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micas with different Si/Al tetrahedral ratio. The results show that the hydration state of these cations is primarily
influenced by the layer charge of the aluminosilicate, and secondarily by the cation’s hydration enthalpy. High-
charge micas doped with trivalent lanthanide cations are more hydrated compared to the original clays with Na*
in the interlayer. Nevertheless, both Eu*>* and Gd>* are adsorbed as inner-sphere complexes in the galleries of
high-charge micas. They are located inside the distorted hexagonal cavity in all cases, coordinated by 3 oxygens
from the tetragonal sheet, one fluorine from the octahedral sheet, and by 2-4 oxygens from water molecules, all
at distances around 2.4 A. An additional oxygen atom at a distance of 3.45-3.50 A, is proposed from an Hy0
molecule in the second coordination shell.

1. Introduction

Bentonites are the conventional component of the engineered barrier
to retain high-level radioactive waste in deep geological repositories
[1,2]. However, other clay materials, particularly high-charge micas,
display improved properties and hold great potential for nuclear appli-
cations. High-charge micas are synthetic 2:1 phyllosilicates formed by
two external tetrahedral sheets of SiO4 and AlO4 that sandwich an
octahedral sheet, made of Mg?" complexes. Firstly, these materials have
attracted considerable attention because of their unique adsorption
properties [3-6]. Specifically, they have a cation exchange capacity of
up to 468 meq/100 g, with four negative charges per unit cell. Unlike
natural micas, they have hydrated cations located in the interlayer,
resulting in better adsorption capacity than bentonites [7-9]. Secondly,
high-charge micas, demonstrate greater reactivity for immobilizing ra-
dionuclides and exhibit high selectivity for cesium and radium isotope
adsorption [10-13]. To study the interaction of radionuclides with clay
minerals, including surface adsorption and structure incorporation,
lanthanides are used as chemical analogues for trivalent actinides (Eu>*
mimic Am3) [14]. Furthermore, the fluorescence features of Eu ions
offer valuable insights into their local environment and, consequently,
into the interaction mechanism between cations and the clay network.
Recently, we have developed an in situ luminescent probe to track the
long-term physical-chemical changes in the clay-engineered barrier
under mild hydrothermal conditions. This probe is based on the com-
bination of Eu®" ions and members of the high-charge micas family
[10,15]. The emission of Eu®t incorporated into the structure of these
aluminosilicates exhibits unique features compared to other layered
clays. Specifically, despite the typically forbidden nature of the f-f
transition, red and green emissions, from the 5Do and °D; excited states
of Eu®" to the "Fy ground state are observed in the luminescence spectra
of Eu®* doped sample, contrary to the observation in other layered clays
[16]. This behavior depends on the symmetry of the coordination
environment of the Eu, which is directly related to both the host struc-
ture and the lanthanide cation local environment. Therefore, a better
understanding of the local environment of the lanthanide cations
embedded in the structure of high-charge micas is highly desirable, as
the presence of water molecules near the luminescent ion can provide
alternative non-radiative de-excitation pathways. Some studies have
been conducted to determine the hydration state of various monovalent,
divalent, and trivalent cations in the interlayer space of high-charge
micas [17,18]. However, to our knowledge, no studies have been con-
ducted to determine the location of luminescent cations and their hy-
dration state in the bi-dimensional galleries of those aluminosilicates
[16].

The ability of the interlayer cations to adsorb water is responsible for
the expansion of the clay and its adsorption capacity, thus modulating its
optical properties [19]. Therefore, considering that the primary
adsorption mechanism described for high-charge micas is via ion-
exchange reaction, analyzing the local environment of the interlayer
cation and its hydration state are fundamental issues, particularly rele-
vant for environmental applications. So, the hydration state of the
interlayer cation is highly influenced by the 2D confinement effect of the
clay sheets under electrostatic interaction. Hence, the ability of an ion to
hydrate is the result of different factors, mainly the nature of the
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interlayer cation (valence, radius, hydration enthalpy) and the clay layer
charge (value and origin either from the tetrahedral or the octahedral
sheet) [20]. Depending on the mentioned parameters, cations incorpo-
rated in the interlayer can form either outer-sphere complexes (OSC) or
inner-sphere complexes (ISC) [21]. An ISC, which is partially hydrated,
can bind with the basal oxygens of the tetrahedral layer. In contrast, an
OSC, being fully hydrated, retains at least one water molecule between
the cation and the clay surface. Pavon et al. determined that, in these
high-charge micas, the number of water molecules per cation in a series
of metal ions is proportional to the cation charge and ionic radius ratio
(g/r) [17]. Under this premise, the hydration capacity for cations with
low g/r values is limited, so an ISC configuration would be expected. On
the contrary, for cations with larger q/r values, more water molecules
can be incorporated into the interlayer space of micas, making the for-
mation of an OSC a possibility that cannot be fully ruled out.

Here, we present an in-depth study of the local environment of two
luminescent lanthanide cations, namely Eu®" and Gd®*, embedded in
the galleries of two high-charge micas, with 2 and 4 charges per unit cell,
using a combination of different techniques. Both cations, are charac-
terized by a high electrostatic parameter, suggesting a significant degree
of solvation, with an OSC configuration expected. However, this
configuration shows low compatibility with the luminescent features
observed on the Eu-doped samples, as previously described. To analyze
the influence of the electric field from the silicate layer on the formation
of either OSC or ISC, two micas were selected based on different Si/Al
ratios in the tetrahedral layer. For this purpose, a suitable combination
of long- and short-range order techniques has been used to shed light on
the local environment of the luminescent cations. Thermogravimetry
(TG) measurements and the interlayer distance, calculated from Powder
X-ray diffraction (PXRD), will provide information about the water
content in the galleries. In addition, the number of water molecules
directly coordinated to the cation will be inferred from luminescence
lifetime values. Furthermore, the b lattice parameter will be used to
evaluate the distortion of the hexagonal cavity of the tetrahedral layer.
The coordination number and the local structure of the interlayer cation
will be evaluated using X-ray absorption spectroscopy (XAS).

