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ABSTRACT: The MD method for modeling vermiculite containing
Na+, Rb+, Cs+, Mg2+, and Ba2+ cations shows the following: With a weak
swelling of clay, the temperature has no significant effect on the diffusion
of water and cations through vermiculite. With a high content of water in
vermiculite, the effect of temperature on the diffusion coefficient of
water is greater than that of cations. We studied the structure of RDF
ions in Na+-vermiculite, in which some of the cations are replaced by
Rb+, Cs+, Mg2+, and Ba2+. Cations of alkali and alkaline earth metals
compete with Na+ ions for adsorption sites on the surface of the clay
layer. The alkaline earth metal cations are in the middle between the clay
layers due to their higher charge and stronger hydration. In this case,
Na+ is localized at the surface of the clay layer. Thus, cations of alkaline
earth metals have little effect on the temperature dependence of the
diffusion coefficient Na+.

1. INTRODUCTION

Clay, a mineral widespread on earth, is used in many fields.
Clays have a very low hydraulic conductivity and a high ability
to retain cations and inhibit the diffusion of cations.1,2 These
properties are associated with the patterns of water absorption,
which determine the swelling.2−8 Nowadays, clay has become a
recognized material as an engineering safety barrier for
radioactive waste disposal.9−12

It is known that the temperature of the surface layers of
earth increases with depth. Radioactive decay also leads to the
heating of the substance. Therefore, in recent years, many
scientists have studied the effect of elevated temperatures of
deep geological reservoirs on the processes of interaction
between clay and various cations, including radioactive
ones.13−23 Temperature affects different processes in different
ways. For example, as the temperature decreases, the
distribution of interlayer water tends to be more uniform.24

In this case, the diffusion coefficients of water and cations
increase with increasing temperature. It is known that
temperature has a stronger effect on water molecules.25

However, the temperature dependence of the barrier proper-
ties of clay minerals has not been sufficiently studied.
Vermiculite is a layered clay mineral with a 2:1 structure

consisting of an alumina (octahedral) sheet sandwiched
between two tetrahedral silicon sheets. Isomorphic substitution
of silicon for aluminum in the tetrahedral position leads to the
appearance of a negative charge on the surface of the clay layer.

Equilibrium is achieved through checks and balances between
water molecules and cations between the clay layers. As a
result, a layered crystal structure is formed.24 Therefore, the
diffusion rate of interlayer cations strongly depends on the
content of water molecules in the interlayer space (or is
associated with the properties of clay swelling). In humid
conditions, interlayer cations can interact with water
molecules, forming various complexes depending on their
charge and ionic radius. These processes significantly affect the
amount of water between layers and the distance between
layers of clay.26

Clay minerals do not have long-range order due to the small
size of the sheet and the peculiarities of their packing, which
make it difficult to accurately characterize minerals by
experimental methods. Experimental XRD and NMR methods
are available to study the effect of cation size and charge on the
distances between the basal planes of clay layers.27 However, it
is difficult to experimentally determine the structure of
molecular bonds between clay layers and their kinetic behavior.
It is also difficult to experimentally measure the porosity of clay
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and changes in the nature (type) of interaction between ions
and water molecules located between the layers.
The advantages of molecular dynamics (MD) modeling are

associated with the ability to describe processes at the atomic
level and thermodynamic properties. With ab initio MD, you
can calculate the details of the molecular structure (bond
lengths, bond angles, and forces). Therefore, molecular
modeling is an excellent way to gain an understanding of the
molecular structure and dynamics of clay minerals at the
atomic level.
The size and charge of interlayer cations in clay minerals

play an important role in their swelling.28,29 It was also
suggested that the number and spatial arrangement of negative
charges are the main factors that determine the degree of
hydration and that they determine the number of water
molecules in the interlayer space of the mineral.30 For example,
when some Si atoms are replaced by Al atoms, the centers of
negative charges can be located in octahedral and tetrahedral
sheets. In this case, the charges can be distributed evenly or
form clusters.
Most of the research, however, has focused on one type of

cation in pure clay.1,4,5,31−33 The charge-balancing ions in
natural clays are usually small inorganic cations such as Na+ or
K+ but can be replaced with more complex ions. Different
types of cations react differently to temperature changes. For
example, the adsorption of Pb2+ on bentonite decreases with
increasing temperature;34 at higher temperatures, the adsorp-
tion of Cu2+ on bentonite22 and Th4+ on illite35 is more
favorable. Some metal ions (for example, Zn and Cd) are very
sensitive to temperature changes, and their effective diffusion
coefficient increases 10-fold with increasing temperature in the
range from 290 to 330 K13. Some cations (for example, Li+,
Na+, Cs+, Ca2+, and Sr2+) show a significant increase in the
diffusion rate with increasing temperature.4,23,31 In this case,
the addition of ions of small radius between the layers of
montmorillonite clay decreases the distance between them,7

which in turn reduces the diffusion coefficient of interlayer
cations.2 At temperatures above 423 K, this can lead to a
decrease in the layer’s charge and some of the interlayer
cations can migrate to the octahedral position of the silicate
layer, neutralizing the negative charge located there (the
Hoffmann−Clemen effect).36,37 It is noted that heating can
even cause the penetration of all cations into the clay layers.
Therefore, the clay layers are in direct contact with each other
at temperatures above 473 K.38

