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405, rue de Vandceuvre, 54600 Villers-les-Nancy, France

Received 18 September 2006; accepted after revision 19 January 2007

Available online 11 April 2007

Abstract

The sorption of europium(III) species from EuCl3 solution at pH¼ 5.4 onto dickite particles is investigated using spectroscopic
methods. Thanks to the neutrality of phyllosilicate sheets of dickite, cation exchange is prevented. X-ray photoelectron spectros-
copy reveals that chloride atoms probably remain in the ligand sphere of the europium(III) cation. The edge site-specific reactivity
is evidenced by epifluorescence microscopy and Raman spectroscopy. Comparison between dickite/europium(III) samples rinsed
or not with distilled water shows that the surface processes not only involve inner-sphere complex formation, but also either outer-
sphere complex or surface precipitation. Raman spectra also indicate that europium(III) surface complexes are preferentially
localised at the edge of tetrahedral silica sheets. To cite this article: S. Cremel et al., C. R. Chimie 10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

La sorption du cation Eu(III), à partir de solutions d’EuCl3 à pH¼ 5,4, sur des particules de dickite est étudiée grâce à l’emploi
de techniques spectroscopiques. Les particules de dickite ne donnent pas lieu à des processus d’échange d’ions, du fait de la neu-
tralité des feuillets d’alumino-silicate. La spectroscopie de photoélectrons X révèle la présence probable d’atomes de chlore dans la
sphère de coordination du cation Eu(III). La réactivité particulière des bords de feuillets est mise en évidence par microscopie d’épi-
fluorescence et spectroscopie Raman. Une comparaison entre des échantillons sorbés rincés ou non à l’eau distillée indique que les
processus de surface impliquent la formation de complexes de sphère interne, mais également, soit la formation de complexes de
sphère externe, soit un phénomène de précipitation de surface. La spectroscopie Raman semble également montrer que les com-
plexes de surface obtenus sont plus en interaction avec le bord des feuillets de silicate qu’avec les feuillets d’aluminate. Pour citer
cet article : S. Cremel 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 migration of radionuclides in the environment is
an important issue in the context of radioactive waste
disposal [1e4]. Interaction between actinide elements
and soil minerals can stem from several physico-chem-
ical processes: for instance, sorption/desorption, precip-
itation or surface chemistry such as oxido-reduction
processes. Therefore, a comprehensive view of the pos-
sible interactions between minerals and radionuclide el-
ements is of strategic importance [5e15]. The inorganic
portion of soils varies a lot but often contains an impor-
tant part of clay minerals. Clay particles exhibit strong
surface reactivity and play a key role in the mobility or
retention of radionuclide contaminants [1e6]. The sur-
face chemistry of layered alumino-silicates in aqueous
solutions is rich due to the hydroxylated interlayer sur-
faces. Understanding the sorption of cationic contami-
nants on clay minerals is essential to assess the risk of
nuclear waste ground storage and requires to obtain
information at a molecular scale. In the present work,
dickite was chosen as a reference compound for layered
alumino-silicate. Dickite is a polymorph of the kaolinite
group that is found in a wide range of geological envi-
ronment. Dickite has a 1:1 dioctahedral structure [16e
25]. One layer is formed by a tetrahedral (T) Si2O5

silicate sheet bound to an octahedral (O) gibbsite-like
Al(OH)3 sheet by apical oxygen atoms. One third of
all possible octahedral central positions are vacant,
which leads to octahedral cavities. Each layer is
bounded to its neighbouring layers by strong hydrogen
bonds between the hydroxylated gibbsite-like sheet and
the silicate sheet in a TOeTO arrangement. One advan-
tage of dickite is that no interlayer cation is required to
balance electrostatic charges, preventing cation
exchange [16e18]. Interlayer intercalation has been
evidenced for several organic molecules such as
formamide [19] or dimethylsulfoxide [20]. For trivalent
cation, only one case in the literature reports on the sub-
stitution of Al3þ by Cr3þ in a natural sample of dickite
(Nowa Ruda, Lower Silesia, Poland), but no intercala-
tion [21]. Intercalation of trivalent cations seems to be
very unlikely for dickite minerals and can thus be rea-
sonably ruled out. The study is thus simplified and inter-
actions between dickite particles and cations only
involve sorption/desorption or surface precipitation
processes.