2. Materials and Methods
2.1. Synthesis of high-charge micas

High-charge micas with 2 (Mica-2) and 4 (Mica-4) charges per unit
cell, having the chemical composition Na,MgeSig ,Al,020F4, (where n =
2, 4), were synthesized following the method described by Park et. al.
[8]. Stoichiometric powder amounts of SiO5, AI(OH)3 and MgF,, and an
excess of NaCl were mixed by grinding and allowed to react in a Pt
crucible at 900 °C for 15 h. After cooling, the samples were washed with
deionized water to eliminate any soluble impurities and dried at 65 °C or
room temperature. The specific surface area values of Mica-2 and Mica-4
are 4 mz/g [22].

2.2. Cation exchange reaction

Mica-2, with a theoretical cation exchange capacity (CEC) of 234
meq-100 g~!, and Mica-4, with a CEC of 468 meq-100 g}, were
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subjected to an aqueous ion exchange reaction with Eu>* and/or Gd>*
cations [23]. Typically, 300 mg of clay were dispersed in a 50 ml solu-
tion of deionized water containing europium and/or gadolinium nitrates
and stirred for 24 h. The amount of RE(NOs)3, was chosen in such a way
that the CEC becomes 2.5 times that of the clay. Subsequently, the
samples were centrifuged four times at 5000 r.p.m. for 15 min each. This
process was repeated three more times to ensure a satisfactory degree of
incorporation of the RE ions in the clay. Finally, the samples were
washed with deionized water for 24 h, centrifuged again, and dried in
air at 60 °C for 24 h.

2.3. Characterization

PXRD. PXRD experiments were performed in a Bruker D8 Advanced
diffractometer equipped with a Cu tube as the x-ray source and a Lyn-
xeye 1D detector. Measurements were taken in the 3-70° (26) range and
the resulting diffraction patterns were analyzed with TOPAS software.
TG. TG analysis was performed on a Setaram Setsys evolution TGA/DSC
model. The sample was heated from room temperature (RT) to 800 °C at
a heating rate of 10 °C-min ! in air. Approximately 20 mg of the sample
was heated in an open platinum crucible. Spectroscopy. All spectro-
scopic measurements were carried out using samples in powder form.
Emission, excitation, and lifetime measurements were performed using a
FLSP920 spectrofluorometer from Edinburgh Instrument, equipped with
double monochromators and different excitation sources (a continuous-
wave 450 W Xe lamp and a pulsed 60 W Xe lamp). The luminescence was
detected with an electrically cooled photomultiplier tube R928P
(Hamamatsu, Shizuoka, Japan). XAS. XAS measurements, including
XANES and EXAFS regions, were carried out at the Diamond Light
Source synchrotron (beamline 120-Scanning) [24]. Experiments were
performed in transmission mode, exploring the Lij-edge of Eu (6977 eV)
or Gd (7243 eV). For XAS measurements, pellets of 13 mm diameter
were made by mixing cellulose and powder of the mica under study, in
such a way that the amount of sample corresponds to a thickness of three
absorption lengths. XAS measurements were taken in three different
positions of the pellet and three times at each position and after that,
they were merged to obtain an average spectrum. The processing and
analysis of the EXAFS data were performed with Athena and Artemis
software [25], respectively, while the XANES region was analyzed
qualitatively.

3. Results and Discussion

Fig. 1 shows the PXRD patterns and Pawley fitting of the as-
synthesized Mica-2 and Mica-4. Characteristic basal and structural re-
flections of the mica-type phase are present in the pattern of both
samples. Patterns can be described as a function of the following three
families of reflections. The first family of peaks can be associated with a
mica phase structure with hydrated Na™ ions in the interlayer space of
the clay. The second family of reflections (indicated by “b” in Fig. 1) is
also ascribed to the mica phase with dehydrated Na™ cations between
layers. Finally, traces of a magnesium silicate called forsterite, Mg2SiO4
(JPDS no. 34-0189), have also been identified, in agreement with pre-
vious reports [26]. For the as-synthesized high-charge micas, PXRD
patterns have been indexed assuming a monoclinic symmetry. The lat-
tice parameters are included in Table 1.

Fig. 2 compares the most intense (001) reflection for the as-
synthesized high-charge micas and the exchanged samples. PXRD pat-
terns of the sample with the highest layer charge with hydrated sodium
in the interlayer (Mica-4) show a basal spacing of 12.10 A. A similar
value of 12.26 A has been obtained for the high-charge mica with the
lowest layer charge (Mica-2). This finding is compatible with a single
monolayer of water in the interlayer space of both micas. Interestingly,
the main basal reflections (001) of the samples exchanged with
lanthanide ions shift towards lower 26 angles, to ~ 6.5° in Mica-4 and to
~ 5.9° in Mica-2, resulting in a higher basal spacing of the phyllosilicate,
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(001),

Na-Mica-2

Intensity / arb. units

Na-Mica-4

Intensity / arb. units

201°

Fig. 1. PXRD patterns of the as-synthesized Mica-2 (a) and Mica-4 (b). Pawley
fit between experimental (black) and calculated (red) lines. The main (00l)
basal reflections and the (060) reflection are indicated in both patterns. *: The
asterisks indicate the peaks corresponding to traces of the forsterite impurity
phase. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 1

Lattice parameters (a, b, c, f) of the most hydrated phase of high-charge micas
before and after the cation-exchange reaction. The basal space (dyo;) of all clays
is also shown, together with the position of its diffraction peak. Uncertainties are
shown in parenthesis.

Sample a/A b/A c/A B/A doo1 / 20/
A °
Mica-2 5.315(1)  9.247 12.38(2) 98.1(9)  12.26 7.21
2

Mica-2 Eu 5.319* 9.236**  15.1152 97.86 14.97 5.90
(8) (8)

Mica-2Gd  5.315% 9.247* 15.08(8) 99.21 14.87 5.94
3

Mica-2 Eu-  5.315% 9.247* 15.061(3)  97.89 14.92 5.92
Gd (©))]

Mica-4 5.3223 9.248 12.27(5) 99.4 12.10 7.30

®) @) 1.4)

Mica-4 Eu 5.327% 9.253**  13.654(2) 98.81 13.49 6.55
2

Mica-4 Gd  5.3223*  9.248* 13.692(1)  98.60 13.54 6.53
2)

* Fixed value. * Small differences in a and b lattice parameters of RE-Mica-n arise
from distinct synthesis batches, leading to separate refinements.

doo1 =~ 13.5 A in Mica-4 and doo1 ~ 15 A in Mica-2. The increase in the
basal spacing can be attributed to the incorporation of more hydrated
rare-earth ions in the interlayer space, which causes the swelling of the
clay. It is well known that the tendency of the interlayer counterions to
solvate is responsible for the clay expansion in the presence of water
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Mica-2 Gd

Mica-2 Eu-Gd

Mica-2 Eu
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(b)

Mica-4 Gd

Mica-4 Eu

Intensity / arb. units

20/°

Fig. 2. (001) reflection of the as-synthesized and exchanged Mica-2 (a) and Mica-4 (b).

