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The understanding of the adsorption of charged species in swelling clays is of primary importance to optimise
the capture of heavy metal ions in soils. Adsorption is expected to depend on the microscopic structure of the
clay, which varies strongly with the origin and history (hydration-desorption cycles, temperature ...) of the
sample. Then it is necessary to evaluate the distinct interaction energies between water molecules, interlayer
cations and clay surfaces, taking into account the position of the substitutions in the clay layer. Here we
propose an investigation of plausible structures of some Pb-montmorillonites differing by their interlayer
distances, their layer charges and the distribution of substitutions in octahedral sheet from a modelling
approach, looking at the evolution of the partial charges in these structures. Using a methodology previously
developed in the simpler case of alkali cations, we also estimate the surface energy in the dry state and then
the details of the hydration energy for the cation and for the clay layer to interpret the capacity of ion
adsorption in swelling clays to capture heavy metals. We conclude from our calculations that a cell structure
with intermediate layer charge (close to 0.5 per unit cell) is probably the best candidate to allow the capture
of the Pb*" as interlayer cations considering the electrostatic effect. The hydration process of the cation
appears as the most energetic part of the hydration of swelling clays compared to the interactions with the
layer, but the cation mobility is limited since the hydration process is not complete. This means that the heavy
metal ions, present in the interlayer space, will be unable to diffuse and will be captured in the case of a low

layer charge.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Scientific progress has improved human life in various domains
(Serrano et al., 2005; Chaturvedi et al., 2006; Yot and Méar, 2009).
However, natural systems have been strongly modified, which affects
both health and environment (Sen Gupta and Bhattacharyya, 2008;
Babel and Kurniawan, 2003). In particular, the presence of metallic
ions in the environment is responsible for the contamination of living
organisms (Chaturvedi et al., 2006). This is why the reduction of the
quantity of metal present in water or in soil represents a big challenge
in order to avoid harmful effects to humans (Volzone, 2004).
Moreover, the understanding of both their diffusion and adsorption
properties is essential in order to foresee the risks for the ecosystem
(Chaturvedi et al., 2006). Heavy metals are the high-density metallic
elements of the periodic classification. Some metals are extremely
harmful (mercury, lead, cadmium, and chromium (V1)). It is therefore
necessary to propose adequate procedures in order to avoid (i)
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possible bio-accumulation and redissolution of metals in the
ecosystem and (ii) reaching the critical metal concentration that is
dangerous for some living organisms.

The research for the purification of water contaminated with
heavy metals has led to the development of new processes, such as co-
precipitation, coagulation and extraction in solvents in the case of
liquid or ionic mercury (Lima and Araujo, 1994; Blanchard et al.,
1984). The immobilisation of metals by precipitation or sorption is
considered as the most efficient way to reduce the quantity of metal in
contaminated soils (Vega et al., 2009; Pavlovic et al., 2009;
Bhattacharyya and Sen Gupta, 2008; Sen Gupta and Bhattacharyya,
2008; Sipos et al., 2008; Singh et al., 2001). Different solids, such as
zeolites, activated carbons, silicas (specially the natural, modified or
pillared clays) are potential candidates for metal retention (Lantenois
et al., 2007; Singh et al., 2001; Matthes et al., 1999; Pinnavaia et al.,
1985). In waste storage sites, compacted natural clays are present in
great quantity and their properties for cationic exchange capacity or
hydraulic conductivity make them efficient adsorbents. The adsorp-
tion capacity for metallic cations has already been studied and the
following order has been found: Cr>Ni>Zn>Cu>Co=>Pb for a Na-
montmorillonite (Abollino et al., 2003). Due to their large specific
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surface areas and high cation exchange capacity, the swelling clays
display a strong capacity to capture metallic cations. To elucidate the
role of the clay framework and predict the capacity of adsorption for
ions, the molecular approach is a powerful tool. Moreover molecular
simulation can allow determination of the important structural
parameters that have to be considered to improve the adsorption
capacity for ions. In addition, the hydration state of the sample
strongly influences the mobility and the interaction of the cation in
the interlayer space. The understanding of the hydration process in
these solids is therefore a crucial step to completely elucidate the
mechanism of heavy metal capture in swelling clays.

