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Abstract—Theoretical models of the mechanical properties of hydrated smectites, saturated with a variety
of cations, are of much value in determining the potential for their use in various applications, including
clay-polymer nanocomposites, but the development of such models is still in its infancy. The purpose of
this study was to calculate the effects of divalent cations on the structural and mechanical elasticity of
montmorillonite under different degrees of hydration. A theoretical study of the swelling and hydration
behavior of montmorillonite was, therefore, undertaken using density functional theory (DFT) to
investigate the basal spacing behavior of the homoionic montmorillonite with varying amounts of water in
the interlayer space. The effect of the degree of the hydration of divalent interlayer cations (Mg*"/Ca®"/
Sr**/Ba") on the structure expansion of the interlayer space was analyzed. In addition, the results obtained
were compared to calculations performed on the montmorillonite model with a monovalent cation (Na™).
The basal spacing (dyo;) is governed by the size and the degree of hydration of the countercations. The
structures containing divalent cations are more compact than structures with monovalent cations. Ba-
exchanged montmorillonite was found to have the largest dy; value for any degree of hydration (‘dry,” one
water layer, or two layers). The basal spacings of ‘dry’ montmorillonite exchanged with small cations,
Mg2+ and Ca®", are very similar. In hydrated models, the dyg; expansion correlates with the ionic radius of
the interlayer cation. The dependence of the total electronic energy on the volume expansion was
calculated. From the energetic curves, bulk modulus (B,) was obtained by fitting in order to show how the
compliance of the material depends on the type of interlayer cation and on the degree of hydration. With
increasing water content in the interlayer space, the bulk modulus decreased, suggesting that the c-axial
compression becomes easier with increasing hydration of the clay mineral. The values of the bulk modulus
in hydrated systems are less sensitive to the type of the interlayer cation.
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INTRODUCTION _ , ,
interlayer counterions. The cations and the charged clay

Clay minerals are aluminosilicates which predomi-
nate in mineral fractions of soils and sedimentary rocks
(Perkins, 1998; Velde, 1995). They are also important
for industrial and technological applications due to their
chemical and catalytic activities, e.g. as sorbents, filters,
or waste deposits (Giese and van Oss, 2002; Bailey,
1988). Generally, these minerals consist of one or two
layers of polymerized silicon-oxygen tetrahedra and one
layer of polymerized aluminum or magnesium oxygen/
hydroxyl octahedra stacked on top of each other in a well
defined manner (Velde, 1995). Montmorillonite belongs
to the smectite family of 2:1 clay minerals; it possesses a
negative layer charge, ¢, due to isomorphic substitutions
mainly in the octahedral sheet (Mg®" for AI’"). Typical
values of ¢ for smectites are in the range 0.2—0.6 |e|. The
excess negative charge is normally compensated by
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mineral surface can interact strongly with polar solvents
and easily undergo hydration. Smectites can exchange
interlayer cations (usually in hydrated form) and also
have a tendency to swell by the incorporation of large
amounts of water molecules. These minerals also
intercalate various organic molecules into the interlayer
space.

The hydration and dehydration reactions of mont-
morillonite are important in many geological processes
and have been linked to phenomena as diverse as
sediment over pressurization and petroleum migration.
Characterized by significant swelling capacities, mont-
morillonites are used widely for the intercalation of
various species, from small molecules to polymers, into
the interlayer space (Kato and Usuki, 2000). The design
of new clay-polymer nanocomposites with improved
mechanical (Liu et al., 2003; Wan et al., 2003; Zhang et
al., 2005), heat resistant (Qin et al., 2003), or coating
(Majumdar et al., 2003) properties is a field of intense
research. Clays are also used as molecular-sieve
catalysts (Kantam et al., 1998), ion exchangers, and
adsorbents (Manju et al., 1999).
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The swelling properties of clays can also be regarded
as a critical drawback, e.g. in the field of petrologic
processes. The hydration of clays may lead to borehole
instabilities. In such circumstances, new additives are
required to penetrate into clay materials thereby
preventing them from swelling (Bains et al., 2001).
Numerous experimental studies on the swelling behavior
of smectite minerals under different conditions can be
found in the literature. An important factor which
influences the swelling is the nature of the exchangeable
cation in the interlayer space (Suquet et al., 1975;
Guindy et al., 1985; Fu et al., 1990; Slade et al., 1991;
Sato et al., 1992; Bérend et al., 1995; Cases et al., 1997,
Cuadros, 1997; Dios Cancela et al., 1997; Zabat and Van
Damme, 2000; Bray and Redfern, 2000; Ferrage et al.,
2005, 2007a, and 2007b; Abramova et al., 2007). For
example, experiments carried out on Ca-montmorillonite
have shown that at ambient conditions of 300 K and
1 bar the dyy; spacing of the anhydrous phase, ~9.7 A,
hydrates to an 11.2—12.4 A one-layer hydrate, to a
15.0—15.5 A two-layer hydrate, and to an 18.0—19.1 A
three-layer hydrate (Posner and Quirk, 1964; Keren and
Shainberg, 1975; Suquet et al., 1975; McEwan and
Wilson, 1980; Slade et al., 1991; Sato et al., 1992; Cases
et al., 1997; Cuadros, 1997; Bray et al., 1998; Bray and
Redfern, 1999, 2000; Ferrage et al., 2005, 2007a).