[20]. Thus, the q/r ratio is a fundamental parameter in determining the
hydration capacity of the cation, as can be inferred from the hydration
enthalpy values included in Table 2.

In a first approximation, an ion’s tendency to be incorporated in the
form of either an ISC or OSC in swelling clays can be deduced based on
its ability to hydrate. For instance, Na™ tends to form a solvation shell of
six water molecules and has a hydration enthalpy of —406 kJ/mol.
Under this weak solvation effect, a second parameter comes into play:
the origin of the layer charge, whether from octahedral or tetrahedral
substitution. In swelling clays with tetrahedral isomorphic substitution,
the charge is more localized, and Na* ions tend to form an ISC within the
confined 2D interlayer space. In contrast, when the charge arises from
isomorphic substitution in the octahedral sheet, it is more shielded, and
Na™ ions adopt an OSC conformation [20]. In this case, the sodium ion is
less tightly bound to the layer, as the shielding effect from the octahedral
substitution reduces the ion’s direct interaction with the charged sur-
face. According to this rule, sodium in high-charge micas where up to
four negative layer charges are from the isomorphic substitution of sil-
icon by aluminum in the tetrahedral layer- would favor the ISC
conformation, due to the more localized charge and greater interaction
with Na™. In line with this, Kalo et al. report that sodium cations are
coordinated to three basal oxygen atoms of the tetrahedral sheet and
three oxygen atoms of intercalated water in a sodium brittle mica [27].

As shown in Fig. 2, the (001) reflection for the exchanged samples
with trivalent cations is located at lower 20 angles, suggesting that more
water molecules are adsorbed, leading to a higher basal distance. It is

Table 2
Physicochemical properties of cations.
Na* Eu®" Ga3*
r(A)? 1.02 0.95 0.94
q/r 0.98 3.17 3.20
AH’pyqr (kJ/mol) —406 —3535 —3545

@ Sixfold coordination ionic radii [30]. g/r: cation charge and ionic radius
relation. AH®yyq, is the molar hydration enthalpy [31].

well known that the extent of water adsorption increases with hydration
enthalpy, so a more hydrated state is expected for Eu>" and Gd®" cat-
ions, which have similar hydration enthalpies, (—3535 kJ/mol, and
—3545 kJ/mol, respectively) compared to Na™ (—406 kJ/mol) [28]. It
has to be mentioned, that cations with a high solvation enthalpy (ex.
Ca®t AH = —1560 kJ/mol) tend to form OSC in swelling clays [29].
Specifically, the exchange of Mica-2 and Mica-4 with the smaller cation
APt (0.53 Z\), with a value of hydration enthalpy of —4460 kJ/mol, has
resulted in a most hydrated interlayer space, with basal spacing about
14.0 A and 13.5 A, respectively [17].

Additionally, after the incorporation of the lanthanide cations in the
bi-dimensional galleries of both micas (Fig. 2), the clay’s expansion is
larger in Mica-2 than in Mica-4. This behavior can be explained by the
fact that the solvation of lanthanides confined within the clay sheets is
influenced not only by the g/r ratio and the hydration energy of the
interlayer cation but also by the charge of the clay. In the case of Mica-4,
four tetrahedral silicon atoms per unit cell are isomorphically
substituted by aluminum ions, whereas in the case of Mica-2, only two
are substituted. Thus, the net negative charge of Mica-4 is higher than
that of Mica-2. Consequently, the basal spacing is smaller in the former
case due to the greater electrostatic interaction between the layer and
the positively charged interlayer cations. Finally, traces of less hydrated
mica phases after the cation exchange reaction can also be observed in
the PXRD pattern of the exchanged samples. Table 2 summarizes the
lattice parameters of the most hydrated phase of the different high-
charge micas, as well as the estimated basal distance.

According to the position of the (060) reflection in the PXRD pat-
terns, the degree of distortion of the silica tetrahedra has also been
analyzed for Mica-2 and Mica-4. The (060) reflections are located at
approximately 60° (260) in both cases, with a doeo distance of about 1.54
A, which is typical for trioctahedral clays [32]. The SiOy4 tetrahedra in
the tetrahedral layer of the clay are interconnected and form hexagonal
rings with varying degrees of distortion. This deformation arises from
the opposite rotation of adjacent SiO4 tetrahedra in the (001) plane. It is
assumed that the rotation of the tetrahedral is due to the size misfit
between the tetrahedral and octahedral layers, as the former is larger



M.T. Candela et al.

than the latter [18,33]. Classically, an estimation of the average rotation
(a), i.e. the average deviation from 120° has been evaluated through the
following expression: cos(a) = bops / btheor, Where bops is the observed
lattice parameter (Table 3) and beor represents the ideal lattice
parameter. Parameter by, depends on the theoretical degree of
isomorphic substitution of Si** ions in the tetrahedral sheet by AI** ones
and can be approximated as byeor (Si1xAly) = 9.15 A +0.74x [18]. The
average rotation or tilt angle can vary from a few degrees up to a
maximum of 30°, corresponding to the situation in which basal oxygens
of the tetrahedral sheet point to the center of the hexagonal cavity
(Fig. 3).

Based on the values collected in Table 3, Mica-4, the synthetic clay
with the highest layer charge, shows the largest estimated distortion
angle (@ = 13.7°), consistent with previous results [18]. A distorted
hexagonal cavity has been related to the difficulty for the clay to swell,
so a lower hydration state is expected in the interlayer space of Mica-4
compared to Mica-2. Brigatti et al. reported that large a values corre-
spond to small interlayer separation [34]. Assuming the models pro-
posed by Hazen et al. [35] and by Kalo et al. [27], the smallest values of
the tilt angle have been found from the crystal structure of a natural
mica with two negative layer charges (@ = 5.8° if calculated from the
Crystallographic Information File (CIF), or o = 8.6° from the expression
cos(@) = bobs / biheor)- This value increases if a synthetic mica with four
negative layer charges is considered, up to a = 12.0° calculated from the
CIF structure file, or to 13.7° from the expression cos(a) = bops / biheor.
These values are not far from the estimates in this work a = 7.8° for
Mica-2 and a = 13.7° for Mica-4. In any case, a most distorted hexagonal
cavity has been found for the mica with the highest layer charge.