The europium(III) cation was chosen as an analogue
to model the behaviour of trivalent actinides [3e15]. It
is easy to handle and presents the interesting property to
be luminescent under proper light excitation. The lumi-
nescence spectral features are very sensitive to the local
environment and symmetry surrounding the cation
[26e32], making Eu3þ a good probe of the sorption
sites. The aim of the present study is to supplement
the information traditionally obtained by analysing the
solution that contains the cation. In these latter investi-
gations, cation concentration can be low (typically,
10�6e10�4 mol L�1) and sorption isotherms can be in-
vestigated depending on the physico-chemical parame-
ters of the solution (pH, initial cation concentration,
etc.) [1,8,10e12,15]. However, the solid phase also pro-
vides interesting information on sorption sites, surface
complexes and precipitation states. Spectroscopic
methods are well adapted to question the solid phase
with a minimum of perturbation [4]. However, due to
their low sensitivity, they often require high surface
concentration of cations to be deposited on solid parti-
cles, which compels to make sorption experiments with
rather high cation concentrations in solution (10�3 or
10�2 mol L�1 typically). The present work is devoted
to the spectroscopic investigations of dickite particles
after a contact time with a solution containing 10�2

mol L�1 of Eu3þ. Interaction between a well-defined
clay mineral and Eu3þ species constitutes a reference
system that could be generalized to give some insight
into the sorption behaviour of trivalent actinides on
layered alumino-silicates. The spectroscopic methods
are employed to question the system at a molecular
scale. The challenge is to locate the sorption sites
and identify the various surface processes that may be
concerned.

2. Materials and methods

The dickite powder was given by Dr. Mohamed
Zamama (‘‘Laboratoire de spectroscopie moléculaire,
faculté des sciences’’, Marrakech, Morocco) and comes
from Genesse Tunnel, Red Mountains, Ouray, Colorado
(USA). X-ray diffraction (XRD) has already been per-
formed on this sample and revealed a well-crystallised
sample [19]. The specific surface area of the sample
was determined by a dynamic BET technique using
N2 adsorption at 77 K (Coulter SA3100) and was mea-
sured at 0.3 m2 g�1. Pristine particles were analysed us-
ing a Phillips XL30 scanning electron microscope
(SEM). Fig. 1 shows a SEM image of the dickite sam-
ple. It is composed of almost hexagonal particles with
diameters in the range of 20e50 mm. Particles are
stacked in a bookshelf-like structure showing basal
planes (i.e. (001) crystallographic planes) and edge
planes (for instance, (010) planes). This stacking of
dickite particles can be responsible for the rather low
specific area measured by N2 adsorption on the pristine
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sample. The sample is clear white, no trace of iron con-
tamination is visible and XPS analysis confirmed the
good level of purity of the dickite particles (see below).

The sorption protocol consisted in immersing
100 mg of dickite powder in 2 mL of a 10�2 mol L�1

solution of Eu3þ (made by dissolving anhydrous
EuCl3 salt) at pH¼ 5.4 and at room temperature
(22 �C in an air-conditioned room). At pH¼ 5.4, Eu
(III) is totally under the cationic Eu3þ form [1e15].
The ionic strength was not imposed by a background
salt to avoid any sorption competition with europium
cations. Using the specific area of 0.3 m2 g�1 deter-
mined by N2 adsorption on pristine dickite sample
and assuming a sorption site density of 5 sites/nm2

(which is very high and certainly over-estimated), our
working conditions assure that site saturation by euro-
pium cations and consequently thermodynamic equilib-
rium with the solution are reached. The sample was
gently stirred during 72 h in closed flasks to avoid car-
bonate contamination. In a first experiment, the dickite
powder was collected by filtration, dispersed on a glass
cover slide and the residual solution was let to be evap-
orated at room temperature. This sample will be la-
belled SE (Sorbed, Evaporated) in the rest of the
article. A second experiment was performed by separat-
ing the dickite particles from the europium solution us-
ing centrifugation at 3000g during 10 min, rinsing with
2 mL of distilled water, then centrifuging again and col-
lecting the solid phase in a PET tube. The residual water