This paper focuses on the determination of the surface energy in
the dry state which is linked to the cohesion energy between clay
layers. This energy has to be counterbalanced during the clay
hydration (Salles et al.,, 2006; Douillard et al, 2007a,b). It follows
that the knowledge of the surface energy is the initial step to estimate
the hydration capacity of a solid. The calculation of the hydration
energy for the interlayer cation and the surface layer completes the
description of the hydration and allows the elucidation of the driving
force for the hydration in swelling clays (Salles et al., 2007). Such a
method has been successfully compared with a recent interpretation
of the conductivity measurements (Salles et al., 2008) and calorimetry
data (Salles et al., 2009). For this complete description, we have to
build a consistent structure for ideal montmorillonites saturated with
Pb®* cations. Then we propose to study the influence of both the layer
charge and the opening of the interlayer space using electrostatic
calculations. Since no structural data is available today for montmo-
rillonite saturated with the Pb?* cation at the dry state, we have to
propose, as a first step, a “plausible” structure, before having a
microscopic view of the adsorption of heavy metal ions. This is why
the influence of the layer charge by imposing different substitution
positions in different surface charge structures is studied. The impact
of these substitutions on the surface energy and the chemical
reactivity are also discussed.

2. Computational section
2.1. Theoretical approach

2.1.1. Lattice energy

The first step of the calculation is the classical computation of the
lattice energy in a crystal using the Madelung matrix, corresponding
to the summation of the electrostatic influence relative to the
different positions of the atoms constituting the crystal. For this, the
crystal structure, including H atoms, the relationships defined by the
space group of the crystal and the formal charges have to be known.
Details of such calculations giving the Madelung constant M and the
Madelung tensor Mij are given elsewhere (Quane, 1970). One result
obtained from our calculations is the value of the electrostatic part for
the lattice energy, i.e. the actual attractive part of this energy, when
considering ionic solids (Douillard and Henry, 2003; Huheey et al.,
1993).

 N,mé?

U, =
e TS

(1)

where U, N,, M, e and r. correspond to the lattice energy, the
Avogadro number, the Madelung constant, the electron charge and
the internuclear distance respectively. The choice of r. is detailed in
Quane (1970). It must be emphasized that the preliminary calculation
of the lattice energy considers that the crystal is fully ionic.

2.1.2. Atomic charge

Pauling suggested that the effective electrical charge located on a
chemical species interacting in a chemical bond is related to the
electronegativity of the atom, which represents its capacity to attract

electrons. Another concept is necessary in order to interpret the
chemical bonds quantitatively in such a way: the hardness
corresponding to the measure of resistance of a chemical species to
change its electronic configuration (Pauling, 1932). The formalization
of electronegativity and hardness concepts has been carried out in the
framework of density functional theory (Parr and Yang, 1994). In this
theory the chemical potential p of the electrons of the studied system
is the derivative of the energy, E, with respect to the number of
electrons, N, at constant external potential, v. It is also defined as a
definition of the electronegativity y:

u = (@E/AN), = —y. (2)

The hardness 1 is then

_ (@*E\ _ [ou
- (88) - @,

Practically, it is possible to determine the global distribution of the
electron density around atoms in a molecule or a crystal using scales
for electronegativity and hardness. For this, it is necessary to compute
the equalization of the chemical potentials of the different atomic
charge clouds upon bond formation, and then to determine atomic
charges. It is very simple for diatomic molecules A-B: for any electron
transfer dN from B to A at the internuclear distance r, the change in
energy is the following using the same notations:

oE oE OE
€= [(m)n,,f (m)w] il (F)NA,N,"" 2

In this case, the equilibrium imposes dr=0 (i.e. r=r,, where r, is
the internucleus equilibrium distance) and dE = 0. It follows that the
equation is simplified into:

o~ ()., ®

There is an equalization of the effective electronegativities of A and
B (denoted y,and yg), ensured by the change dN of the effective
atomic charges q;. Then, using the previously mentioned definition of
the hardness, one gets a relation between the atomic electronegativ-
ities x? of pure/single isolated species, the charges q;, the hardnesses
7 and the resulting mean electronegativity ywhich corresponds to
the value obtained at equilibrium:

A=A F WA =8+ Nee = e =7 (6)
which gives for the charge, since q, = qg: gy = ‘ig:""lu i

From this equation, the difference of electronegativities can be
considered as driving the electron transfer, in contrast with the sum of
hardnesses which is opposed to this transfer.

However, this calculation, simple in the case of diatomic
molecules, becomes more complex in the case of crystals, where
long-range forces act and a spatial summation is performed. It is
therefore necessary to know equilibrium distances for all atoms in the
crystal. We will discuss this in the next paragraph.

In the calculation, the Allen electronegativity scale, which is
related to spectroscopic characteristics of the atom, is used (Huheey
et al,, 1993; Allen, 1989).

In addition, the model supports the hardness scale linked to the
radius of the atom considered as a sphere with a uniformly distributed
electric charge q (Henry, 1997). The radius is taken here as the size of
the diffuse orbital of the element (this hardness scale is detailed in
Henry, 1997). The calculation is then independent from the assump-
tions or relative scales but depends only on physical values that can be
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determined by spectroscopic techniques or quantum calculations. The
other main interest of such a calculation is the fact that no value of the
charge for a chosen atom has to be assumed, which is unfortunately
often the case in the calculations in the literature (Rotenberg et al.,
2007; Marry et al., 2002; Skipper et al., 1995). Values for the hardness
are given in Table 1.

2.1.3. Calculations for crystals and layers
In the case of infinite crystals and using crystallographic data, the
mean electronegativity is determined by the following equation:

o 0 e 1 n g n
7 = y0 4 o S M. .ea: - )
XT=1x + y o g + Ty = M;_jeq; with i; =z (7)

One has to emphasize that the Madelung tensor M;; takes into
account the geometry of the studied crystal, and is computed from
atom positions using routine procedures. The computation of the
atomic charges q; is then straightforward. Knowing this distribution, a
summation named by Henry (1997) the “Electrostatic Balance” (EB) is
calculated.

92 n n
EB = mix _}: M,-_j(q,»qj). (8)

=1 j=1

By considering the ionic charges instead of the atomic charges in
Eq. (8), this equation corresponds to the electrostatic part of the
lattice energy, U,, defined in Eq. (1) (the Madelung tensor gives the
Madelung constant). Then, EB corresponds to the effective electro-
static part of the bond energy. It has already been shown that the
electrostatic part of the energy, taking into account the repulsive
forces, corresponds to 90% of the attractive part, at the first
approximation (Huheey et al, 1993). The calculation in a semi-
infinite solid is very expensive in computer memory and is performed
only on a limited number of atoms (Bertaut, 1952). We consider that
the results are close to the calculations in a semi-infinite crystal since
the curve representing the energy evolution as a function of the

number of atoms considered in our calculations converges (see Fig. 2).

In this general framework and using crystallographic software,
models with finite layers, developed along different axes or hkl planes,
are built. It is assumed that only long-range forces are modified when
comparing infinite crystal and finite layer. Indeed, a strong modifi-
cation of the electrostatic energy is observed when developing a layer.
This energy can be extrapolated to a value corresponding to a layer,
infinite in two directions of space and finite in the other one.
Assuming that the other parts of the energy (mainly due to dispersive
forces) do not vary when, modifying the dimension of the layer, the
difference of calculated electrostatic energies reported to a surface
area unit can be considered as the total variation of the attractive
energy between a semi-infinite layer and an infinite crystal (Douillard
and Henry, 2003). Finally, it can be considered as the cohesive energy
of the crystal; i.e. the energy required to separate the layers
composing the crystal. For that, we divide the energy difference
between the crystal and the layer by the cell surface area of the

Table 1
Hardness values used for the atoms.
Atom Hardness (nm)
Si 0.1068
o 0.045
Mg 0.1279
Al 0.1312
H 0.053

Pb 0.1215

considered layer, which can be directly determined from the
crystallographic data (a, b, ¢, and -y parameters).