The hydration state of both micas as a function of the physical
chemistry parameters of the interlayer cations has been monitored using
TG analysis. Fig. 4 displays the TG curves of the starting and exchanged
samples with Eu>* and Gd3* cations. Typically for clay minerals, the
main mass loss step in the thermogram occurs below 400 °C, primarily
due to water evaporation. This includes the loss of interlayer water and
water associated with the silicate network. The number of mass loss
steps and their temperatures are related to the physicochemical prop-
erties of the cation and the layer charge of the silicate. Mica-2 and Mica-
4 with Na® as interlayer cation exhibit a single mass loss step of
approximately 5 % and 6 % below 250 °C, respectively. This is associ-
ated with the evaporation of hydration water molecules of the interlayer
cation and the evaporation of water from the clay surface. The observed
mass loss allows estimation of the number of water molecules per Na*
ion, approximately 1.2 for Mica-2 and 0.7 for Mica-4. These numbers of
water molecules are evidently insufficient to complete the hydration
sphere of Na' cations in the interlayer, supporting the hypothesis that
sodium cations adopt an inner-sphere complex configuration in tetra-
hedrally charged aluminosilicates [20]. These results are in agreement
with those previously reported [17].

Additionally, the layer charge of the silicate directly influences the
hydration state of Na', reducing the electrostatic parameter and
consequently decreasing the cation’s hydration capacity. In contrast to
sodium micas, the mass loss curves of Eu>* and Gd*>* exchanged samples
exhibit multiple steps, suggesting the presence of diverse water mole-
cules bound to the clay structure with varying strengths. Specifically,
new mass loss steps are observed at higher temperatures, ~ 210 °C in
Mica-2 and ~ 165 °C in Mica-4. Table 4 presents the onset temperatures
of the derivative TG (DTG) water evaporation peak, weight loss of the
process, number of water molecules per unit cell, and number of water

Table 3
Observed and theoretical lattice parameter b (byps and beor, respectively) along
with the estimated tilt angle («) from them.

Sample bobs / A btheor / A a/A
Mica-2 9.247(2) 9.335 7.8375
Mica-4 9.2484(15) 9.52 13.7190
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molecules per cation from TG. A complete replacement of the interlayer
cation has been considered.

The mass loss due to water evaporation in the exchanged samples is
significantly higher, ranging from ~ 8.5 % to ~ 10.6 %, compared to the
original samples. In a preliminary analysis, the hydration energy of the
interlayer cations (Eut and Gd®") acts as the primary driving force
controlling the solvation rate, being directly proportional to the elec-
trostatic parameter (q /7).

The number of water molecules per Eu®" and Gd>* estimated from
this mass loss is 8.3 and 6.6 in Mica-2, respectively. However, these
numbers decrease to 3.0 and 2.5 water molecules when considering only
the most strongly bound water (corresponding to the second mass loss
peak, from 150 °C to 300 °C). In Mica-4, the number of water molecules
per Eu®" and Gd®* is reduced to 4.0 and 4.8, respectively, with only 1.4
associated with the second mass loss of water. These results indicate that
the hydration state of the clay is influenced by two main factors: the
hydration enthalpy of the interlayer cation and the value of the tetra-
hedral layer charge. The estimated number of water molecules per
interlayer cation decreases as the layer charge increases. Detailed TG
results are summarized in Table 4.

A complementary study of the conformation and hydration state of
the cation in the interlayer space of high-charge micas has been con-
ducted using spectroscopic measurements. Firstly, the normalized RT
emission and excitation spectra of Eu®" exchanged clays are shown in
Fig. 5. The excitation spectra were recorded while detecting emission at
609 or 614 nm, whereas the emission spectra were measured under 393
nm excitation. The excitation spectra of Eu®" consist of four groups of
narrow peaks corresponding to f-f transitions from the “F ground state
to different excited states. In the case of Mica-2 Eu-Gd, a broad band
centered around 280 nm can be observed, which is associated with an
0% = Eu®* charge transfer (CT) band. It suggests that the Eu®* ions are
coordinated with basal oxygens [16]. A less intense band can also be
observed in Mica-2 Eu and Mica-4 Eu spectra.

To obtain structural information using Eu" as a local luminescent
probe, we focused primarily on four particular features: (i) The absence
or presence of emission peaks corresponding to the °D; — “Fy transition
(green emission); (ii) The nature of emission peaks corresponding to the
5Dy — "F transition; (iii) The splitting of the 5Dy — "F; transition and
(iv) The integrated intensity ratio between magnetic dipole °Dg — "F;
and electric dipole °Dy — "F, transitions. Firstly, the presence of Eu>*
luminescence from the °D; excited state in high-charge micas confirms
the low phonon energy of the clay (preventing, thus, multiphonon
relaxation processes), as well as the fact that the Eu®* are not aggregated
but homogeneously distributed (hence decreasing cross-relaxation pro-
cesses). Besides, the appearance of the °D; green emission supports the
idea that Eu®" is in the interlayer space of the aluminosilicates, as
proposed in previous studies [16]. Regarding the second point, it should
be remembered that only sites with Cg, Cp, or Cy symmetry will give rise
to an observable peak corresponding to the Dy — Fj transition since J
= 0 — J’ = 0 transition is strictly forbidden according to the standard
Judd-Offelt theory. This transition can be used for the determination of
the presence of non-equivalent crystallographic sites in the host lattice.
The spectral region of the Eu®' luminescence corresponding to this
transition shows an asymmetric broad peak for all the studied clays.
High-resolution Eu®* photoluminescence measurements on this spectral
range allow us to observe at least two distinct contributions to this peak
in the case of high-charge micas, as a consequence, the presence of at
least two slightly different local environments for the Eu®" ions in the
interlayer cannot be fully discharged. In addition, the energy of this
transition has been reported to be sensitive to the surroundings of the
luminescent ion [36]. In the case of the gas phase (free ion), the energy
position of the Eu®t °Dy level is placed at 17374 ecm ™!, while for hy-
drated Eu®" ions (Eu3+~9H20) it is usually found to range between
17277 and 17280 cm ™! [36,37]. In general, the position of this transi-
tion is found to redshift as a result of the chemical bonding, making this
shift more noticeable for Eu®" located in crystalline host materials [36].
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Fig. 3. Scheme showing a perfect hexagonal cavity (left) and a distorted hexagonal cavity (right) due to the tetrahedra rotation by an angle a.

