction between the uranyl ions and the perma-
nently negative charged sites, called exchange sites
[10,52], involving the formation of outer-sphere com-
plexes. For greater pH values (from 4 to 6), the sorption
rate increased rapidly and the uranyl sorption rate
reached 100%.

Representative emission spectra of the uranyl ion
sorbed on the Naemontmorillonite prepared in NaClO4

solution at different pH values are presented in Fig. 4. It
was shown that both the ionic strength and the pH
values have a strong influence on the shape of the emis-
sion spectra. Moreover, for pH values lower than 5, the
most intense emission band was located at 522 nm and
the corresponding lifetimes were determined to be
10� 2, 55� 6 and 190� 20 ms. Additionally, experi-
ments conducted for pH value lower than 3 and
0.05 M as ionic strength (in these conditions, ion
exchange process became dominant) showed that
only the decay time at 10 ms was measured (Table 1).
When the pH value was increased (from 5 to 8),
the main fluorescence band shifted towards greater
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Fig. 3. U(VI)/montmorillonite sorption edges and calculated surface complexes’ repartition versus pH: (I) [U(VI)]¼ 10�4 M, I¼ 0.5 M; (II)

[U(VI)]¼ 10�4 M, I¼ 0.1 M; (III) [U(VI)]¼ 10�3 M, I¼ 0.5 M; (IV) [U(VI)]¼ 10�6 M, I¼ 0.1 M. Experimental points (dots), calculated curve

(straight), ð^XÞ2UO2 (dotted line), ^AlðOHÞ2UO2þ
2 (full diamonds), ^SiO2UO2 (open diamonds) and ^SiO2ðUO2Þ3ðOHÞ�5 (crosses).
wavelengths: 526 nm. In the same time, a new lifetime
(400� 30 ms) was measured while the decay time at
10 ms disappeared. Under these pH conditions (top of
the sorption edge), three decay times were necessary

Fig. 4. Fluorescence spectra of U(VI) sorbed onto Naemontmorillonite

versus pH and ionic strength. I: I¼ 0.5 M, [U(VI)]¼ 10�4 M: pH¼
4.2 (a), pH¼ 5.1 (b) and pH¼ 8.0 (g). II: [U(VI)]¼ 10�4 M, pH¼
5.1: I¼ 0.5 M (a) and I¼ 0.05 M (b).
to properly fit the decay curves: 55, 190 and 400 ms
(Table 1), indicating that different environments for
the sorbed uranyl ion exist on the clay.

In order to check and corroborate these first results,
XPS analysis was carried out on the same samples [16].
When the ionic strength of the suspension was maintained
at 0.05 mol/L and the pH kept to 4, the corresponding U
4f7/2 XPS spectrum (Fig. 5(I)) was fitted with two compo-
nents: 383.7� 0.3 and 382.6� 0.3 eV (FWHM¼
2.3 eV). For samples prepared at pH higher than 5
(Fig. 5(II)), two components were also necessary to fit
the U 4f7/2 peak: 382.6� 0.3 and 381.9� 0.3 eV
(FWHM¼ 2.3 eV). The component located at 382.6 eV
was not dependent on the pH values (above 4). The high-
est binding energy (383.7 eV) was observed for low pH
values and vanished for higher pH while a low binding
energy (381.9 eV) appeared for pH greater than 5.

Thus, the results obtained from both spectroscopic
techniques were perfectly correlated and showed that
the interactions between U(VI) aqueous species and
the montmorillonite clay depended on the pH value
(Table 1). To have a deeper understanding of the reac-
tion involved in the sorption mechanisms, the U(VI)
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sorption onto both alumina and silica (seen as the
‘‘basic structural units’’ of the clay) was carried out [16].

3.2.1.2. Reference systems: U(VI)/alumina and U(VI)/
silica. Whatever the pH values, the emission spectra
obtained for U(VI) sorbed on g-alumina (not shown
here) were found to be quite identical (maxima at
497, 518 and 540 nm) but the associated fluorescence
lifetimes depended, however, on the pH values: for
pH values lower than 5, only one species (t1¼
45� 5 ms) was observed, while for pH values higher
than 6, two uranyl lifetimes were measured: t1¼
45� 5 and t2¼ 120� 10 ms. The longer value, t2,
was interpreted as the sorption of a hydrolyzed and/or
polynuclear species, present in the suspension as calcu-
lated using Chess2.5 [53]. The uranyl sorbed species
observed at pH values lower than 5 (45 ms) was also
identified by a single U 4f7/2 binding energy located
at 381.8� 0.3 eV, whereas for higher pH values the
second component located at 380.2� 0.3 eV was asso-
ciated to the second species (t2). This behavior (U(VI)/
alumina complexes depending on the pH value) had
been previously reported in the literature [22].