We obtain the following equation derived in the unit cell to
calculate the cohesion energy of the solid per unit surface area.

UiY = [U(crystal)—U(layer)] ~ [EB(crystal)—EB(layer)] / A (9)

where A{ is the surface area of the considered layer.

Such a layer is represented in Fig. 1.

If the considered layer is built along two crystal axes, proportionally
to the cell dimensions, it is easy to relate the surface area acting in the
defined process to the molecular lengths, linked to the cell lengths a, b
and c. By definition, per unit surface area, the energy of cohesion is twice
the surface energy.

In the case of clays, our calculation makes it possible to obtain the
energy of cohesion between the different layers along the c-axis,
which is perpendicular to the ideal plane of cleavage (Salles et al.,
2007; Douillard et al., 2007b).

2.2. Crystallographic structures

The use of a correct crystallographic file is the starting point in our
calculation. We must dispose of a structure with the precise atom
positions in order to get meaningful calculations. However, due to the
lack of information concerning the structure of Pb-montmorillonite,
we have to start from the structure established by Tsipurski and Drits
(1984). In this structure, the nature of the interlayer cations and the ¢
parameter in the unit cell have been modified (see discussion in the
later part). Selected crystallographic data are given in Table 2.

Montmorillonite is a phyllosilicate formed by aluminosilicate
layers stacked one above the other and each layer is composed of
silicon, aluminium, magnesium and oxygen. A simplified formula is:
(Na, 0.5 Ca)g s (ALMg), Sig Oz (OH)4, nH,0. The Na and Ca cations are
called interlayer cations since they are placed between the alumino-
silicate layers. In the considered structure, both the existence of
tetrahedral substitutions and the presence of the iron atom in the
layer are not taken into account, in agreement with hypotheses
commonly accepted in simulation works (Rotenberg et al., 2007;
Marry et al., 2002; Skipper et al., 1995).

In the clay layer, a partial substitution of aluminium atoms by
magnesium atoms can occur in the octahedral sheet. Similarly silicon
atoms can be replaced in the tetrahedral sheet by aluminium atoms,
but, as mentioned previously, this kind of substitutions is not
considered here. The existence of substitution creates a negative
charge, compensated by an interlayer cation. The interlayer cations
present in natural samples are Na*, Ca®*, and Mg*™.

The montmorillonite structure can be built in the space group C2/m
(#12), but some octahedral site positions have to be empty. With the code
PACHA, it is simpler to start from a C2 symmetry. For our calculations, we
consider the Tsipurski and Drits structure (Tsipurski and Drits, 1984)

Fig. 1. Schematic representation of the Pb-montmorillonite unit cell along the b and ¢
axes for the low charge (a) and the high charge (b) structures. The colors correspond to
the following atoms: white (H), cyan (Pb), purple (Mg), green (Al), red (0), and yellow
(Si).
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Table 2
Crystallographic data for the low charge and high charge structures of Pb-montmorillonite
studied.