Unlike zeolites, where first-principles simulation
methods have been used extensively, such studies of
clays have been less common. Sainz-Diaz and co-
workers studied octahedral-cation distributions in smec-
tites and illites by means of density functional theory
(DFT) methods (Sainz-Diaz et al., 2002; Timon et al.,
2003; Botella et al., 2004; Hernandez-Laguna et al.,
2006). The relative stability of cis- and trans-vacant
sites in montmorillonite models was studied by Minisini
and Tsobnang (2005). Tunega et al. (2007) calculated
the relative stabilities of different structural arrange-
ments in dioctahedral phyllosilicates. Only a few ab
initio studies have been devoted to hydrated phases of
smectites. The effect of exchangeable cations on the
swelling properties of 2:1 dioctahedral clays was
investigated by means of a periodic, first-principles
study, where a series of mono- and divalent cations was
used (Chatterjee et al., 2004; Chatterjee, 2005). Ab initio
molecular dynamics (AIMD) was used in the study of the
hydration of a Na-smectite (Boek and Sprik, 2003).
Constrained AIMD has also been used in the study of the
adsorption of a Na* ion on a smectite clay (Suter et al.,
2008).

The swelling and hydration of smectite minerals has
been studied extensively by means of empirical force-
field methods. The Monte Carlo (MC) simulation
method has been used to study water confined between
the layers of 2:1 clay minerals (Skipper et al., 1991) and
an interlayer structure in swelling clay minerals contain-
ing hydrated homoionic cations (Skipper et al., 1995a,
1995b; Chang et al., 1995; Boek et al., 1995; Park and
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Sposito, 2000; Skipper et al., 2006). The MC method has
also been used to predict the interlayer basal separations
of Na- and Ca-saturated Wyoming clays at a constant
stress set of conditions and at constant chemical
potential (Chavez-Paez et al., 2001a, 2001b). Swelling
of Na- and Cs-montmorillonites has been studied by
means of MC and molecular dynamics (MD) simulations
(Marry et al., 2002). The MC simulations were applied
to investigate the interlayer structure of Mg- and Ca-
montmorillonite for various hydration levels
(Greathouse et al., 2000; Greathouse and Storm, 2002;
Fang et al., 2004). Molecular simulations were carried
out on the grand-canonical ensemble of water and
cations in Wyoming and Arizona montmorillonite clay
minerals, with varying relative humidity (Tambach et
al., 2004). Hybrid MC and MD simulations were used in
the study of Na-montmorillonite hydrates under basin
conditions (Odriozola and Guevara-Rodriguez, 2004).
The MC method for grand canonical and grand isoshear
ensemble simulations has been used to characterize the
free energy, enthalpy, and entropy in Cs-, Na-, and Sr-
montmorillonite swelling (Whitley and Smith, 2004).
The stability of the hydrated phases of Ca-montmorillon-
ite was simulated using hybrid MC simulations
(Odriozola and Aguilar, 2005). Series of MC simulations
were performed in order to investigate the reasons for
the remarkable difference in experimental swelling
patterns of a natural Na-rich/Mg-poor montmorillonite
and a homoionic Na-montmorillonite (Meleshyn and
Bunnenberg, 2005). The state and dynamics of water and
cations in pure and mixed Na-Cs-montmorillonite as a
function of the interlayer water content were investi-
gated by means of MC and classical molecular-dynamics
methods (Kosakowski et al., 2008).

The aim of the present work was to show by means of
theoretical calculations how the type of divalent inter-
layer cation and the different degree of its hydration
affect the structural (basal spacing, dyp;) and mechan-
ical-elastic (bulk modulus, Bj) properties of mont-
morillonite. The study of mechanical characteristics is
important in terms of the preparation of new clay-
polymer composites with defined properties.