All spectroscopic results were compared with the
U(VI) speciation, leading to address the uranyl species

Table 1

Spectroscopic characteristics versus pH of U(VI) species sorbed onto

the Naemontmorillonite

pH value U 4f7/2 binding energy (eV) Lifetimes (ms)

pH< 3 383.7 10

4< pH< 5 383.7 382.6 10 55 190

pH> 5 382.6 381.9 55 190 400
characterized by the t1 and 381.8 eV values to the free
UO2

2þ ion sorbed on the aluminol sites (Table 2) and the
second species (t2 and 380.2 eV) was suspected to arise
from the interaction of aluminol surface sites and a hydro-
lyzed species, the (UO2)3(OH)5

þ complex for instance
(Table 2), in agreement with other published works [22].

The LIFS study was completed for samples prepared
between pH 3.5 and 8.0. The emission bands (not shown
here) for pH values around 4 (498, 518 and 541 nm)
were found to be red shifted when the sorption pH value
was increased (506, 528 and 552 nm for pH ranging
from 6 to 8). In addition, when the sorption pH value
was lower than 5, two fluorescence lifetimes were iden-
tified at 65� 6 and 180� 20 ms. Finally, above pH 6,
two lifetimes were needed to fit the fluorescence
decays: 180 ms was still observed and a new value
(400� 30 ms) was observed, while the value at 65 ms
disappeared. Between pH 5 and 6, these three fluores-
cence lifetime values were necessary to adjust the fluo-
rescence decays. This behavior indicated the presence
of several uranyl complexes on the silica surface
depending on the pH value. Moreover, these results
were corroborated to those obtained by Gabriel [54]:
decay time values of 170 and 360 ms had been identified
for uranyl ions’ sorption (10�6 M) on another similar
silica (Aerosil 200, Degussa).

For samples prepared around pH 4, the XPS spec-
trum was fitted with two components (U 4f7/2): 382.2
and 383.3 eV (FWHM at 2.3 eV). For a sample pre-
pared at pH 6.4, the fit was completed considering
two components as well: the first value was located at
383.3 eV, while the second one at 381.8 eV, was rather
Fig. 5. U 4f XPS spectra (experimental and fit) of U(VI) sorbed onto Naemontmorillonite: [U(VI)]¼ 10�4 M, I¼ 0.1 M. (I) pH¼ 4.2 and (II)

pH¼ 5.9.
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different than the binding energy at 382.2 eV. This
result was interpreted as the formation of a new surface
species. Consequently, the LIFS and XPS results (three
sorbed uranyl species on silica, depending on the pH
value) were in very good agreement.

The identification of three surface complexes was
explained by taking into account the amount of dis-
solved silicates released by the silica ([Si]solution w
2� 10�3 M) [54,55]. According to the uranyl specia-
tion, the two surface complexes (65 ms; 382.2 eV) and
(180 ms; 383.3 eV) were tentatively attributed to the
sorption of the main aqueous species, UO2

2þ and
UO2H3SiO4

þ, onto silanol sites (Table 2). Moreover, as
the 170 ms value was allocated to the ^SiO2UO2 surface
species by Gabriel [54], the surface species (180 ms;
383.3 eV) was related to the sorption of UO2

2þ onto
silica. Finally, the third lifetime value (400 ms), only
observed for the higher pH values, was addressed to
the sorption of hydrolyzed uranyl species such as
(UO2)3(OH)5

þ for instance [56], according to Sylwester
et al. [22] who had shown, using XAS, the presence of
UeU backscattering in the case of U(VI) sorbed onto
silica at pH around 6.