Crystallographic formula Pbg5SigAlsMg,044H, PbSigAl,Mg,054H,
Space group P1 C2/m

a(nm) 0517 0518

b (nm) 1.788 0.898

¢ (nm) 1.03 1.030

Alpha 90 90

Beta 90 99.54

Gamma 90 90

V (nm?) 095213 0.4725

where the cell dimensions for the Na-montmorillonite are: a=0.517 +
0.002 nm, b=0.894 4+ 0.002 nm, ¢ =0.995 = 0.006 nm, [>=99°54" 4 30".
The introduction of Pb®>* as interlayer cation surely imposes a certain
modification of the c value, corresponding to the interlayer opening. Such
a choice is delicate, since modifications of a and b values should also be
possible (Drits and Tchoubar, 1990). We propose here to study the
evolution of the electrostatic properties for two values, c=1.03 nm and
¢ = 1.15 nm. The first value corresponds to the known interlayer distance
at the dry state for Ca? " -montmorillonite, and then assumes that the Pb**
occupies the same steric volume as Ca®>* (see Ferrage et al., 2005). The
second value corresponds to an extreme interlayer distance
corresponding to the sum of the standard layer thickness (c~1 nm) and
a realistic ionic radius of Pb** (0.15 nm) (Marcus, 1994). Some other
intermediate values have been also investigated.

Moreover the influence of the layer charge has also been
investigated. We have considered for one Pb?* cation two different
unit cells (corresponding to one and two substitutions for 0,,(0H),)
as illustrated by the schematic representations given in Fig. 1.
Compositions are modified in order to reproduce the charge effect.
The respective compositions are Pb (SigAl,Mg,0,,H,) and Pb, 5
(SigAlsMg,0,4H,). The substitutions have been imposed in the
octahedral sheet in order to stay close to the montmorillonite
structure. The main difference is the Mg/Al ratio, which is respectively
1 and 1/3 for the two structures considered in this article. Therefore
we consider a strong layer (or surface) charge (+ 1) and a lower layer
charge (+ 0.5) per O,4H,. In the following text, we name the structure
with one substitution per O,4H, the low charge structure and the
structure with two substitutions per 0,4H, the high charge structure.
The main distances and angles for the two structures are given in
Table 3.

It is important to point out that the structures that we consider for
the calculations do not contain water molecules since we want to
determine the surface energy for montmorillonite in the dry state. The
intrusion of water molecules in the interlayer space makes the
situation more complex and macroscopic and microscopic structures
with water are still unknown.

Table 3
Selected bond lengths (nm) and angles (°) for the two Pb-montmorillonite structures.

Distances Low charge structure (1.03 nm) High charge structure (1.03 nm)
Al-0 0.225 0.201
Al-Mg 0.298 0.299
Al-Al 0.298 0.298
Si-08i 0.165 0.164
Si-0Al 0.170 0.164
Si-OH 0.152 0.161
0-H 0.077 0.088
Si-Si 0.295 0.295
Mg-0 0.190 0.220
Angles
Si-0-Al 133° 126.3°
Si-0-Mg 1337 112.6°
Al-0-H 116.5° 126.5°
0-Al-OH 1014 98.2°

In addition, in the simulated structures we use (i.e. without any
structural default), we also consider a perfect cleavage plane, which is
usually difficult to obtain experimentally. However, this hypothesis is
necessary to the development of our calculations.

3. Results and discussion

As presented in the Computational section, a good approximation
of the surface energy is obtained from the electrostatic calculations in
infinite and finite layer structures. In Fig. 2, the evolution of the
difference of energy between the crystal and the finite layer is
reported. A convergence of the difference is shown when 2000 atoms
are considered for the finite layer. This means that the number of
atoms is sufficient to determine the value to the infinite layer energy.

Different results are obtained from our calculations. First, the Total
Electrostatic Balance (TEB) is determined for the different forms of
montmorillonite as given in Table 4. These energy values correspond
to the attractive part of the lattice energy. Values are in the same order
of magnitude as those obtained for other montmorillonites (Douillard
et al,, 2007b), even if they are larger, which is due to the presence of
divalent interlayer cations. It is noticeable that the number of
substitution in the layer has an influence: when we compare the
TEB values for the two structures, we do not find a simple half ratio. By
comparing the same form with different interlayer distances, the TEB
value decreases in absolute value, which makes sense. Indeed it is due
to the decrease of the interaction between layers. This influence of the
interlayer distance is not so strongly important and the partial charge
for the Pb cation is more or less equivalent in the two forms and
decreases a little when the interlayer opening increases. However, as
the interlayer distance is not exactly known, the more realistic value
for a plausible structure is probably an intermediate value. The surface
energy corresponding to such a value taken at 1.09 nm is also reported
in Table 5.