Fig. 1. SEM image of the dickite hexagonal particles showing basal

and edge planes.
was let to be evaporated at room temperature during one
day. This sample will be labelled SC (Sorbed, Centri-
fuged) in the rest of the article. The reference sample
was the hydrated dickite powder deposited on a glass
slide. Samples were then analysed using Raman, lumi-
nescence, and X-ray photoelectron spectroscopies.

Raman confocal spectroscopy was performed using
a 514-nm argon laser excitation to avoid europium excita-
tion and luminescence. The Olympus BX41 confocal
microscope coupled with a Jobin-Yvon T64000 spectrom-
eter was used; the detector was a nitrogen-cooled CCD
camera. Particles were deposited on a glass capillary
tube mounted on a goniometer to control their orientation.
Polarization of the excitation and analysed beams was
controlled by dichroic sheet polarizers. Confocal lumines-
cence spectroscopy used the same apparatus, but the exci-
tation wavelength was set to the 458-nm argon laser line to
excite Eu3þ cations. It was checked that pristine dickite
particles were not luminescent. The spectral resolution
for wavelength measurement was better than 0.1 nm.

Epifluorescence microscopy was performed on an
Olympus BX51 system using a ViewColor III colour
CCD camera. The 365-nm mercury line of the excita-
tion lamp was selected with appropriate filter, and lumi-
nescence of europium cations was recorded above
430 nm to collect the maximum of emitted light.

The XPS analyses were carried out with a Kratos
Axis Ultra (Kratos Analytical, UK) spectrometer with
a hemispherical energy analyser using a monochromatic
Al Ka source (1486.6 eV). As the delay-line detector
allows a high count rate, the power applied to the X-
ray anode was reduced to 90 W so that the possible
X-ray induced degradation of the sample was mini-
mised. The instrument work function was calibrated
to give a binding energy (BE) of 83.96 eV for the Au
4f7/2 line for metallic gold and the spectrometer disper-
sion was adjusted to give a BE of 932.62 eV for Cu 2p3/2

line for metallic copper. The samples were attached to
the sample holder and then evacuated overnight prior
to analyses. The pressure in the analysis chamber during
XPS analysis was in the low 10�9 mbar range. All spec-
tra were recorded at a 90� take-off angle, the analysed
area being currently a spot of about 700-mm width,
but when necessary the analysed area was reduced to
a spot of about 27-mm width. Survey spectra were
recorded with 1.0-eV step and 160-eV analyser pass
energy and the high-resolution regions with 0.05-eV
step and 20-eV pass energy (instrumental resolution
was around 0.4 eV). In both cases the hybrid lens
mode was employed. Spectra were analysed using the
Vision software from Kratos (Vision 2.2.0). A Shirley
baseline was used for background subtraction.
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3. Results and discussion

3.1. X-ray photoelectron spectra

Fig. 2 reports the XPS survey spectra of pristine
dickite and SE sample particles (the same spectral fea-
tures were obtained for SC sample). Table 1 collects
atomic concentrations of the detected elements. Taking
into account the atomic concentration of O, Al and Si
atoms, results for pristine dickite sample lead to the fol-
lowing relative concentrations: O (70%), Al (12%) and
Si (18%). The atomic formula of dickite is Al2-