3.2.1.3. Conclusion about U(VI) sorbed species on
montmorillonite. The identification was realized by
comparing the spectroscopic signals (LIFS and XPS)
obtained for the Naemontmorillonite (Table 1) with
those obtained for the reference solids (SiO2 and g-
alumina) (Table 2). It was verified that, for these three
systems, no precipitate was formed at high pH values
during the sorption process. The XPS measurements
did not give any evidence for the presence of neither
U(VI)-carbonate solids (C1s line) nor U(VI)-hydroxide
such as schœpite, for instance [16].

i) (10 ms; 383.7 eV): this species was only observed
at low pH values and for montmorillonite. This
value at 10 ms, which was close to the ones usually
measured for the uranyl ions in solution (between 2
and 10 ms), was attributed to the uranyl species

Table 2

Spectroscopic characteristics of U(VI) species sorbed onto silica and

alumina surfaces and corresponding attribution

Lifetime (ms)/binding

energy (eV)

Attribution of U(VI) sorbed

species

120/380.2 (UO2)x(OH)y
(2x�y)þ on Al2O3

45/381.8 UO2
2þ on Al2O3

400/381.8 (UO2)x(OH)y
(2x�y)þ on SiO2

65/382.2 UO2H3SiO4
þ on SiO2

180/383.3 UO2
2þ on SiO2
located in the exchange sites, where the metal
ion is surrounded by water molecules as an
outer-sphere complex [18]. Similar conclusion
had also been reported for other cations [57].
Moreover, this interpretation was supported by
the fact that the unusually high binding energy
(383.7 eV) was not observed on the reference sam-
ples, which indicated that this energy corresponded
to uranyl sorbed in the interlayer space of the clay,
as supported by other studies performed with
Eu(III) [17]. The spectroscopic parameters (10 ms;
383.7 eV) were then definitely attributed to the
uranyl ion sorbed in the interlayer space.

ii) (400 ms; 381.9 eV): this decay time value was
observed with silica for pH> 6, as well and the bind-
ing energy was close to the one measured for the
uranyl ion sorbed on silica (381.8 eV). Therefore,
it was concluded that these spectroscopic para-
meters corresponded to the U(VI) species (postu-
lated polynuclear one) sorbed onto ‘‘silanol’’ edge
sites of montmorillonite.

iii) (55 ms; 382.6 eV): these parameters were mea-
sured whatever the pH value of the suspension
above 4. Moreover, 55 ms was found to be very
close (within the uncertainties) to the values
obtained for the sorption of UO2

2þ onto alumina
(45 ms) and for the sorption of UO2H3SiO4

þ onto
silica (65 ms). As the quantity of the dissolved
silicates arising from the dissolution of montmoril-
lonite was around 1.5� 10�4 M in the experimental
conditions (ICP-AES measurements), the amount
of UO2H3SiO4

þ aqueous complex was less than
10%, in good agreement with the work of Wanner
et al. [58]. Consequently, the complexation of
U(VI) by silicates was negligible and therefore the
(55 ms; 382.6 eV) parameters were attributed to
the sorption of free uranyl ion onto ‘‘aluminol’’
edge sites.

iv) (190 ms): this value, observed whatever the pH
investigated (above 4), was very close to the one
attributed to the sorption of free UO2

2þ onto silica
(180 ms) and was attributed to the sorption of free
uranyl ion onto ‘‘silanol’’ edge sites of the clay.
This conclusion was supported by the work of
Hennig et al. [26] and Dähn et al. [59] who had
shown, using XAS, that ‘‘Al-edge site’’ sites were
active towards cations’ retention. However, as the
binding energy at 383.6 eV was correlated to the
lifetime at 10 ms, the binding energy located at
382.6 eV was interpreted as an average binding
energy value correlated to both species character-
ized by the decay times 55 and 190 ms.
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3.2.2. U(VI)/TiO2

Considering the crystallographic structure of rutile,
the (110) face presents a surface oxygen density around
6 atoms/nm2. Then, for the powder, the mass-over-
volume ratio being equal to 20 g/L ([U(VI)]ini.¼
10�4 M) the maximum surface coverage was 20% of
a monolayer. For the single crystals, an initial uranium
concentration as low as 10�7 M was considered to have
a similar surface coverage as for the powder. Moreover,
higher uranyl concentrations (10�4 and 10�2 M) were
also considered and in such cases the absence of
U(VI) precipitation was checked by AFM measure-
ments. No evidence for precipitation was found [40],
in agreement with previously published results obtained
using XAS [60]. To identify both sorption sites on the
oxide and uranyl surface complexes, LIFS spectroscopy
was performed for both single crystals and the
powder [40].