STRUCTURAL AND COMPUTATIONAL
METHODS

Structural models

The physical properties of smectites are closely
related to details of their composition and arrangements
of ions within the structures (Stucki, 1988). Complete
information on the structural and compositional details
of individual minerals usually cannot be obtained with
standard diffraction methods because of a combination
of compositional heterogeneity and the existence of
different arrangements in layer stacking, although a few
relatively well defined specimens have been character-
ized (Manceau et al., 2000; Drits, 2003).
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The compositional variety and structural complexity
of clay minerals usually require a certain simplification
of models in molecular modeling, especially when ab
initio methods are used. The structural models used in
this work as a base for the model systems were derived
from the structure of a natural smectite known as
Wyoming montmorillonite (Tsipursky and Drits, 1984).
This montmorillonite is a 2:1 dioctahedral smectite with
the unit-cell formula Nag ;57#H,O[Si7 75A10 25]
[Al; sMgp.5]1020(OH),. Initial cell parameters (¢ = 5.18
A, b=28.97 A, c=9.95 A, B =99.5° were taken from the
work by Tsipursky and Drits (1984). The present
computational models use simplified composition only
with AI**/Mg®" substitution in the octahedral sheet and
trans-OH coordination of the octahedral vacancy. A
previous study (Tunega et al., 2007) showed that the
layer structure with this coordination of the vacancy was
more stable than cis-coordination of the vacancy if only
octahedral substitutions were considered. Owing to the
study of divalent cations in the interlayer space, the
computational cell was extended and consisted of two
unit cells (extension in the a direction). This cell had two
isomorphic AI**/Mg?" substitutions and the negative
layer charge produced was —1 per O,o(OH),4. The partial
hydration of divalent cations (Mg?", Ca®’, Sr*', and
Ba’") was studied using four hydration models: (1) a
‘dry’ model (no water molecules); (2) a one-water-layer
model with four water molecules coordinated to the
cation (4W_1L) in the interlayer space; (3) a one-water-
layer model with six water molecules — two water
molecules were added to model 2 (6W_1L); and (4) a
two water-layer model with six water molecules
octahedrally coordinating the cation (6W _2L). For
comparison, the model with the monovalent cation
(Na') in the interlayer space was also studied in which
case only one isomorphic AI**/Mg”" substitution was
generated to produce the negative excess layer charge ¢
= —0.5 per O,9(OH)4. Four/six water molecules in the
IL and 2L models represent an ideal coordination in
planar/octahedral cation complex and are also consis-
tent, to a certain extent, with experimental observations
(e.g. Ferrage et al., 2005, 2007a). The number of
interlayer water molecules in experimental works was
considered as a variable parameter in fitting the
experimental XRD patterns of samples in different
hydration conditions and, therefore, varied with respect
to the cation type and relative humidity. In the present
study, the same number of water molecules was used for
all cations studied in order to achieve consistent
computational models.

Ab initio simulations

All calculations were performed using the Vienna 4b
Initio Simulation Package, VASP (Kresse and Hafner,
1993; Kresse and Furthmiiller, 1996), which is based on
density functional theory (DFT). The parameterization
of the local exchange-correlation function according to
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Perdew and Zunger (1981), together with a generalized
gradient approximation (GGA) for non-local corrections
(Perdew and Wang, 1992), was used. The Kohn-Sham
equations were solved variationally with a plane-wave
(PW) basis set using an energy cutoff of 400 eV in the
projector-augmented-wave (PAW) method (Blochl,
1994; Kresse and Joubert, 1999). Brillouin-zone sam-
pling was restricted to the y-point only because of the
use of relatively large computational cells.

The study of different types of cations in the
interlayer space and their hydration steps requires the
user to find an optimal shape and volume for the unit
cell. The dominant change in the cell volume during the
hydration will clearly be related to the change in the ¢
vector. Most studies of swelling of smectite minerals
have been carried out with fixed a and b cell parameters
where only the ¢ vector or basal spacing (dyo;)
(perpendicular distance between layers = z component
of the ¢ vector) varied. In the present work the question
of how all the cell parameters change during the volume
expansion under the effect of hydration of the interlayer
cations was tackled. For this purpose a certain interval of
cell volumes for each model system was scanned. In
practice, the ¢ vector was varied by ~1 A. For each point
the full geometry relaxation of atomic positions and of
volume shape (cell parameters) was performed, keeping
the cell volume constant. The optimization procedure
was based on a conjugate-gradient algorithm with a
stopping criterion of 107> eV for the total energy, and of
0.01 eV/A for the root mean square force. No symmetry
restrictions were applied during any relaxation proce-
dure. The number of points for each system was 10—12.
The energy dependence with respect to the volume
change was plotted. Formally, such a plot can be fitted
with the third-order four parametric Birch-Murnaghan
equation of state (BM-EOS) (Birch, 1947) to obtain
information about a compliance/hardness of the studied
structure. One parameter in the BM-EOS fit is the bulk
modulus, By, a quantity reflecting the elastic behavior of
the studied material as a response to external pressure.
The fit of the BM-EOS is usually done with respect to a
pressure-volume or energy-volume plot. In the latter
case, the energy change is usually calculated with
respect to the isostatic volume compression. Generally,
bulk modulus is a second-order tensor for solids and in
the case of anisotropic material such as clay minerals, its
individual components can differ significantly. Note that
in some cases in the calculations (especially on hydrated
cations) some of the points of energy-volume data
obtained did not fit ideally onto BM-EOF curves.
Careful checking of the geometry of each point showed
some small discontinuous changes in the geometry of
interlayer species during the stepwise compression, e.g.
re-switching of the hydrogen bonds of water molecules
to neighboring oxygen atoms of the montmorillonite
layer. This resulted in a deviation of some points from
the ideal shape of the BM-EOF curve.
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RESULTS AND DISCUSSION
‘Dry’ montmorillonite