The comparison of partial charges has to be performed remem-
bering that they are obtained using the Electronegativity Equalization
Method and following our choices of electronegativity scale and
hardness values. This is in agreement with the fact that partial charges
are, quantum chemically speaking, not unique but relative. The partial
charges are listed in Table 6 for the framework and in Table 7 for the
interlayer cations. The comparison for the different layer charges
considered in this study shows only small differences for atoms of the
framework, except for aluminium and magnesium for which a large
variation is observed and for the OH group, showing an increase of the
acidity following the increase of layer charge. Furthermore Al (with a
partial charge close to 1.3) and Mg (with a partial charge close to 1.6)
are the most charged cations in the two unit cell structures
respectively. The point here is that the partial charge for the
aluminium decreases when the concentration of aluminium increases.

2500 4 1
g
2000 \ 1
2 \
2 1500 \ -
5 Q
o 1000 1 \ ]
<
\\&\
500 e
25
0 T T T T T
0 500 1000 1500 2000
Number of Atoms

Fig. 2. Typical evolution of the energy of a layer vs the number of atoms taken into
account in the calculation.
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Table 4
Comparison of the Total Electrostatic Balance and the Electrostatic Balance for the
different systems (different charges and different doo1).

Form TEB (k] mol™ ") EB (kI mol™ ")
High charge structure (1.03 nm) ~158,578.8 ~10,901.4
High charge structure (1.15 nm) ~150,988.4 ~9062.1
Low charge structure (1.03 nm) - 160,305.0 ~11,4199
Low charge structure (1.15 nm) - 152,770.35 ~9320.8

This effect is well known in the zeolite family and has already been
analysed by Barthomeuf (1987, 1994), who linked the acidity and the
Al content in zeolites. This effect is related to the nature and quantity
of electroactive atoms surrounding one aluminium and linked to the
fact that two aluminium atoms cannot be directly linked, which is
stated by the Loewenstein law in silicates (Loewenstein, 1954).
Moreover it follows from our theoretical calculations that the
substitutions are not randomly distributed in the octahedral sheet
as it has been discussed from experimental NMR spectroscopy data for
layered silicates (Lipsicas et al., 1984). Following these observations
and more particularly the fact that the partial charges for Pb cations
are higher in the low charge structure (corresponding to one
substitution per 0,4,H;) compared to the high charge structure
(corresponding to two substitutions per 0,4H,), we can conclude
that the low charge structure is a more realistic representation of the
actual Pb-montmorillonite structure. Indeed the higher the partial
charges, the stronger the interaction between interlayer cation and
layer. Therefore the low charge structure is a better material for Pb
adsorption due to the stronger electrostatic interaction.

The surface energy value can be also estimated and the results are
presented in Table 5. Surface energy values depend on the layer charge
of the montmorillonite and on the interlayer opening (1.03 or 1.15 nm).
This relationship with the interlayer distance is in agreement with
relationships already obtained in the case of montmorillonites saturated
with alkali cations (Douillard et al., 2007b). Nevertheless this last effect
has not been analysed in depth, keeping in mind that the interlayer
distances used here are only assumed and not experimentally
measured. Due to higher partial charges calculated for the low surface
charge structure, the highest surface energy value is determined in this
case. However, the variation is not large. This last result implies that the
impact of the repartition of the partial charges is only small for the
surface energy values. Indeed, intuitively, the higher is the layer charge,
the higher should be the interaction between layers. In fact, the increase
of charge is blocked when the substitutions are too close. This means
that the surface energy is higher in structures where the substitutions
are far enough apart to lower the impact on each other. Furthermore,
complementary with the previously mentioned observations, the
surface energy for the low charge structure is in coherence with the
values obtained in the case of Ca-montmorillonite (Haouzi et al., 2007).