In our case, the °Dg level is centered around 17300 cm™! in all cases
(Table 5), in accordance with Eu" in a partially hydrated state.

Point (iii) is related to the spectral shape of the °Dy — ’F; emission
band. This transition, magnetic dipole in origin, reflects the crystal filed
splitting of the “F; level and provides information about Eu®" ions
environment. Specifically, the total removal of crystal field degeneracy
results in three sublevels for “F;. The fact that more than three peaks are
observed suggests the presence of more than one coordination envi-
ronment for Eu®" ions. Finally, and related to the point (iv), the ratio (R)
between the integrated intensities of 5Dy — 7Fy (hypersensitive) and Do
— 7F; transitions is usually used as a measure of the site inversion center
of Eu®" ions. In the case of the studied Eu®" exchanged clays, R is found
to range between 2.6 and 2.8, as shown in Table 5. This indicates that
Eu>" ions are located at sites with relatively small distortions. Besides,
the similarity of R for both Mica-2 and Mica-4 suggests that the
adsorption mechanisms could be similar throughout the clay series. In
any case, this hypothesis must be taken with care, since the second co-
ordination sphere of Eu>* ions can have an impact on the Eu®* photo-
luminescence spectra, and therefore, in the asymmetry ratio R [38].

The decay curves of Eu®" in selected clays are shown in Fig. 6. The
decay in Mica-2 Eu was fitted to a single exponential (Ae %) while the
decay curves of Eu®" in Mica-2 Eu-Gd and Mica-4 Eu had to be fitted to a
double exponential (Ae¥*! + Be~""2). This fact suggests that in Mica-2
all Eu®" ions are located in the interlayer space surrounded by the same
number of water molecules. On the contrary, lifetime measurements in
co-doped Mica-2 and Mica-4 imply that Eu®" ions with different hy-
drated state coexist. The obtained photoluminescence lifetimes have
been also included in Table 5.

The Eu®* luminescence lifetime can be related to the number of
water molecules (ng,o) surrounding the luminescent ion [36]. Lifetimes
are usually shorter for RE>* ions in aqueous media due to energy
transfer processes from their excited 4f levels (°Dg level in case of Eu®h)
to non-radiative multiphonon relaxation processes involving water
molecules. Several empirical laws have been proposed to estimate the
hydration state of distinct RE>* or actinide ions, including Eu®*, Cm®"
or Am3* [36]. In the case of Eu®T, the number of water molecules in the
first coordination sphere can be estimated by Eq. (1), where the lifetime
must be in ms:

297062

t(ms)
In the case of Mica-2 Eu, the fluorescence lifetime can be related to the
presence of 3.7 water molecules around the Eu®' ion, which is in
agreement with the ~ 3 water molecules obtained by TG measurements,
in accordance with our previous study [16]. For Mica-2 Eu-Gd and Mica-
4 Eu, if only the longer lifetime is taken into account; the estimated

Mo (BUPY) =

@
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number of water molecules directly coordinated to the ion is 2.4 and 1.4,
as summarized in Table 5, in agreement with TG results and the dis-
torting angle obtained by PXRD. Those data corroborate the low hy-
dration state of the cation in all the studied samples pointing out the
formation of an ISC. However, the second (shorter) lifetimes detected in
Mica-2 Eu-Gd and Mica-4 Eu indicate the coexistence of Eu®>" cations in
a different hydrated state, the number of water molecules being 5.4 for
Mica-2 Eu-Gd and 4.2 for Mica-4 Eu.

Fig. 7 shows the excitation (a) and emission (b) spectra of Gd®* ions in
high-charge n-micas (n = 2 and 4). The excitation spectra of Gd®* ions,
measured by recording the emission at 311 nm, consist of two groups of
narrow peaks originated by transitions from the 887/2 ground state to 6p;
and °1; excited states. On the other hand, the emission spectra of Gd>* ions
are characterized by two sharp line emission bands from ®Ps,, — 8S;
(A ~ 305 nm) and 6P5/2 - 887/2 (4 ~ 311 nm) optical transitions. It has
been observed that the emission intensity of the sample with Gd>* ions
decreases in the order Iyiica.2 > Intica-4 > IMica-2 Fu-Gd-

The temporal evolution of the Py /5 — 8S;/5 Gd®>* luminescence has
been measured by detecting the emission at 311 nm after short-pulsed
excitation at 272 nm. The decay curves (Fig. 8) have been fitted in all
cases to a single exponential, indicating a homogeneous local environ-
ment around the interlayer cation, and the Gd>* emission lifetimes were
found to be 5.3, 5.1 and 3.5 ms for Mica-2 Gd, Mica-4 Gd, and Mica-2 Eu-
Gd, respectively.

XAS measurements (including both X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) regions) have been performed to obtain information about the
local environment of the exchanged Eu®" and Gd>' ions, aiming to
elucidate their position, oxidation state, and coordination number (N)
within the clays. The XANES region of the spectra for Eu>" and Gd>*
exchanged clays are shown in Fig. S1, together with that of C-type EuyO3
and Gdz0s, which have been employed as standards..The white line
peak position in C-type EuyO3 and europium exchanged clays is located
around 6983.3 eV, which allows us to corroborate that europium ions
are indeed in the trivalent oxidation state (as inferred by the optical
properties). In the case of Gd-exchanged clays, the white line peaks are
in the same position as in C-type Gd,Os, this is, at 7249.1 eV, which
indicates that Gd>* is the dominant oxidation state. There is no pre-peak
before the absorption edge in any of the XANES spectra, indicating that
both Eu* and Gd®* ions are located in a high-symmetry environment
and probably coordinated by a large number of atoms. Lanthanide atoms
are usually found in seven to nine-fold coordination [39]. The XANES
signal of all Eu>" or Gd3* exchanged clays and the standards are similar
(with the only exception of the oscillation band that appears after the
absorption edge, which is found at higher energies in the case of the
standards), suggesting that the coordination environments could be
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Fig. 4. TG and DTG curves of Mica-2 (left) and Mica-4 (right) samples exchanged with different cations.

comparable in all cases. This result might indicate an analogous first
coordination sphere to the employed standards, where the RE>" jons are
six-fold coordinated by oxygen anions at an average distance of 2.30 A
for Gd203 and 2.33 A for Euy0s.