Si2O5(OH)4, which gives O (69.24%), Al¼ Si
(15.38%). The slight difference between the measured
values and the expected stoichiometric composition
might come from either a low amount of impurities at
the surface of dickite particles or a surface Si enrich-
ment associated with SiO4 terminal sheets of the parti-
cles. Indeed, XPS experiments have detected Zn, Na,
and K species in very small amounts, but no iron impu-
rity (Table 1). When Eu3þ cation is sorbed on dickite,
the XPS spectrum reveals the characteristic doublet of
Eu 3d levels (Fig. 2b). The Eu 3d5/2 peak is found at
1125 eV (Table 1), in agreement with the value for Eu
(III) sorbed species [4,33,34]. Furthermore, one should
notice that sorption experiments make the impurities to
vanish, which indicates that these impurities were cer-
tainly present at the surface of dickite particles and
not incorporated in the bulk. The spectrum also indi-
cates the presence of chloride, on SE and SC samples
as well. This may come from the surface precipitation
of EuCl3 or a surface complex (either inner- or outer-
sphere) of Eu3þ that includes chloride anions in the
ligand sphere. Table 1 shows that the rinsing with water
made before the centrifugation step reduces the amount
of Eu3þ and Cl�. This could indicate that centrifuging
and rinsing with water can wash a surface precipitate.
Note that ‘‘surface precipitate’’ is used in the context
of this study to indicate a deposition of a solid phase
due to water evaporation. However, when calculating
the possible amount of (EuCl3$nH2O) precipitate (using
the stoichiometry of 3 Cl atoms for 1 Eu atom and the
atomic concentrations of Table 1), it appears that less
than 12% of the total number of Eu3þ cations can be in-
volved in the precipitation process for the SE sample,
and less than 14% for the SC sample. Consequently,
a majority of europium cations are sorbed on dickite
particles with less than three chloride atoms in the
ligand sphere. It is tempting to postulate that surface
precipitation is almost negligible in our working condi-
tions, but caution is required. As shown below by epi-
fluorescence microscopy, edges of dickite particles are
Fig. 2. Typical XPS survey spectra of (a) pristine dickite and (b) the

dickite/Eu3þ SE sample.
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Table 1

Atomic concentrations on the surface of dickite particles before and after contact with EuCl3 solutions (pH¼ 5.4, 72 h contact time,

[Eu3þ]¼ 10�2 mol L�1) determined by XPS

Pristine dickite SE sample (no centrifugation) SC sample (with centrifugation)

BE (eV) Atomic concentration (%) BE (eV) Atomic concentration (%) BE (eV) Atomic concentration (%)

Eu 3d5/2 � � 1134.8 2 1135.2 0.8

Na 1s 1071.9 0.3 � � � �
Zn 3p3/2 1022.1 0.3 � � � �
O 1s 531.7 55 531.8 49 531.8 46

N 1s 399.9 1 399.8 1 399.8 1

C 1s 284.6 20 284.6 26 284.6 31

K 2p 293.3 0.3 � � � �
Cl 2p � � 198.2 0.8 198.2 0.3

Si 2p 102.7 14 102.6 10 102.6 11

Al 2p 74.3 9 74.2 11 74.2 10

Binding energies are given at �0.2 eV.
mainly involved in the surface processes and the spec-
tral resolution of the XPS apparatus is limited to
w27 mm. This resolution is not sufficient to separate
the respective contributions of basal and edge planes.
Consequently, surface precipitation localised on edge
planes cannot be excluded by XPS experiments. The
second hypothesis to explain the decrease of europium
and chloride amounts on particles after rinsing with wa-
ter (SC sample) invokes a washing of outer-sphere com-
plexes that are less efficiently bounded to the surface of
dickite. Other spectroscopic methods are required to try
to rule out the precipitation hypothesis or the outer-
sphere complex formation.

3.2. Luminescence experiments

The luminescence of Eu3þ cation comes from fef
electronic transitions. Due to the shielding of the 4f
electrons by 5s and 5p electrons, the electronic transi-
tions are almost the same for free Eu3þ and Eu3þ incor-
porated into host matrices or sorbed on surfaces [26e29].
Large spineorbit coupling significantly splits the
manifold of the 4f orbitals. The electronic levels of
the Eu3þ cation are generally designated using the
RusselleSanders coupling scheme notation, as usual in
the literature [26e29]. The lowest electronic levels are
the 7Fj (j¼ 0e4) levels, the degeneracy of the levels
given by 2jþ 1. The energies brought about by light ir-
radiation at 365 nm (for epifluorescence microscopy)
and 458 nm (for luminescence spectroscopy) excite
Eu3þ to high energetic levels. Next, internal conversion
occurs and the luminescence emission comes from the
5D0 level to the 7Fj (j¼ 0e4) levels. These transitions
are parity forbidden but the ligand field can relax this
constraint when Eu3þ is sorbed on a solid surface
[27,28]. The 5D0 / 7F2 transition is said to be
‘‘hypersensitive’’ to the environment since its intensity
strongly depends on the site symmetry around the
Eu3þ cation [26e29].