As presented in the Introduction section, to elucidate the capacity
of swelling clays to capture the heavy metal ions, we have to ensure
that the hydration of the interlayer cations does not counterbalance
the cohesion energy between clay layers. From these surface energy
values, the hydration energy for both interlayer cations and layer
surface can be calculated, as already presented in Salles et al. (2007) in
which calculation results compare well with experimental data (Salles
et al,, 2008). An important hypothesis is that the heat of swelling,
which is related to the enlargement of the interlayer distance in the

Table 5
Surface energies obtained for the different structures.

Table 6
Atomic charges obtained for the Pb-montmorillonite.
Atom High charge High charge Low charge Low charge
structure structure structure structure
(1.03 nm) (1.15nm) (1.03 nm) (1.15nm)
Si 0.865 0.809 0.87 0.819
o1 - 0.499 - 0471 -0.531 0.641
02 ~0.485 ~0.457 -0.531 - 0.491
Oh - 0.55 - 051 -0.531 - 0.491
04 -0.576 -0532 -0.531 - 0.491
H1 0.119 0.085 0.21 0.151
Mg 1.134 1.106 1.705 1.565
Al 1.269 135 0.972 0911

presence of water, can be neglected when we consider the total
energy of the hydration process. This assumption has been validated
by determining the energy between layers as a function of the
interlayer distance using the same electrostatic calculations method-
ology (see Salles et al., 2007). Moreover it has already been shown
that strong swelling does not occur in montmorillonites saturated
with high charge interlayer cations (Salles et al., 2010; Ferrage et al.,
2005). Then the surface energy has to be combined with the heat of
immersion in order to extract the hydration energy for the whole
system considered as composed of cations and layer. In the case of Pb-
montmorillonite, no experimental value is available for heat of
immersion. Therefore we propose to determine (i) the hydration
energy of the layer from the curve linking surface energy and
immersion data in the case of montmorillonites saturated with alkali
cations (presented in Salles et al. (2007) and validated by conductivity
measurements in Salles et al. (2008)) and then (ii) to determine the
hydration energy for the Pb”* interlayer cation from the curve linking
the hydration energy of the interlayer alkali cation (i.e. in the
montmorillonite structure) and the hydration energy of the alkali
cation in solution (presented in Salles et al. (2007)). The correlation
previously obtained (Salles et al., 2007) has shown that the ratio
between hydration enthalpy in clays (expressed in mJ m~?) and in
solution (expressed in k] mol~ ') for alkali cations is around 1/1; we
propose to use this ratio in the case of Pb-montmorillonite to fix the
idea and to determine hydration energies. By this way the hydration
energy for the Pb?>* cation in montmorillonite is estimated at about
1.5 m~ 2, which corresponds to 450 and 270 k] mol ™~ ' if we consider
the chemical formulae corresponding to 0.5 and 1 Pb interlayer
cations respectively. These values are considerably lower than the
hydration enthalpy obtained for a complete hydration in solution,
which Marcus (1994) estimates to be 1570 kjmol~'. All the
simulated hydration values are reported in Table 8. These results are
in good agreement with the fact that the high charge cations (such as
Ni** or Sm**) are more strongly bonded to the water molecules
compared to the Na* cations, as observed recently by QENS (Sobolev
et al., 2009). The point is that the hydration energy for the interlayer
cation is here predominant in the hydration process, compared to the
hydration of the layer surface. This could explain the destabilisation of
the crystal structure observed experimentally when adsorbing Pb?*
ions (Jozja et al., 2003). Thermal effects linked to adsorption of Pb?*
ions are probably very important and contribute to a certain breaking
of the structure. In agreement with the surface energy obtained by
calculations, the hydration energy for the whole systems in the case of
low charge structures presents the highest value: the complete

Form High charge structure High charge structure High charge structure Low charge structure Low charge structure Low charge structure
(1.03 nm) (1.09 nm) (1.15nm) (1.03 nm) (1.09 nm) (1.15 nm)
Surface energy 330 310 290 560 495 441

(m)m~2)
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Table 7
Atomic charges obtained for the interlayer cations as a function of the layer charge and
the interlayer opening.