To carry out the EXAFS analysis, and due to the high correlation
between the amplitude reduction factor (S%) and N (which can lead to
large uncertainties in the latter parameter, up to 10-20 %), the value of
S& was calculated from the standards C-type EusOs (s.g. Ia-3, a = 10.882
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(@) [o\) and C-type GdpO3 (s.g. Ia-3, a = 10.8211(2) A). The obtained
values were S% =1.09 £ 0.12 for Euy03 and S% =1.07 + 0.12 for Gd,03
(see fits and details about the fitting procedure in Supplementary In-
formation, Figs. S2 and S3 and Tables S1 and S2) and they were fixed in
the subsequent EXAFS analysis of Eu>t and Gd®* exchanged clays,
respectively. EXAFS spectra of the RE-exchanged clays in the k-space
and R-space are included in the Supplementary Information (Fig. S4).
Several structural models for the RE3' incorporation have been
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Table 4

Onset temperatures of the DTG water evaporation peak, weight loss of the
process, number of water molecules per unit cell, and number of water mole-
cules per cation from TG. Number of water molecules calculated between 150 °C
and 300 °C inside the brackets.

Sample T/°C % weight loss  H,0 molec./u.c.  H,0 molec./cation
Mica 2
Na™ 80 5.0 2.39 1.20
Eu®* 101213 9.9 5.58 8.30 (3.0)
Gd** 100 8.50 4.34 6.60 (2.5)
206
Mica 4
Na™ 100 5.7 2.90 0.73
Eu*t 116 167 9.0 5.26 3.95 (1.4)
Gd** 111165 10.6 6.41 4.81 (1.9

considered in an attempt to explain the different contributions observed
in the EXAFS spectra of the RE>" exchanged clays and they are depicted
in Fig. 9. These models reflect the three possible retention mechanisms:
i) the RE ions are incorporated in the clay structure (Fig. 9a), ii) they
form outer-sphere complexes (Fig. 9(b)), iii) they form inner-sphere
complexes (Fig. 9c and d). The clay structures proposed by Hazen
etal. (s.g. C2/m) [35] and by Kalo et al. (s.g. C2) [27] have been used as a
starting model for Mica-2 and Mica-4, respectively.

The first model (N1) considers that the RE3" ion is incorporated in
the octahedral layer, substituting a Mg?" ion (Fig. 9a). Thus, its first
coordination sphere would be formed by 4 oxygen (O) and 2 fluor (F)
anions at an average distance of ~ 2.07 A (according to the initial
model). To account for the size mismatch between the ionic radii of
Mg?t (0.72 A, six-fold) and Eu®* (0.947 A) or Gd®* ions (0.938 A), the
change in the interatomic distance parameter (Ar) has been set in the
range 0.22-0.25 A during the fitting process, in such a way that no more
distortions than necessary were produced in the tetrahedral and octa-
hedral layers (TOT). Fig. S5 shows an example of the fit obtained for the
first shell of Mica-2 Gd according to this model. The corresponding
derived parameters are summarized in Table S3. The fit does not account
for the first contribution of the EXAFS spectra even considering the size
mismatch, evidencing thus the incorrectness of this model to describe
the Gd3* incorporation mechanism. Since the first contribution in the
EXAFS spectra of all Eu>" and Gd®* exchanged clays is centered around
the same position as in Mica-2 Gd, this RE>* incorporation model can be
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also ruled out for all of them. Indeed, the incorporation of RE>* ions in
the octahedral sheet seems rather unfavorable due to the size mismatch
between the original and substituting ions, which would necessarily lead
to large distortions in the TOT layers and broader peaks in the PXRD
pattern (opposed to what it has been observed). However, it must be
noted that it has been proposed as the possible retention mechanism of
Fe3" and Y®* ions in Montmorillonite and hectorite clays, respectively
[40,41]. Besides, this model has been proposed for the Lu>* ions uptake
by the precursor phase of hectorite, brucite [42]. At the same time, the
incorporation of RE®* jons in the tetrahedral sheet has not been
considered either, due to the larger size mismatch between Si*" and
RE>* jons and the low coordination number (N = 4).

The second model (N2) accounts for the incorporation of the R
ions in the interlayer space, forming outer-sphere complexes. Several
authors have reported the existence of outer-sphere complexes com-
bined with inner-sphere complexes in several RE ions (Cs™ and La")
adsorbed on vermiculite and montmorillonite [43,44]. Here, two vari-
ants have been considered: i) the RE>* ion is in the middle of the
interlayer space (N2.1), and ii) the RE3* ion isin the interlayer space but
not necessarily in the middle of it, but closer to the upper or lower
tetrahedral sheets although not interacting with them (N2.2). Regarding
model N2.1, if only the clay’s structure is considered (i.e., no water
molecules), the first neighbors in high-charge micas would be the basal
oxygens from the hexagonal cavities in the upper and lower tetrahedral
sheets. Nonetheless, these oxygen atoms are too far away to account for
the first, second, and almost even third contribution observed in the

E3+

Table 5

Position of the emission band corresponding to the 5Dg — ’F transition (in nm
and cm™!), together with the asymmetry intensity ratio R (°Dg — “Fy / °Dg —
7F1) and the Eu®* fluorescence lifetimes (71, 72) of Mica-n Eu (n = 2,4) and Mica-
2 Eu-Gd clays. The number of water molecules estimated through Eq. (1) and the
longer lifetime (7;) are also included.