Fig. 3 shows the luminescence observed through
a �100 microscope objective after exciting dickite par-
ticles from the SE and SC samples. The excitation
wavelength was the 365-nm emission line of a HBO
lamp selected with an appropriate filter. The lumines-
cence was observed above 430 nm. The image clearly
shows that luminescence is mainly emitted by Eu3þ cat-
ions sorbed or precipitated on the edge planes of parti-
cles. The exposure time for the SC sample is one order
of magnitude longer than for the SE sample in epifluor-
escence microscopy, whereas XPS spectra have indi-
cated that Eu(III) surface concentration is only about
three times lower for SC sample. This suggests a partial
change of the Eu3þ environment that would decrease
the luminescence quantum yield of the cations in the
SC sample. For the two samples, basal planes are almost
non-luminescent, contrary to edge planes. It is very un-
likely that Eu3þ cations were sorbed on basal planes but
gave rise to almost no luminescence. One can reason-
ably conclude that Eu3þ is preferentially present on
edge planes of dickite particles, either in a sorption or
a precipitation state. In order to try to separate these
two processes, luminescence spectroscopy was per-
formed using a confocal microscope to obtain spectral
information at the adequate spatial resolution.

Fig. 4 reports the 5D0 / 7F2 luminescence spectra
obtained after exciting particles of the SE or SC samples
with the 458-nm argon laser line. One should note that
the 5D0 / 7F1 emission band was very weak for the two
samples, and its structure could not be determined due
to a low signal-to-noise ratio. That is why Fig. 4 only
reports the 5D0 / 7F2 emissive band. For the SE
sample, basal planes are featured by a 3-band emission



1055S. Cremel et al. / C. R. Chimie 10 (2007) 1050e1059
spectrum with a maximum emission wavelength at
612.5 nm, and two broad bands around 614 and
619 nm. When this sample is rinsed with a flow of dis-
tilled water, the luminescence peak centred at
612.5 nm disappears, a very broad luminescence band
is obtained and the luminescence quantum yield
strongly decreases, hence the need to multiply the spec-
trum intensity by eight times in Fig. 4a. Finally, the basal
planes for SC sample give no luminescence at all. Turn-
ing to edge planes, the SE sample leads to an emission
spectrum featured by three main peaks at 612.8, 613.6,
and 618.3 nm, superimposed on a broad background
that gives a shoulder around 620 nm. The SC sample
gives rise to a broad luminescence emission band

Fig. 3. Epifluorescence microscopy of dickite particles after a 72-h

contact time with a solution containing EuCl3 at 10�2 mol L�1, and

pH¼ 5.4. Excitation wavelength 365 nm, fluorescence detected

above 420 nm. (a) SE sample, exposure time 750 ms; (b) SC sample,

exposure time 10 s.
centred around 615e616 nm and a weak band around
610 nm. The luminescence quantum yield is also lower
than for the SE sample (the spectrum has been multi-
plied six times in Fig. 4b).

Luminescence emission measurements performed
on hydrated EuCl3 crystals have shown very similar
peaks to those at 612.4 nm in Fig. 4a and at 612.8,
613.6 and 618.3 nm in Fig. 4b (data not shown), de-
pending on the hydration state of the crystals. This sug-
gests that EuCl3 is present at the surface of the SE
sample, with different states of hydration on basal and
edge planes. The 5D0 / 7F2 band for the SE sample
presents three well-resolved peaks in the case of edge
planes, which agrees well with a high crystal field for
Eu(III) species in a solid state [26e32]. Since the
5D0 / 7F1 band is poorly observed, the site symmetry
of europium should be very low within this precipitated
phase. This may come from the local hydration states of
the precipitate. The SC sample shows a broad emission
band with a considerable decrease of luminescence
quantum yield, and the peaks observed with the SE