Form Atomic charge obtained for the cation
High charge structure (1.03 nm) 0.489
High charge structure (1.15 nm) 0.538
Low charge structure (1.03 nm) 0.623
Low charge structure (1.15 nm) 0.641

hydration of these solids should be the most energetic. Even if we
consider that the hydration process is complete in clays, the results
show clearly that the Pb interlayer cation is not completely hydrated
(if we compare our determined value 450 k] mol~ ' to the maximum)
to the expected value of 1570 k] mol~ ' (Marcus, 1994). It can be
concluded that the mobility of this cation in the interlayer space must
be very limited. Our results confirm the possible capacity of the
swelling clays to capture heavy metal ions from the exchange of alkali
cations which are more mobile (such as Li or Na interlayer cations) as
already shown from conductivity measurements (Salles et al., 2008).
Our results also show that the heavy metal interlayer cation will be
strongly fixed to the adsorption site in the structure. The situation is
enhanced in the low charge structure compared to the high charge
structure, which implies that the best adsorbent for heavy metal
capture is the low charge structure.

4. Conclusion

The study of theoretical models for Pb-montmorillonites present-
ing different layer charges and different interlayer openings has
allowed determination of the influence of these parameters on the
partial charge repartition and the surface energy values. It follows
from our calculations that the precise interlayer distance has only a
weak influence on the surface energy as already demonstrated for
montmorillonites saturated by alkali cations (Salles et al., 2007). On
the contrary, the influence of the substitution position and the layer
charge are crucial. It has been found that close substitutions induce a
decrease of the surface energy and the acidity (or partial charge of the
cation) due to the counter-effect of each substitution on the others.
This result is therefore a generalisation of the Loewenstein law and
also of Barthomeuf's works (Barthomeuf, 1987; 1994) on the
repartition of aluminium as a substituent for silicon in zeolites.
Regarding the lack of experimental data on the structure of Pb-
montmorillonite, our work is a first step on the way to propose a
structure and an efficient route to study this kind of swelling clay in
the dry state. Another way to interpret our results is to consider that
montmorillonites with low charge are the most efficient montmor-
illonites to adsorb Pb?" cations as interlayer cations.

From this plausible structure and our surface energy results, we
propose the calculation of the hydration energy for both the interlayer
cation and the layer surface. These data are necessary to understand
the capacity of swelling clays to capture heavy metals in their
structure. At the first level obtained here, the hydration of the cation is
predicted as the most exothermic process, compared to the hydration
of the layer. This result is in good agreement with Quasi-Elastic
Neutron Scattering data obtained recently which determined that

Table 8
Predicted hydration energies (in mj m~?) for interlayer cations and layer surfaces and
estimation of the immersion heat for the complete system.

Layer Cation Immersion
High charge structure (1.03 nm) 425 1500 1925
High charge structure (1.13 nm) 385 1500 1885
Low charge structure (1.03 nm) 630 1500 2130
Low charge structure (1.13 nm) 525 1500 2025

cations with high charge (such as Ni** and Sm®") are strongly
bonded to the water molecules in the interlayer space (Sobolev et al.,
2009). Unfortunately, to date, no experimental value is available
concerning the heat of immersion, which will bring a more precise
view of the hydration process.

Therefore, in order to understand the interaction between
interlayer cations, layers and water molecules, future ab-initio
calculations represent a promising way to predict more precisely
the crystallographic structure and then combined with classical
simulations to explain the interaction mode of the Pb cations in the
presence of water.
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