3.2.2.1. Powder. The uranium retention by rutile sur-
face was studied as a function of the pH of the suspen-
sion. Then, different samples corresponding to the
whole sorption edge were analyzed (pH ranged from
1 to 5).

The shape of the uranyl emission spectra was found
to be dramatically affected by the equilibrium pH
value (not shown here). Two series of emission bands
were clearly observed for all samples indicating the
presence of two uranium environments on the surface.
Moreover, the positions of the emission bands were
unchanged whatever the pH value (from 3 to 5), lead-
ing to conclude that the nature of the uranium surface
complexes did not depend on the uranyl speciation.
The relative intensity of the second series, denoted B
(498/519/542 nm), was found to increase as the sorbed
amount increased. While series B presented a low in-
tensity at low pH (relative to series A: 493/514/
537 nm), the respective intensities of both series
were quite similar for the highest sorbed amount.
These observations were corroborated by the lifetime
calculations. Whatever the equilibrium pH value, two
decay times were needed to properly fit the decay
curves (55 and 185 ms), which was another evidence
for the presence of two uranium surface complexes.
Additionally, time resolved experiments were carried
out and it was shown that the shorter lifetime (55 ms)
was correlated to series A while 185 ms was related
to series B.

Thus, the following spectroscopic characteristics
were proposed for the two uranium surface complexes:
493/514/537 nm, 55 ms for complex 1 and 498/519/
542 nm, 185 ms for complex 2 [40].
In order to understand deeper the reaction mecha-
nisms, complementary studies were carried out consid-
ering single crystals.

3.2.2.2. Rutile TiO2(110). Investigations were carried
out on three (110) single crystals on which uranium
ions had been sorbed at different initial concentrations
(10�7, 10�4 and 10�2 M) in order to check the effect
of the surface coverage. Fluorescence spectra exhibited
the same emission bands as the one observed for the
powders (Fig. 6): 493/514/537 nm (series A) and 498/
519/542 nm (series B). Nevertheless, while series A
was the most intense one for the lower concentrations
(Fig. 6b), series B became the more intense one for
[U(VI)]¼ 10�2 M (Fig. 6a). This observation led to
conclude that the same surface species were formed
for both experimental conditions and that only their re-
spective proportions were depending on the surface
coverage [40]. In addition, two associated decay time
values were found for both samples (55 and 185 ms),
which support the existence of two uranyl surface
complexes.

3.2.2.3. Identification of the U(VI) sorption species on
TiO2. The main assumption to interpret the sorption
mechanisms was that only the existing uranium species
in solution were expected to lead to the formation of
surface complexes. In perchlorate medium, only the
free uranyl species is present in solution until the pH
3.5 and remains the main one until pH 5. For the highest
pH values considered, some hydroxylated species are
present in solution such as UO2(OH)þ, (UO2)2(OH)2

2þ

and (UO2)3(OH)5
þ [61e64]. Whatever the equilibrium

pH value, the spectroscopic characteristics of the sorbed
uranium surface complexes were the same indicating
that their nature did not depend on the pH value (from
1 to 5). It was then concluded that the two observed sur-
face complexes involved the reaction of free uranyl ion
(UO2

2þ) with two different surface sites. To identify the
nature of both reactive surface sites, the results obtained
for rutile powder and single crystals were compared.

EXAFS results had already been published about the
U(VI)/TiO2(110) face and U(VI)/rutile powder, consid-
ering similar experimental conditions [60]. This study
had shown that uranyl ion was sorbed as a bidentate
inner-sphere complex (UeO¼ 2.31 Å for the (110)
orientation and 2.33 Å for the powder). Then, from
a crystallographic point of view, three kinds of surface
sites were postulated: bridgingebridging site (noted
bb), topetop site (noted tt) and a bridgingetop one
(noted bt), as shown in Fig. 1. Nevertheless, from the
spectroscopic investigation performed for both powder
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Fig. 6. Uranyl emission spectra of U(VI) sorbed onto the (110) rutile face for [U(VI)]¼ 10�2 M (a) and [U(VI)]¼ 10�4 M (b).
and (110) rutile, it was clear that only two of these three
sites were reactive towards the UO2