The structure of the dry montmorillonite system
where the cation is ‘sandwiched’ between two layers
(Figure 1) shows that the cation has a position in the
middle between two layers and approximately above/
below the center of the ditrigonal holes of two adjacent
tetrahedral sheets. One of the parameters obtained from
the fit of the BM-EOF to the energy-volume curve is the
equilibrium volume, V,, of the unit cell,. The corre-
sponding equilibrium lattice parameters were estimated
from the plot of their dependence on the volume change
(Figures 2, 3; both figures contain plots for different
steps of cation hydration, discussed below). The b lattice
vectors increase only slightly with volume expansion
(Figure 2a). The monoclinic shape of the cell (Figure 3)
was clearly preserved during the volume expansion as
both the o and y angles deviated only slightly from the
ideal 90° value. The B angle decreased only slightly with
volume expansion. Very similar trends in the depen-
dence of the lattice parameters on the volume expansion
have also been observed for all the studied divalent
cations. The values of the cell parameters corresponding
to the equilibrium volume, V,, obtained for all the
cations in dry state (Table 1) revealed that the calculated
cell parameters a, b, o, B, and y were almost unaffected
by the type of interlayer cation. The calculated @ and b
vectors were only slightly larger than the experimental
values from Tsipursky and Drits (1984). Hernandez-
Laguna et al. (2006) obtained larger a and b vectors
(5.27-5.29 and 9.9-9.13 A) for models similar to those
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Figure 1. Model structure of dry montmorillonite. The clay layer
is represented by the polyhedral model, the interlayer cation is
represented by the ball style. The dashed rectangle represents
the computational cell (b x ¢).
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in the present study (Na'/Mg®"/Ca®’, octahedral sub-
stitution). Those authors also used the GGA but with a
different parameterization (PBE, Perdew et al. 1996)
compared to calculations in the present study. The
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Figure 2. Optimized lattice vectors of Na“-montmorillonite as a
function of unit-cell volume.
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second difference was in the basis set used. While in the
present study, plane waves were used, Perdew et al.

%8r a) Na'-dry -G
—o—ﬁ
96 <—y
94t
92f
Qf e—e—t—t—L—t< o o —+—o
900 920 940 960 980 1000
98I w\
o7} :
| b) Na'-4(H,0)-1L -—u
96 —p
o5} o—7
94}
93}
o 92f
3 91}
2 90[ g t—t—tse—s—s
© 1060 1100 1140 1180 1220
3
=T ",’4_*/\\‘_.,‘\‘_‘
@ o7t
96} ) Na'-6(H,0)-1L -~—a
—p
95} oy
94t
93}
92t
o1}
¥ = s o)
1060 1100 1140 1180 1220
96t 0-\_.__._‘._.—4—-9—-—0._._,_.___*___‘_’_‘_.
o5} . —
d) Na'-6(H,0)-2L a
o4} ~—p
=7
93}
92f
o1}
9of W—'
1360 1380 1400 1420 1440 1460
Volume (A3)

Figure 3. Optimized lattice angles of Na-montmorillonite as a
function of unit-cell volume.
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(1996) used strictly localized numerical atomic orbitals.
The B angles calculated here were ~99° and were
somewhat smaller than the experimental values
(99.5—101.4°) from Tsipursky and Drits (1984). On the
other hand, Hernandez-Laguna et al. (2006) obtained
values of ~103°. In another theoretical work (Chatterjee
et al., 2004) on similar montmorillonite models (DFT
method, plane-wave basis set, GGA approximation,
Becke-Perdew parameterization (Perdew, 1986; Becke
1988)) smaller values for the calculated ¢ and b cell
vectors were obtained. Moreover, the a and b cell
vectors calculated by Chatterjee er al. (2004) showed
greater fluctuation with respect to the type of interlayer
cation than in the present study or in the Hernandez-
Laguna et al. (2006) work. The B angles calculated are
very similar to present results.

As expected, the interlayer cation had the greatest
effect on the ¢ vector and related d spacing. The largest ¢
lattice vector from the set of cations studied was for the
monovalent cation Na® (Table 1). All four structures
with divalent cations had smaller ¢ vectors than the Na'-
montmorillonite structure. Three (Mg**, Ca®*, and Sr*")
had very similar ¢ vectors, close to ~10 A, i.e. similar to
the results of Hernandez-Laguna et al. (2006). On the
other hand, Chatterjee et al. (2004) reported larger ¢
vectors than those obtained in the present study and a
monotonic increase in ¢ from the Mg®"- to Ba®'-
exchanged structures, with no anomaly for the Ca®'-
exchanged structure as was observed here (Table 1).
Surprisingly, the structure for the divalent cation with
the largest ionic radius, Ba®" (see Table 2), had a smaller
¢ vector than the structure with the monovalent Na*
cation; this can be explained by the larger Coulombic
effect of the divalent cations than the monovalent
cations, resulting in more compact layer stacking.
Because of this finding, and coupled with the observed
anomaly for the Ca®" cation (smaller ¢ vector than for
the Mg”" even though Ca*" has a larger cationic radius),
a greater emphasis was placed on the location of the
cation in the interlayer space. Comparing results from
the measured interatomic distances between the inter-
layer cation and the twelve oxygen atoms from the upper
and lower ditrigonal holes packing the cation (Table 2),
cations with smaller atomic radii (Mg*>*, Ca®*, and Na®)
are clearly not located symmetrically above and below
the approximate centers of the ditrigonal holes. Two sets
(in the case of Mg?", three sets) of distances to oxygen
atoms were found and the interlayer cations shifted from
the center toward these oxygen atoms. Mg?" has the
shortest distance (~2.1 A) to the four oxygen atoms (two
from the upper and two from the lower ditrigonal hole),
four intermediate distances (3.1—-3.6 A), and four
distances >4.2 A. Only cations with the largest ionic
radius, Sr** and Ba®", were located close to the middle
of the connection between the centers of the ditrigonal
holes. The average cation—oxygen distance (Table 2) is,
therefore, not a good parameter to explain the location of
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Table 1. Equilibrium cell volume, ¥}, and corresponding cell parameters of the dry montmorillonite models obtained from the

BM-EOF fit.