Normalized Intensity / arb. units

Sample Aspo~7ry (M) Ap 7, (em™) R 73 np,o(£0.5) 12
(ps) (ps)
Mica-2 577.6 17313 2.6 250 3.7 -
Eu
Mica-2 577.9 17304 2.7 352 2.4 179.5
Eu-Gd
Mica-4 577.9 17304 2.8 543 1.4 221
Eu
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Fig. 5. RT excitation spectra detecting °D, emission at 610 nm (a) and emission spectra upon excitation at 393 nm (b) of Eu®" ions in several high-charge micas.
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nm excitation and detecting at 609 or 614 nm.
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excitation and detecting at 271.6 nm.

EXAFS spectra of Mica-2 RE (Hazen’s structural model [35]). Differ-
ently, they could be part of the second and third shells observed in the
EXAFS spectra of Mica-4 RE (Kalo’s structural model [27]). This is
related to the lower basal space and the shift of the upper and lower
tetrahedral sheets in the latter clays, which brings the oxygens closer to
the RE ion (see Tables S4 and S5 for representative distances in Mica-2
and Mica-4 according to the structural models employed). Thus, the
unexplained contributions of this model would need to be due to oxygen
atoms from surrounding water molecules. On the assumption that the
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first and second contributions of the EXAFS spectra are due to oxygen
ions (in this case, mostly from water molecules), the coordination
number of the RE3' ion (either Gd®>' or Eu®") would be N ~ 7-8 at
distances between 2.40-2.42 A for the first shell, and N ~ 3 at distances
~ 3.5 A for the second shell, according to the EXAFS fitting (see Fig. 10
for a fitting example of Mica-2 Gd, Mica-2 Eu and Mica-4 Gd). Table 6
summarizes the fit values of the parameters refined during the fitting of
the first and second shells of the EXAFS data (N, rgg.o, ) assuming both
contributions are due to oxygen scatterers from water molecules (model
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Fig. 10. EXAFS spectra (black solid line) and fitting (red dotted line) in R-space (a) and k-space (b) of RE-exchanged Mica-n (RE = Eu, Gd, n = 2, 4) according to
model N2.1 and up to the second shell. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

N2.1). Note that in the case of Mica-2 Eu-Gd, only the first shell was
analyzed, since the available k-range was too short due to the interfer-
ence with Gd Ly or Eu Ly edges (7243 eV and 7617 eV, respectively),
depending on whether Eu or Gd edges were being explored, respectively.

As just mentioned, in the case of Mica-2 RE-exchanged clays (RE =
Eu, Gd) the third contribution that can be distinguished in the EXAFS
spectra cannot be explained by the oxygen scatterers from the tetrahe-
dral sheet either, since they are still too far apart (4.6-4.9 10\), which
allows to discard this retention mechanism for these clays (as a short-
ening of these RE-O distances would imply a reduction in the basal
space, in contradiction with the XRD results). In the case of Mica-4 RE,
with a lower basal distance, the presence of an oxygen anion from the
tetrahedral sheet at ~ 3.4 A may explain part of the second contribution
of the EXAFS spectra and also, oxygens located further away (4.0 and
4.25 f\) could contribute to the third shell. However, it must be noted
that according to the previous results (Table 6), at least ~ 7-10 Hy0
molecules would be needed in the interlayer space of the exchanged
micas to account for model N2.1. This would be in contradiction with
the TG results, from which a lower number of water molecules has been
derived. Thus, it seems highly unlikely that model N2.1 accounts for the
incorporation of the Eu>* (or Gd*") in any of the studied high-charge
micas. Regarding model N2.2, it considers that the second shell would
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be due to oxygens belonging to the tetrahedral sheet, but the first one
would still be due to oxygens from presumably water molecules. Since
the number of first neighbors was calculated to be about 7-8, this would
not be in accordance again with the number of most bounded water
molecules estimated by TG either. Therefore, the incorporation of the RE
ions as OSC can also be ruled out. Given these results, the retention
mechanism of Eu>* and Gd®* ions in these high-charge micas should be,
therefore, as ISC.

Two different models (N3 and N4) have been evaluated to account
for possible retention mechanisms as inner-sphere complexes. Model N3
(Fig. 9¢) considers the RE3" ion is located above one of the tetrahedra of
the distorted hexagonal cavity of the tetrahedral sheet and coordinated
by three basal oxygens and 3-5 water molecules at an average distance
of ~2.39-2.42 A (as obtained from the analysis of the first coordination
shell in the previous model (Table 6)). Also, according to the fixed
model, a Si atom would be present at ~ 2.5 A. The next nearest neigh-
bors would be 3Si atoms at ~ 3.9 A, which seem to be a bit further away
to be responsible for the second contribution of the EXAFS spectra as
corroborated after the fitting procedure (see as an example the fit of
Mica-4 Gd in Fig. S6 and Table S6). Note that the poor fit of the second
shell suggests that this model probably does not explain the retention
mechanism of the RE** ions.
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Table 6

Best fit values of the parameters refined during the fitting of the first and second
shells of the EXAFS data (N, rgg.-o, 6%) assuming both contributions are due to
oxygen scatterers from water molecules (model N2.1). Parameters correspond-
ing to the first and second coordination spheres appear with the subscripts 1 and
2, respectively. In the case of Mica-2 Eu-Gd, the second shell was not fitted due to
the short k-range available. Parameters with a superscript “f” indicate that the
values were fixed during the fit. During the fitting of the second shell, the values
of N, r, and o from the first shell were fixed.

Sample k-range N; rpp.or/ o03/A% N, Tre-02/ 03/ A
A A
Mica-2 Gd 2.7-11.3 83 2400 0.013 3.5 3.52(2) 0.013
® @10 ) (1.5) [C)]
Mica-2 Eu 2.7-11.7 7.2 2.424 0.013 3.0 3.52(2) 0.011
7 (12 2) (1.4) (8)
Mica-2 Eu-Gd (Gd 2.7-7.7 8.5 2.408 0.013F - - -
edge) B an
Mica-2 Eu-Gd (Eu 2.7-6.7 7.4 2.420° 0.013% - - -
edge) (6)
Mica 4 Gd 2.7-11.3 7.9 2.396 0.013 3.9 3.52(2) 0.013
® a0 @ 1.7) ®
Mica 4 Eu 2.7-10.7 7.3 2.408 0.012 3(2) 3.53(3) 0.01(1)
(5) (an 2
T
L (a) i
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On the other hand, model N4 (Fig. 9d) considers that the RE ion is
located inside the distorted hexagonal cavity, in such a way that it is
coordinated by 3 oxygens from the tetragonal sheet, one F from the
octahedral sheet (indistinguishable from an O during the EXAFS anal-
ysis) and 2-4 oxygens from water molecules, all of them at distances
around 2.4 A. The next nearest neighbors would be O, Si, or Mg atoms
located at 2.7-3.7 A (see bond lengths in Tables S7 and S8). Fig. 11 (a,b)
shows representative fitted EXAFS spectra of Mica-2 and Mica-4 RE-
exchanged clays up to the second shell according to this model, and,
Table S9 summarizes the parameters and paths used in the fit. Note that
during the fitting procedure, the Ar parameter has been set again to Ar
= 0 for all paths, except the RE-O and RE-Si ones at ~ 2.40 A and ~ 3.15
A, respectively, which have been refined, as they were averaged paths.
From Fig. 11(a and b) it can be observed that model N4 can explain to
some extent the second contribution observed in the EXAFS spectra of
the majority of the micas, although not completely.