2þ ion.
The study of the rutile (111) brought further informa-

tion to discriminate between the different expected
surface sites. For this plane, the distance between two
top oxygen atoms is 5.46 Å, thus, the formation of one
uranyl bidentate surface complex with UeO distances
equal to 2.3 Å was impossible. Then, only the sorption
of uranyl ion onto bridgingebridging (bb) and bridginge
top (bt) oxygen atoms was expected, assuming that the
EXAFS results obtained for the (110) crystallographic
orientation were still valid for the (111) one. To verify
this assumption, LIFS experiments were performed on
the U(VI)/TiO2(111) system. It was demonstrated the
U(VI) surface complexes were the same (same spectro-
scopic parameters) for the (111) and (110) orientation,
validating the use of EXAFS results obtained for the
(110) crystallographic plane. Thus, the study of the
(111) crystallographic plane allowed one to conclude
about the nature of the reactive sites towards free uranyl
ion sorption onto TiO2(110) and rutile powder: one sur-
face site was composed of two bridging oxygen atoms
while a second one involved one bridging oxygen and
one top oxygen atom [40].

The spectroscopic investigation had also shown that
one of these sites was more reactive than the second one
for the lowest pH values. The last point was to deter-
mine which site was the more reactive one. Surface
second-harmonic generation (SSHG) study on the U(VI)/
TiO2(001) as a function of initial U(VI) concentration
was considered to answer this question [65]. It was
shown that, in agreement with GI-XAS experiments,
the SSHG signal can be interpreted by considering two
different sorption sites: the first one, the more reactive
one, was composed by two bridging oxygen atoms
(bb sites) while the second one, less reactive, was com-
posed by one bridging and one top oxygen atom
(bt sites). Some spectroscopic measurements were per-
formed considering the U(VI)/TiO2(001) system. All
the spectroscopic characteristics of the uranium(VI)
surface complexes were found to be identical to the
ones observed for the (110) crystallographic face. The
U(VI) surface environment was found to be identical
for (001) and (110) crystallographic faces, which justi-
fied the use of SSHG results obtained on (001) face to
interpret the (110) results, as previously shown for
cobalt on the same substrate [66].

The comparison of the results obtained for different
U(VI)/rutile systems has allowed one to definitely con-
clude about the nature of the uranium surface com-
plexes on the rutile powder as a function of the pH
value [40]. For pH corresponding to the bottom of the
sorption edge, free uranyl ion was found to react with
strong surface sites, which involved two bridging oxy-
gen atoms. Then, as the pH increased, another surface
species was formed arising from the reaction between
free uranyl ion and a weak surface site composed by
one bridging and one top oxygen atom.

3.3. Theoretical investigation of the uranyl ions’
interactions with TiO2(110)

The uranyl ion is known to be pentahydrated in aque-
ous solution while it sorbs as a bidentate complex with
an inner-sphere mechanism on the TiO2 rutile (110)
face with three water molecules to saturate its first
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hydration shell [60]. Calculations were first performed
on the hydrated uranyl ion with several numbers of
water molecules (up to six). Several structures with wa-
ter molecules in the first and in the second hydration
shell were considered [67]. For these calculations, the
molecular systems were placed in a (10 Å)3 cell with
a 2þ net charge. The pentahydrated structure was deter-
mined as the most stable one and the GGA optimized
parameters [d(U]O)¼ 1.78 Å, d(UeOwater)¼ 2.46 Å
and q(O]U]O)¼ 179.7�] [68] were in good agree-
ment with experimental data (1.77� 0.02 Å, 2.42�
0.02 Å and 180�, respectively) and previous theoretical
calculations (MP2: 1.77 Å, 2.46 Å, 180�, respectively)
[69,70].

Then, the rutile bulk parameters were calculated.
These first calculations were performed using different
sets of k-points and energy cutoff in order to optimize
them. The bulk rutile unit cell is tetragonal with
a¼ b¼ 4.587 Å, c¼ 2.954 Å, internal parameter
x¼ 0.305 and c/a¼ 0.644 [71]. The calculated parame-
ters (a¼ b¼ 4.649 Å, c¼ 2.972 Å, internal parameter
x¼ 0.304 and c/a¼ 0.640) were obtained with an opti-
mized 5� 5� 5 k-point mesh and a 350 eV energy cut-
off. They were in agreement with the experimental ones
as well as with previous theoretical works [72]. These
optimized bulk values were used to build starting sur-
face geometries.