Cation a (A B (A) ¢ (A) o () B 7 ) Vo (A%
Exp.b 5.18 8.97-9.01 10.05—10.2 90.0 99.5—-101.4 90.0

Na* 5.24 9.08 10.36 89.6 98.7 90.0 974.35
Mg2+ 5.25 9.03 10.07 90.7 99.2 89.7 942.83
Ca®" 5.24 9.03 10.05 90.9 99.3 90.0 940.12
N 5.24 9.06 10.06 90.0 99.2 90.0 943.14
Ba?" 5.25 9.08 10.25 90.1 99.0 90.0 965.31

# computational cell with 2a lattice vector was used in calculations.
® Tsipursky and Drits (1984) (K-saturated smectites); Sato ef al. (1992) (Na-montmorillonites).

the cation in the interlayer space as Na™ and Mg®* seem
to have the largest values.

The calculated relative energy points with respect to
the change of the z coordinate of the ¢ vector (dyo;
spacing) and corresponding BM-EOF fit curves for all
five cations were plotted (Figure 4). The estimated
optimal dyo; value from the BM-EOF fit (Table 3),
together with the value of the bulk modulus, By, obtained
from the fit to the calculated energy-volume points (recall
that By in this case represents the compliance of the clay
structure with respect to the direction perpendicular to the
montmorillonite layers because the a« and b vectors
changed only minimally during the cell-volume expan-
sion/compression at low pressures) shows that the
smallest B, value was obtained for the Na*-montmorillon-
ite compared to the structures with divalent cations,
implying that the Na'-montmorillonite is a more elastic
material while all four structures with divalent cations are
more compact due to the stronger Coulombic interactions.
The results of calculated lattice parameters discussed
above tie in with that observation. The stronger
Coulombic field of the divalent cations forms more rigid
structures than does the monovalent Na' cation. The
calculated dyy; values are in relatively good agreement
with the available experimental data except for the Na*
cation (Table 3). For ‘dry’ Na'-montmorillonite, all
available experimental data are more or less consistent
in the determination of the dyy; value ranging from 9.5 to
9.8 A. The 10.17 A result from calculations by Chatterjee

et al. (2004), however, is similar to the present result
(Table 3). One indication of the difference was that the
pseudopotential used for the Na atom in the calculations
was not adequate to describe the Na* cation. Two other
Na atomic pseudopotentials, available in the program
VASP, were therefore tested also. The results obtained
were almost identical to those obtained using the original
pseudopotential value. For hydrated states of Na*, good
agreement with experimental values was also obtained
(see below). The question of why the experimental and
calculated dyy, values differs is, therefore, still unan-
swered. Experimental determination of dyg; does have
limited accuracy. dyo; is entered as a parameter to fitting
of experimental XRD patterns of samples in which
various proportions of 0, 1, and 2 water layers exist,
and the ratio of these proportions is affected by
experimental conditions, e.g. relative humidity (Ferrage
et al., 2005, 2007a).

Hydrated one-water-layer montmorillonites (four and
six water molecules)

A montmorillonite model structure with an interlayer
cation coordinated by four water molecules which are
located approximately in one plane (one-layer model —
1L), is shown in Figure 5. The cation in the planar
complex has an axial coordination by basal oxygen
atoms surrounding a ditrigonal hole in the upper and
lower layers. The structures with interlayer complexes of
all five cations were optimized in the same manner as in

Table 2. Calculated cation—Oy,s, distances in dry montmorillonite structures at equilibrium unit-cell volume, V.
A, B, and C are three different intervals; the numbers in parenthesis are the number of basal oxygen atoms from
the upper and lower montmorillonite layers. R, is the Pauling cation radius. All numbers are in A.

Cation A B C Average Reat
Na* 2.4-3.1 (6) — 3.5-3.9 (6) 3.22 0.95
Mg>* ~2.1 (4) 3.1-3.6 (4) 42-4.5 (4) 3.25 0.65
Ca** 2.5-3.1 (6) — 3.3-3.8 (6) 3.07 0.99
Sr** ~2.9 (6) — ~3.1 (6) 3.03 1.13
Ba®* ~3.0 (6) - 3.1-3.2 (6) 3.09 1.35
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Figure 4. Final relative energy as a function of basal spacing for the dry (Na*/Mg?>*/Ca**/Sr**/Ba*")-exchanged montmorillonite.
Computed data are fitted to the 2" order Birch-Murnaghan equation of state.

Table 3. Calculated basal spacing, dyo; (10\), and bulk modulus, By, for studied montmorillonite models. dyg; values are
compared with results collected from the literature.