605 610 615 620 625 630
0

200

400

600

800

F
l
u

o
r
e
s
c
e
n

c
e
 
i
n

t
e
n

s
i
t
y
 
(
c
o

u
n

t
s
)

wavelength (nm)

Basal Planes

605 610 615 620 625 630
0

200

400

600

800

F
l
u

o
r
e
s
c
e
n

c
e
 
i
n

t
e
n

s
i
t
y
 
(
c
o

u
n

t
s
)

wavelength (nm)

SE sample
SC sample

x6

x8

Edge Planes

SE sample
SE sample rinsed with water
SC sample

(b)

(a)

Fig. 4. The 5D0 / 7F2 luminescence spectra of the dickite/Eu3þ

samples. Excitation with the 458-nm argon laser line.



1056 S. Cremel et al. / C. R. Chimie 10 (2007) 1050e1059
sample have disappeared. The lack of emission struc-
ture indicates a very low symmetry around Eu(III) cat-
ions or a broad distribution of complexes with different
ligand spheres [26,28]. Luminescence spectroscopy thus
gives a good hint that the main difference observed be-
tween the SE and SC samples comes from a washing
of the surface precipitate, letting surface complexes at
the edge sites of dickite particles. These surface
complexes have chloride atoms in the ligand sphere of
Eu(III) cations. This interpretation is coherent with
XPS and epifluorescence results.

3.3. Raman spectroscopy

Raman spectroscopy has been used to study the sur-
face chemistry of the kaolinite group minerals [16e18].
The stretching of the OH hydroxyl groups of dickite or
kaolinite are Raman active and interaction between OH
groups and cations can be detected following the
change of Raman intensity and wavenumber. Important
structural information can thus be obtained after sorp-
tion of cations on dickite. The hydroxyl groups of the
octahedral cage of dickite are indicated in Fig. 5,

OH1

OH2 OH4

OH3

OH1

OH2

OH4

OH3

Al
6

sheet

SiO
4

sheet

Fig. 5. The octahedral cage of dickite and the numbering of the

hydroxyl groups.
following the notation of Johnston et al. [17]. OH1
tags the less accessible hydroxyl groups that are some-
times designated as ‘‘inner-hydroxyl groups’’ [18]. The
three other groups are more or less engaged in hydrogen
bonds with the neighbouring upper layer and are desig-
nated as ‘‘outer-hydroxyl groups’’. These three OH
groups are the more accessible considering the basal
plane (001) of dickite. Note, however, that inner groups
OH1 can be accessible if the surface chemistry of the
lateral planes is considered. In that case, the crystal
structure is truncated and the octahedral cage cut
through various crystallographic planes, which may ex-
pose the OH1 groups. Raman spectroscopy of dickite
was subjected to several complementary studies in the
literature, both experimental and theoretical [16e25].
Nowadays, a rather comprehensive explanation is avail-
able for the interpretation of the spectra in the OH-
stretching region (i.e. 3600e3750 cm�1 for dickite).
The vibrational scheme strongly depends on the polari-
zation of the incident laser electric field and the relative
orientation of dickite particles towards this field. Fig. 6
reports the Raman spectra of well-oriented pristine
dickite particles in the hydroxyl stretching region. The
spectra perfectly agree with those previously reported
in the literature [16e18] and the attribution of the vibra-
tional modes can be confidently performed, as indicated
in Fig. 6. The band observed at 3624e3627 cm�1 is
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attributed to the OH1 stretching mode. At 3645 and
3656 cm�1 are, respectively, collected the in-phase
TO and LO phonons of the coupled OH2 and OH4
stretching modes [18], the mode at 3645 cm�1 being
the predominant one in the ðbc0c0bÞ spectrum. Finally
the OH3 stretching mode is measured at 3708e
3712 cm�1.