In order to optimize a good model to mimic the real
TiO2(110) surface, the surface energies of different slab
thickness were calculated (from 1 to 15 layers) of the
dry TiO2 rutile (110) face (which means without termi-
nal oxygen atoms). Surface energies were calculated
using Eq. (1):

Esurf ¼
Eslab �ETiO2

NTiO2

2S
ð1Þ

where Eslab is the total energy of the supercell, ETiO2
the

reference energy for a TiO2 unit in bulk phase, NTiO2
the

number of TiO2 units in the supercell and S the surface
area of one side of the slab (the unit area being here
a
ffiffiffi
2
p

c). Here, a layer (L) was defined as a plane contain-
ing titanium and oxygen atoms, each separated by
a (ða

ffiffiffi
2
p
Þ=2) distance. All (110) surface energies were

obtained using a 3� 1� 5 k-point grid (the system
being a

ffiffiffi
2
p
ðnLþ vacuumÞc). In agreement with the cal-

culations of Bates et al. [73], it was determined that
a (a

ffiffiffi
2
p

) vacuum thickness is enough to neglect the in-
teraction between two neighbouring slabs. All atomic
positions were able to relax during these calculations.
As already noted by Bates et al. [73] and Bredow
et al. [74] the surface energy oscillates with the number
of layers used in the models. However, the amplitude of
these fluctuations decreased when the number of layers
increased. The convergence was reached (within 0.01
J/m2) from 10 layers systems. In order to decrease the
number of layers in the model, internal constraints
were added to model the bulk hardness: some of the
most internal layers of each considered slab were
frozen to atomic bulk positions. Following this study
a 5-layer system, with its most internal layer frozen to
bulk positions (noted here 5L_2), was chosen as an
accurate surface model to mimic the real TiO2(110) sur-
face [75].

However, due to the solvent interaction (water mol-
ecules) at the interface, a new surface oxygen species
was introduced on the top of each titanium atom (noted
Ot in Fig. 1) as previously observed by XPS measure-
ment. In addition, to simulate experimental low pH con-
ditions, each reactive surface oxygen species was
saturated with protons: all terminal (bridging) oxygen
atoms were saturated with two (one) protons. The sur-
face dimension of the supercell is 2a

ffiffiffi
2
p
� 3c equiva-

lent to 13.2� 8.9 Å2 (the total supercell contains up
to 200 atoms calculated at the G point). On this large
surface, the uranyl ion should not interact with its
images (d(UeU)min¼ 8.9 Å) in agreement with EXAFS
data where no uraniumeuranium interactions were
detected on the surface [60]. The first hydration sphere
of the uranyl ion was saturated with three water mole-
cules to keep its pentadentate equatorial structure. The
three structures displayed in Fig. 1 were optimised:
the bond lengths were compared to the EXAFS results
and the relative uranyl sorption energies were calcu-
lated (Table 3). The sorbed uranyl ion has been found
not linear contrary to the pentahydrated form as recently
calculated by Moskaleva et al. [76] on alumina surface.
This bending decreases the overlap between the ura-
nium atom and the two axial oxygen atoms leading to
a larger U]O bond length: the more the uranyl ion
was bended, the larger the U]O distances were. The

Table 3

Geometrical parameters associated to the three bidentate sorption

complexes (distances in Å, angles in degrees)

bb bt tt EXAFSc

U]O 1.92 1.90 1.86 1.78a� 0.02

O]U]O 167.0 172.4 176.1 180

UeOsurface 2.28a 2.21/2.28 2.17a 2.31a� 0.02

UeOwater 2.59a 2.62a 2.64a 2.46a� 0.02

Erelative 0.0b þ5.0b þ13.6b

The relative sorption energies are presented in kJ/mol.
a Average bond lengths.
b The bb structure is taken as reference energy.
c Ref. [60].
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easy bending of the uranyl ion was certainly related to
the low bending frequency calculated (between 100
and 180 cm�1 according to the exchange-correlation
functional used) [69,70]. Such a lengthening was also
partially due to the GGA formalism, which is known
to slightly overestimate the distances. The local density
approximation (LDA) leads to relatively shorter dis-
tances by up to 0.02 Å only. However, the GGA approx-
imation provides more accurate energy than the LDA
one for molecular species. The calculations have thus
been consistently performed in GGA. Furthermore,
the UeOwater distance overestimation (w0.15 Å) was
interpreted as a lack of the solvent effects. Finally, look-
ing at the UeOsurface distances, the EXAFS average dis-
tance (obtained from the two UeOsurface bonds:
2.31� 0.02 Å), was found to be consistent with the cal-
culated average distances of the bb and the bt structures
(2.28 and 2.25 Å, respectively). Regarding the relative
sorption energies of the uranyl ion, it appeared that
the bb and the bt structures were the most stable ones.
The third structure, the tt one, was 13.6 kJ/mol less sta-
ble than the bt one, which agreed with the previous
experimental results: only two uranyl surface complexes
were observed (on bb and bt sites) [68]. Finally, even if
the two most stable surface complexes were close in
energy, the uranyl sorption, on the bb site, corresponded
to the most stable structure, which also agreed with the
experimental data [40].