So far, the possibility that the second contribution observed in the
spectra is influenced by the presence of oxygens from further water
molecules has not been considered during the analysis (except models
N2.1 or N2.2). However, two “jumps” were observed in the TG curves of
RE3* exchanged micas, which were ascribed to water molecules linked

Mica-4 Eu

Mica-4 Gd

Mica-2 Gd

2 4 6 8 10 12
kiA
B ‘ B
(d) With additional H,0
A in 2" shell i
\
%
~
<
&

10 12

kiAT

Fig. 11. EXAFS spectra (black solid line) and fitting (red dotted line) in R- and k-space of RE-exchanged Mica-n (RE = Eu, Gd, n = 2, 4) according to model N4 and up
to the second shell. The fits in (c, d) correspond to those in which an additional oxygen from a distant water molecule has been included during the fitting of the
second shell, while those in (a, b) correspond to those in which it has not. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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(b)

Fig. 12. (a) Scheme visualizing the frayed edge sites. (b) Structural model of the incorporation of the RE ion on the edge of the clay’s platelets.

with different strengths. To take into account this possibility, an addi-
tional RE-O path simulating an HyO molecule was included during the
fitting process of the second shell, and the resulting fits are shown in
Fig. 11(c and d). Table S10 includes the parameters derived from the
fitting of the first and second shells of the EXAFS spectra of Mica-n RE (n
= 2,4 and RE = Eu. Gd) according to model N4 plus one additional
oxygen in the second shell. It can be seen that the addition of this new
oxygen atom, which would be at a distance of 3.45-3.50 A, notably
improves the quality of the fit in all cases. It must be mentioned that an
alternative model derived from N4, in which the RE>" ion is placed in
the hexagonal cavity of the tetrahedral sheet but somewhat off-centered
and at a certain height (h ~ 0.6-0.7 10\), in such a way that it is coordi-
nated by three basal oxygens at ~ 2.40 A, has also been studied.
Notwithstanding, the fittings did not match the EXAFS data properly and
it was not further considered. Thus, considering all investigated models,
N4 seems to be the one that better describes the observed EXAFS data.

Several considerations must be contemplated when looking at the
results obtained through the EXAFS analysis. Firstly, to carry out the
fittings, we have used a structural model adapted from that proposed by
Hazen [35] or by Kalo et al. [27]. However, the degree of distortion of
the hexagonal cavity in our clays could be somewhat different from that
described by them, and that could lead to slightly distinct results since
the absorber-scatterer atom distances beyond the first shell would be
modified, which makes it more difficult to find the exact location of the
RE3" jon within the clay (although it seems with the most probability
that the RE ions act as ISC). Secondly, we have assumed that the envi-
ronment of the trivalent lanthanide is always the same. Nonetheless,
slightly different sites were inferred through luminescence measure-
ments of the Eu®* ions in both Mica-2 and Mica-4, and thus, a weighted
average is observed through EXAFS. Also, within the group of models
representing inner-sphere adsorption, there are two that have not been
considered here but have been reported to explain the retention mech-
anism of some ions in distinct clays. The first one is the incorporation of
the exchanged ions in the denominated “frayed edge sites”. A frayed
edge site can be defined as the intermediate wedge-shaped area that
exists between a hydrated and non-hydrated interlayer, as schemed in
Fig. 12a.

This retention mechanism has been proposed to explain the initial
incorporation of Cs ions in the interlayer space of illite clays [45]. Sec-
ondly, the incorporation of the RE3* ions can also occur on the edges of
the clay platelets, in such a way that they would share corners with the
Si tetrahedra and edges with the Mg octahedra, as schemed in Fig. 12b.
This has been proposed as the possible mechanism for Y>* in hectorite
[46] or for U in montmorillonite [47]. Nonetheless, if that was the
principal incorporation mechanism of the studied RE>" ions in this
work, that would not require the expansion of the basal space that we
have observed through XRD experiments, which might suggest that it is
not the main retention mechanism either (although the existence of a
fraction of RE>" ions incorporated in this way, or in any other way,
cannot be excluded).
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4. Conclusions

The present work reports the location of the luminescent cations
Eu®" and Gd®* and their hydration state in the bi-dimensional galleries
of high-charge micas. Depending on the clay layer charge and the cation
hydration enthalpy, cations in the interlayer of clays can form either
OSC or ISC conformations. According to the results presented here, the
incorporation of the two RE>" cations in high-charge micas occurs
through an inner-sphere adsorption mechanism, despite their high water
content, as revealed by TG and PXRD measurements. Therefore, the
tetrahedral layer charge is the key parameter controlling the hydration
state of both cations in the interlayer of high-charge micas. In the
exchanged samples, the water molecules directly coordinated to the
cation are insufficient to fully complete their coordination sphere,
resulting in a partially hydrated state. The RE>* ion is located inside the
distorted hexagonal cavity, coordinated by 3 oxygens from the tetrag-
onal sheet, one F from the octahedral sheet, and 2-4 oxygens from water
molecules, all of them at distances around 2.4 A. The next nearest
neighbors would be O, Si, or Mg atoms located at 2.7-3.7 A. This
conclusion is also supported by the number of water molecules calcu-
lated from the fluorescence lifetime of the °Dy — “Fy Eu®t emission
intensity of Eu®*.
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