Fig. 7 compares the Raman spectra of pristine dickite
and SC sample oriented particles, both in the OH-
stretching region and in the low-wavenumber region
(below 1200 cm�1). This latter region was less investi-
gated in the literature but can bring about supplemental
information concerning the actual structure of surface
complexes. Note that in the present study, particles
before and after europium sorption were rigorously ori-
ented to avoid any artefact coming from a slight tilt to-
wards the electric field of the incident laser radiation. It
ensures that the spectral changes noticeable in Fig. 7 are
the sole consequence of europium sorption. The SE
sample was not investigated by Raman spectroscopy
to avoid spectral changes coming from surface precipi-
tates. For basal crystallographic planes, there were
almost no spectral changes between pristine particles
and sorbed SC sample (data not shown). As a conse-
quence, Fig. 7 only reports several spectra monitored
at the (010) edge planes of particles, where epifluores-
cence microscopy and luminescence spectroscopy
have evidenced europium sorption.

Fig. 7 indicates that OH-stretching modes are
slightly affected by europium sorption. The changes
mainly concern the relative intensity of the OH2,
OH4 and OH3 stretching modes. For the ðbc0c0bÞ spec-
trum, a new shoulder was found near 3695 cm�1. This
observation was reproducible but the intensity of this
new vibrational mode considerably changed from one
sorbed particle to another. This new mode might
come from OH3 groups directly engaged in the ligand
sphere of Eu(III) cation for inner-sphere surface com-
plexes. The balance between outer- and inner-sphere
complexes may vary from one particle to another,
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Fig. 7. Raman spectra for pristine dickite and dickite/Eu3þ SC sample. Orientation and polarization are indicated following the Porto notation
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depending on the presence of heterogeneities such as
defects, crystallographic edges, etc. That would ex-
plain the change of this band intensity depending on
the particle under investigation. The structural lattice
modes in the baab spectra of Fig. 7 also bring about in-
teresting information concerning the localisation of
sorbed europium species. The bands at 411, 420, 437
and 462 cm�1 are all relevant to the n2ðeÞ and n4ðf2Þ
vibrational modes of SiO4 tetrahedrons [16]. These
modes are affected by europium sorption, whereas
the mode at 200 cm�1, attributed to the n2ðeÞ vibra-
tional mode of AlO6 octahedron [16], seems to remain
unaffected. Other spectral changes are observed at 794
and 916 cm�1, which are attributed to the OH transla-
tion and libration modes [16].

These facts confirm the presence of inner-sphere
complexes of europium species at the edge planes of
dickite particles for the SC sample. They suggest that
hydroxyl groups are involved in these inner-sphere
complexes and that europium species disturb more the
SiO4 tetrahedrons than the AlO6 octahedrons. The re-
sults also confirm the crucial importance of edge site
for the sorption and/or surface precipitation phenome-
non [35e40]. This distinctiveness of edge sites arises
from the cut of the crystallographic lattice and the cor-
responding creation of accessible hydroxyl groups and
change of protonation state of lateral oxygen atoms
[35,36]. Any surface complexation model should then
explicitly incorporate the reactive area formed by
edge planes of clay minerals [37].

4. Conclusion

The specific reactivity of the edge sites of dickite par-
ticles related to the surface precipitation and complexa-
tion of Eu(III) species has been evidenced by XPS,
Raman, and luminescence spectroscopies. Surface com-
plexes are more probably inner sphere and involve chlo-
ride atoms in the ligand sphere of Eu(III). They are
localised at the edge sites of dickite particles, and mainly
disturb the OH2, OH4, and OH3 hydroxyl groups, and
the silica tetrahedrons of the dickite lattice. The symme-
try around sorbed europium species is found to be low
and the distribution of surface complexes wide, corre-
sponding to rather heterogeneous surface processes. In
order to precise more accurately the structure of these
surface complexes, site-selective excitation with a tun-
able laser source is required. Such work is currently in
progress in our laboratory. Moreover, in order to collect
signals more specific from the surface of particles, opti-
cal non-linear spectroscopies such as second harmonic
[41,42] or sum frequency generation [43] will be
employed. The sensitivity of these techniques will be
useful to decrease the europium concentration in
solution, with the hope to simplify the distribution of
observed surface complexes.
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