3.4. Surface complexation modeling

The spectroscopic results were used as experimental
constraints for the thermodynamic modeling of the
sorption edges (montmorillonite and titania) in order
to calculate the thermodynamic constants associated
to the sorption equilibria. A multisite surface complex-
ation model was considered. The modeling was realized
using the constant capacitance model included in the
FITEQL3.2 code [51].

3.4.1. U(VI)/montmorillonite
As many XAS investigations had shown that uranyl

was sorbed onto several mineral substrates as bidentate
surface complexes [60,77e79] as well as for montmo-
rillonite [26], the formation of monodentate surface
complexes was excluded. The hydrolysis and aqueous
complexation constants used to account for uranyl
chemistry were those reported by Grenthe et al.
[61,62] and Moll et al. [80] for uranyl complexation
with silicic acid. The surface characteristics of the
Naemontmorillonite had been described in the litera-
ture for experimental conditions close to the ones
considered here (Table 4) and also by using the same
surface complexation model (Constant Capacitance
Model) [37,81]. The inner-layer capacitance value con-
sidered in the simulations (1 F/m2) was in the range of
the empirical values commonly used for the oxide-like
minerals [82]. This value was kept constant, which ap-
peared as a reasonable assumption since the variation of
the ionic strength for the sorption edges was only from
0.1 to 0.5 M. The best fits were obtained considering the
following sorption equilibria [16]:

2^XNaþUO2þ
2 !

Kexch: ð^XÞ2UO2þ 2Naþ

^AlðOHÞ2þUO2þ
2 !

KAl

^AlðOHÞ2UO2þ
2

^SiðOHÞ2 þUO2þ
2 !

KSi1

^SiO2UO2þ 2Hþ

^SiðOHÞ2 þ 3UO2þ
2

þ 5H2O!
KSi2

^SiO2ðUO2Þ3ðOHÞ�5þ7Hþ

The calculated constants, corrected to zero ionic
strength (Davies equation), were found to be as follows:

log K0
exch ¼ 3:0� 0:5 log K0

Al ¼ 14:9� 0:2 log K0
Si1

¼�3:8� 0:2 log K0
Si2 ¼�20:0� 0:1

The same set of surface complexation constants was
able to successfully account for all the different sorption
conditions, various ionic strengths and uranium concen-
trations (Fig. 3). Moreover, the surface species reparti-
tion diagrams (Fig. 3) were found to be in quite good
agreement with the structural results: for example, three
surface species at pH values ranging from 4 to 5.

3.4.2. U(VI)/TiO2

The U(VI)/titanium dioxide system was successfully
fitted considering all the spectroscopic constraints and
the surface acidity constants determined from the
MUSIC approach [47]. The following equilibria were
considered (Ti(1)O denotes top oxygen atoms, and
Ti(2)O refers to bridging ones):

2Tið2ÞOHdþ!
Kbb ��

Tið2ÞO
�

2
UO2

�d00þþ2Hþ

Table 4

Acidebase surface reactions and associated constants for montmoril-

lonite (at zero ionic strength)

Acidebase equilibria log K

^AlðOHÞ!^AlO� þ Hþ �9.4

^AlðOHÞ þ Hþ!^AlOHþ2 7.9

^SiðOHÞ!^SiO� þ Hþ �7.8

^XNaþ Hþ!^XHþ Naþ 1.0
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Tið1ÞOHd� þTið2ÞOHdþ!
Kbt

��
Tið1ÞO

��
Tið2ÞOÞUO2

�d0þþ2Hþ

The intrinsic sorption constants for both experimen-
tally identified surface species were found to be equal or
close whatever the crystallographic face considered:
log Kbb z 3.5 for the sorption of uranyl ion onto bridg-
ingebridging sites and bridgingetop sites for both
(110) and (100) crystallographic orientations;
log Kbt z 1.3 for the sorption of uranyl ion onto bridg-
ingebridging sites and bridgingetop sites for the (101)
crystallographic orientation. Nevertheless, the surface
species repartition calculated showed that the bridg-
ingebridging U(VI) surface complexes were found to
be the main ones for low pH values while for higher
pH (above 4) the bridgingetop complexes became the
major ones.