M-montmorillonite —— Theory —— Experiment By (Mbar)
This work  Chatterjee et al.
(2004)°
Na'-dry 10.24 10.17 9.55¢ 9,69, 9.60%, 9.83° 0.13+0.01
Na'-4(H,0)-1L 12.43 11.51 b J 0.110.02
Na™6(Ha0)-1L 1253 12.5%°, 12,79, 12.3-12.55%, 12.57¢ 0.1240.02
Na™-6(H,0)-2L 14.93 15.55%¢, 15.55° 0.11+0.01
Mg**-dry 9.94 9.81 9.6%, 10.0°, 10.0f 0.22+0.04
Mg**-4(H,0)-1L 11.66 10.34 . 0.25+0.01
Mg?*-6(H,0)-1L 12.59 11.5-13.00% 12.1f 0.060.02
Mg>"-6(H,0)-2L 14.37 15.14, 14.0—-15.9¢ , 0.09+0.01
Ca?lmy 9.93 9.98 9.6%, 10.00°, 9.55%, 9.55—9.7" 10.3 0.25+0.03
Ca*"-4(H,0)-1L 11.96 11.33 . c ; 4 0.180.01
Ca®*-6(H0)-1L 1231 11.65—12.85% 12.07—12.50", 1L7,111941245' 012001
Ca*"-6(H,0)-2L 14.72 15.04, 14.30—15.51¢, 15.15—15.6", 15", 15.24—15.81'  0.11+0.01
Sr¥*-dry 9.93 10.11 9.99 9.80—10.00%, 9.64f 0.24+0.00
Sr**-4(H,0)-1L 12.07 10.63 ; 0.18+0.01
Sr2*-6(H,0)-1L 12.44 11.90—-12.70% 12.1-12.25 0.130.01
Sr**-6(H,0)-2L 14.92 14.4%, 15.10—15.73° 15.26—15.79f 0.10+0.01
Ba"-dry 10.12 10.39 11.34, 9.85" 0.21+0.00
Ba’"-4(H,0)-1L 12.20 11.10 B . 0.190.01
Ba?'-6(H,0)-1L 12.72 12.4%,12.0-12.3 0.160.01
Ba®"-6(H,0)-2L 15.15 15.9-16.1d 0.09+0.03

? DFT results only, Chatterjee et al. (2004); for hydrated samples only a 1L model was considered.

b Cuadros (1997)

¢ Bérend et al. (1995)

4 Abramova et al. (2007); dry samples were treated at 375°C; for hydrated samples the type of water layer was not specified.
¢ Ferrage et al. (2005)

 Cases ef al. (1997)

€ Fu et al. (1999)

" Rutherford et al. (1997)

! Bray et al. (1998)

) Sato et al. (1992)
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case of the ‘dry’ structures. Later the structures with four
water molecules were modified by adding two additional
water molecules to the interlayer space. The structures
with six water molecules were again optimized. The two
additional molecules did not penetrate directly into the
coordination sphere of the cation but were located close
to the original four water molecules (Figure 6). The one-
water-layer structures with four and six water molecules
were expanded/compressed with small steps in volume
change in the same way as was done for the ‘dry’
structures. From the fit of the BM-EOF to the energy-
volume curve, the optimal cell parameters and volume
were obtained. A plot of the relative energy with respect
to the change in the z coordinate for all five cations
(Figure 7) revealed that changes in lattice parameters
(vectors and angles) with respect to the volume change
have a trend very similar to that described for the ‘dry’
structures (Figures 2b,c, 3b,c for Na'-montmorillonite
1L models) meaning that the lattice vectors ¢ and b and
also the cell angles change only slightly. The largest
cell-volume change is related to the change in the ¢
vector. From the BM-EOF fit, the equilibrium cell
volume, V,, and cell parameters were estimated
(Table 4) for the corresponding dyo; values (Table 3).
The formation of hydrated montmorillonite structures
with a one-layer arrangement results in the expansion of
the interlayer space with the extension of the dyg;
parameter from ~10 A (‘dry’) to ~12 A and more

Na*/l\/lg:”/Ca”/Srz*/Ba2+

Figure 5. Model structure of 1-layer montmorillonite hydrate
with four water molecules. The clay layer is represented by a
polyhedral model; the interlayer cation is represented by the ball
style. The dashed rectangle represents the computational cell
(bxc).
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(Table 3). The dyo; values calculated here are in good
agreement with available experimental values (see data
in Table 3). The dyg; values calculated by Chatterjee et
al. (2004) are smaller than in the present case, probably
because of an overestimated Coulombic effect in the
Chatterjee models — they used a unit cell which is half
of the computational cell used in the present study. Also,
values for mutual interactions among cation-water
complexes in neighboring computational cells were
greater in the Chatterjee study than in the present
calculations.

The planar cation complexes are relatively regular
where the cation is not centered above the ditrigonal
hole but the whole complex is shifted in such a way that
two basal oxygen atoms from the upper and lower
ditrigonal holes completed the six-coordination of the
cation. The final position of the planar complex is also
ruled by the effective formation of the hydrogen bonds
between water molecules and the basal oxygen atoms of
the montmorillonite layer. The distances of the cation to
the basal oxygen atoms in the coordination sphere and
the lengths of the hydrogen bonds dictate the final dgo;
spacing. In the case of divalent cations, the distances
between water ligand and cation increase regularly with
increasing ionic radius and are: 2.0-2.2 A for Mg*",
2.3-2.4 A for Ca®*, 2.5 A for Sr*", and 2.7 A for Ba>".
The axial distances between the cation and the basal
oxygen atoms are greater than the distances in the

[
]

[}
[1

Figure 6. Model structure of 1-layer montmorillonite hydrate
with six water molecules. The clay layer is represented by the
polyhedral model; the interlayer cation is represented by the ball
style. The dashed rectangle represents the computational cell
(bxc).
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Figure 7. Final relative energy as a function of basal spacing for 1-layer (Na*/Mg?*/Ca?*/Sr**/Ba*")-exchanged montmorillonite
hydrate with six water molecules. Computed data are fitted to the 2" order Birch-Murnaghan equation of state.

equatorial plane and regularly increase for increasing
cation radius (e.g. 2.35 A for Mg>", 2.95 A for Ba>").
The type of cation also affects the length of the hydrogen
bonds formed between the water molecules and the basal
oxygen atoms. The smaller cation has the larger
polarization effect on the water ligand resulting in
shorter hydrogen bonds. For example, the H:-O,
distances are ~1.8—1.9 A for Mg?" and 2.1-2.2 A for
Ba”*. The monovalent Na* cation has a smaller ligand
and polarization effect than divalent cations, and there-
fore the dyo; spacing obtained is greater than in the case
of the largest divalent cation Ba®" (Table 3). The
distances between Na' and water oxygen atoms are
~2.4 A and hydrogen-bond lengths are ~2.1-2.4 A.
The presence of two additional water molecules (1L
models with six H,O) resulted in the extra expansion of
doo1 by ~0.1-0.5 A except for Mg®" (~1 A) (Table 3).

The two additional water molecules form hydrogen
bonds with the basal oxygen atoms and also interact with
the water molecules in the first coordination shell of the
interlayer cation resulting in perturbation of the planar-
ity of the interlayer complex, especially for extended
volumes. The interatomic distances between the cation
and the oxygen atoms in the planar complex do not
change significantly in comparison with the 1L model
with four water molecules.

With the next extension of volume, the two extra
water molecules will have the tendency to enter into the
first coordination sphere of the interlayer cation to form
a six-coordinated complex with the water molecules
arranged in a so-called ‘two-water-layer model’ (2L,
discussed below). The calculated bulk modulus values,
By (Table 3), are smaller than corresponding data
obtained for the ‘dry’ structures, meaning that water

Table 4. Equilibrium cell volume, V,, and corresponding cell parameters of the hydrated one-water-layer montmorillonite
models with four and six water molecules obtained from the BM-EOF fit.

Cation a (A b (A) ¢ (A) o B 7 () Vo (A%
Na‘-4W 5.23 9.08 12.55 90.1 97.8 90.0 1182.15
Na‘-6W 5.22 9.08 12.64 90.7 97.7 90.0 1185.92
Mg2+-4W 5.23 9.05 11.76 90.1 97.5 89.9 1102.75
Mg2+—6W 5.24 9.06 12.70 90.2 97.4 89.8 1193.19
Ca’*-4w 523 9.04 12.07 90.2 97.7 90.0 1128.86
Ca®*-6W 5.23 9.02 12.42 90.1 97.8 90.1 1168.72
ST 4W 5.25 9.09 12.19 90.3 98.2 90.0 1152.53
SrP6W 5.24 9.08 12.57 90.5 98.3 90.0 1183.12
Ba>"-4W 5.23 9.03 12.32 90.2 97.9 90.0 1154.39
Ba®*-6W 5.23 9.04 12.83 90.3 97.5 90.0 1200.48

? A computational cell with a 2a lattice vector was used in the calculations.
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molecules in the interlayer space caused a certain
softening of the hydrated montmorillonites. Such a
tendency is more significant for divalent cations than
for a monovalent Na" cation, implying that the type of
cation in the interlayer space of montmorillonites has a
significant effect on the mechanical properties of the
clay minerals.

Hydrated two-water-layer montmorillonites

A hydrated cation complex in a 2L montmorillonite
model has octahedral coordination and is located in the
interlayer space in such a way that three water molecules
are close to the lower montmorillonite layer while the
other three water molecules are close to the upper layer
(Figure 8). The relative energy dependence on the
volume change for all five cations is shown in
Figure 9. The equilibrium volume of the unit cell, V,
and corresponding cell parameters are collected in
Table 5. The variations in the lattice parameters with
respect to the volume change are very similar to those
observed for the ‘dry’ and 1L structures (compare
Figures 2d and 3d for the Na'-montmorillonite 2L
model). The extension of the dy; spacing with increas-
ing ionic radius is observed for the divalent cations and
the calculated results fit very well with the experimental
data available (Table 3). The cell expansion also
correlates with the increasing cation—oxygen distances
in the cation hexaaquo complex and the hydrogen bonds
formed between the water molecules and the basal
oxygen atoms. The calculated cation—oxygen intera-
tomic distances are 2.03—2.15 A for Mg2+, 2.32-2.40 A
for Ca®*, 2.52—2.55 for Sr**, and 2.70—2.75 A for Ba>".
The strong polarization effect of the divalent cations on
water molecules results in the relatively short (1.7 to
1.9 A) hydrogen bonds between hydrogen atoms of
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@ —Na'/Mg”