4. Conclusion

An accurate description of the mechanisms
involved at the solid/solution interface is of funda-
mental interest, especially in the field of radioactive
wastes’ storage. Indeed, sorption/desorption phenom-
ena of radionuclides mainly govern their migration
in the geosphere. Moreover, their quantification and
qualification are of primary importance. Therefore,
a molecular approach was developed in order to
experimentally determine all the components involved
in the radionuclides’ retention process. Then, the cou-
pling of complementary spectroscopic techniques
such as laser-induced fluorescence, X-ray photoelec-
tron spectroscopy, surface second-harmonic genera-
tion and X-ray absorption spectroscopy constitute
very powerful tools to reach that goal. Additionally,
quantum chemistry calculations have to be considered
as well in order to provide support to the experimen-
tal results in order to get a deeper understanding of
the nature of the bound between the sorbed metal
ion and the mineral surface. Two examples were con-
sidered to illustrate this approach: a clay mineral, rel-
evant for nuclear waste storage and a titanium dioxide
as methodological solid.

The clay mineral under interest was the Nae
montmorillonite. Nevertheless, since this material is
rather complex because it presents several types of
expected sorption sites, the use of reference solids
(alumina and silica) seen as the ‘‘basic structural units’’
of the clay was necessary to unambiguously identify the
U(VI) sorption mechanisms on this substrate. It was
shown that for low pH values (under 4) the U(VI)
retention involves the formation of an outer-sphere
complex in the interlayer space of the clay. Moreover,
for higher pH values, additional sorbed species were
identified, involving the formation of inner-sphere sur-
face complexes. It was shown that in this experimental
conditions the U(VI) retention occurs via the sorption
onto both ‘‘Al-edge site’’ and ‘‘Si-edge site’’ of the
clay. Finally, the spectroscopic investigation has al-
lowed as well to determine the U(VI) surface species
repartition versus pH of the suspension. Then, the fitting
of the macroscopic retention data was successfully
completed on the basis of all the experimental con-
straints for a wide range of pH and ionic strength
conditions, using a surface complexation model. This
point is particularly interesting since it is possible to
account for retention data obtained for very low metal-
lic cation concentrations (10�7 M) where spectroscopic
techniques are not sensitive enough. It is then possible
to conclude that the mechanisms identified for rather
high cation concentrations (10�4 to 10�3 M) are still
valid at lower concentrations.

The second system considered, as illustrative
purpose, was the U(VI)/TiO2. Rutile titanium dioxide
is an interesting candidate as a methodological sub-
strate, since it can be found under both powder and sin-
gle crystal forms. Thus, it allows one to study the
retention mechanisms on perfectly defined surfaces.
Four spectroscopic techniques were carried out on this
system. It was found that two kinds of surface oxygen
atoms are active towards U(VI) retention on titania:
two-fold (bridging) and single-fold (top) surface oxy-
gen atoms. Moreover, it was clearly demonstrated that
the U(VI) retention mainly involved the sorption of
the cation, as a bidentate surface complex, on two bridg-
ing oxygen atoms for pH lower than 4 while the sorption
of U(VI) onto one top and one bridging oxygen atom
mainly account for the macroscopic retention data for
higher pH values. Quantum chemistry calculations
were performed to study the interaction between uranyl
ion and the TiO2(110) face. The theoretical results are in
perfect agreement with the experimental ones. More-
over, the MUSIC model was used to quantify the sur-
face acidity constants of the substrate. Then, the
modeling of the potentiometric titration curves was
completed considering a surface complexation model.
Finally, the macroscopic retention data were success-
fully modeled.

Thus, all the approaches, presented in this review,
have allowed one to strongly reduce the number of
adjustable parameters for the data fitting procedure
and have led to quantify the sorption constants on
the basis of experimental and theoretical constraints.
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The obtained values are then more reliable and can be
safely used directly for geochemical transport codes.
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