T

Figure 8. Model structure of 2-layer montmorillonite hydrate
with six water molecules. The clay layer is represented by the
polyhedral model; the interlayer cation is represented by the ball
style. The dashed rectangle represents the computational cell
(bxc).

water molecules and the basal oxygen atoms. The
hydrogen bonds are a little shorter than those observed
for the 1L hydrated montmorillonite models with

Na-mont
Mg-mont
Ca-mont
Sr-mont
Ba-mont
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Figure 9. Final relative energy as a function of basal spacing for 2-layers (Na"/Mg>*/Ca®"/Sr**/Ba*")-exchanged montmorillonite
hydrate, six water molecules. Computed data are fitted to the 2"® order Birch-Murnaghan equation of state.
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Table 5. Equilibrium cell volume, V,, and corresponding cell parameters of the two-water-layer montmorillonite models

obtained from the BM-EOF fit.

Cation a (A) b (A) c(A) o () B v () Vo (AY’
Na' 5.23 9.06 15.02 89.9 96.0 90.0 1415.50
Mg** 5.22 9.04 14.45 90.2 96.1 90.0 1357.11
Ca’* 5.22 9.04 14.80 90.1 96.0 90.0 1388.81
S 5.25 9.08 15.01 89.9 96.1 90.0 1423.49
Ba®* 5.23 9.04 15.23 90.0 95.9 90.0 1430.86

* A computational cell with a 2a lattice vector was used in the calculations.

divalent cations. The 2L montmorillonite model with
Na' has a relatively large doo; value — similar to the
models with large divalent cations (Sr*" and Ba®"). The
reason is the smaller polarization effect of the Na* cation
in comparison with those of divalent cations. The
Na'—oxygen distances in the optimal structure are
2.4-2.6 A and the hydrogen bond lengths are
~1.9-2.1 A.

Values obtained for the calculated bulk modulus, By,
were smaller than for 1L models (Table 3), implying
increasing elasticity of the hydrated material. Only small
differences in B, values were observed for different
cations such that at greater degrees of hydration of the
montmorillonite structures, the nature of the cations was
less important than in case of the ‘dry’ structures. The By
values obtained showed that the water content became
the dominant factor for elastic properties of hydrated
montmorillonite phases.

CONCLUSIONS

A theoretical study of the hydration properties of
homoionic montmorillonite systems containing divalent
cations in the interlayer space was carried out. For
comparison, the monovalent structure (Na" cation) was
also studied. First-principles calculations based on
density functional theory (DFT) were performed on the
set of models with different levels of cation hydration:
(1) “dry;’ (2) one-layer model with four water molecules;
(3) one-water-layer model with six water molecules; and
(4) two-water-layer model with six water molecules. The
dry structures with divalent cations were found to have
more compact and rigid structures than structures with
monovalent cations as demonstrated by the calculation
of the bulk modulus, By, using the Birch-Murnaghan
equation of states. The dyy, values did not change
regularly with increasing ionic radius in the dry
structures; this was assigned to the slightly different
locations of the cation in the space between the
ditrigonal holes of the tetrahedral sheet. Smaller cations
(Mg**, Ca*") are preferentially located close to some of
the basal oxygen atoms of the ditrigonal holes, while
larger cations (Sr*", Ba®") are located relatively
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symmetrically above and below the ditrigonal holes.
The calculated dyo; values were in relatively good
agreement with experimental values; a discrepancy was
observed only for the Na* cation.

One-layer hydration results in the expansion of the
interlayer space and calculated dyp; parameters are in
good agreement with values presented in the literature
for one-water-layer montmorillonite structures. The
models with divalent cations were, again, more compact
than structures with monovalent cations. Computed dy;
spacing values reflect the nature of the hydrated cation
— with increasing ionic radius, the cation—oxygen
distances in the interlayer complex increase resulting
in increased dyg; values. The type of cation also affects
the hydrogen bonds formed between the water molecules
and the basal oxygen atoms of the montmorillonite
layers. The largest interlayer expansion was observed for
two-water-layer models with octahedrally coordinated
interlayer cations. The interlayer space increased reg-
ularly with increasing ionic radius of the divalent cation
correlating with the measured cation—oxygen distances
in the hexaquo complex.

The calculated B, parameters for hydrated models are
significantly smaller than for dry structures such that
hydrated montmorillonites are more elastic than dry ones.
For greater degrees of hydration (2L model) the calculated
bulk modulus was observed to be less dependent on the
type of interlayer cation; in hydrated montmorillonites,
compliance of the material is, therefore, mainly dictated
by the hydrogen bonds formed between the water
molecules and the montmorillonite layers.
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