In this study, the effect of temperature changes, in the range
of 275−425 K, on the diffusion of several ions between clay
layers was studied. This made it possible to detect the
corresponding changes in the diffusion properties of water
molecules and cations in swollen clays under the influence of
temperature. The experimental study of the dynamics of ions
and water in macroscopic clay samples is complicated by the
presence of numerous pores in the system (between clay
aggregates, clay particles, and layers of clay mineral = clay
layers). Therefore, we used the method of microscopic
modeling based on Newtonian mechanics, modeling of
molecular dynamics, in modeling the process of molecular
motion to obtain static and dynamic information about ions by
changing the distance between clay layers. The effects of
temperature and the presence of various cations of alkali and
alkaline earth metals (Rb+, Cs+, Mg2+, and Ba2+) on the
diffusion of water and Na+ ions in clay were studied.

2. SIMULATION DETAIL

Modeling was carried out using the Materials Studio 7.0
software. The clay model was based on the structure obtained
by Wyckoff39 for dioctahedral vermiculite modeling for the
C2/C space group.40 Geometric dimensions of the model are
20.9342 × 27.2596 Å2 and angles α = γ = 90° and β = 95.64°,
which correspond to 12 calculated cells in a vermiculite layer.
In a tetragonal vermiculite sheet, some of the Si atoms are
replaced by Al. Therefore, the total surface charge of the
vermiculite layer is −1 e per unit cell. The calculated cell
incorporated a total of 1842, forming 286 water molecules, 2
clay layers, and 2 interlayer regions.
The regularity of the arrangement of charges over the surface

of the layers affects the diffusion coefficient. To determine the
dependence of the diffusion coefficient on temperature, one of
the types of charge distribution was used only on one surface
of the layer. In this case, the molecular layer is negatively
charged, due to which cations are attracted to it. The negative
charge in clay layers is compensated by interlayer Na+

counterions. With partial replacement of Na+ counterions on
ions Cs+, Rb+, Mg2+, and Ba2+, the unit cell of vermiculite can
be represented as Na0.75(Cs/Rb)0.25(Si7Al5O20(OH)4) or
Na0.66(Mg/Ba)0.33(Si7Al5O20(OH)4). Before the calculations,
the cations were randomly placed between the clay layers. To
obtain a large complex system of clay minerals obeying
periodic boundary conditions in all three spatial directions, the
original cell is replicated to form a supercell. Skipper et al.41

showed that the properties of a relatively small simulated cell
still represent a macroscopic system unaffected by the artificial
long-range symmetry of the periodic lattice used. According to
the data of the study,42,43 at the distance between the layers of
clay of 17.5 Å, a three-layer structure of water molecules is
formed in this volume. Therefore, in the calculations, this
distance was used. The structure of the computational cell is
shown in Figure 1.

Figure 1. Projection of a vermiculite crystal saturated with water onto
a plane perpendicular to the basal surface of the layer. Oxygen, red;
Al, pink; Si, yellow; and H, gray. Large spheres between layers, free
cations: Na, violet and Cs, blue.
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The model of interaction between vermiculite and water
molecules modeled in this study uses the force field ClayFF.25

Many studies have shown that the ClayFF force field is very
effective in modeling the structure of hydroxide and clay
minerals, as well as the interaction of aqueous solutions and
solvents with the surfaces of minerals.44 The total energy in
molecular dynamics modeling is based on the interaction of
individual atoms in the system, i.e., Coulomb interaction, van
der Waals interaction, and bond angle interaction.

= + + +‐ ‐E E E E Etotal bond stretch angle bend Coulomb VDW (1)

where EVDW is the van der Waals interaction energy.
The van der Waals interaction between molecules is

described by the Lennard−Jones (L−J) potential model. The
total potential energy of the system is the sum of all interacting
positions
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where rij is the distance between atoms i and j, qi and qj are
charges of atoms i and j, and σ and ε are the parameters of the
Lennard−Jones interaction potential.
Lennard−Jones potentials are associated with combinations

of parameters of various ionic interactions and have the
following form:

σ σ σ= +( ): 2ij i j (3)

ε ε ε=ij i j (4)

The atomic charges and Lennard−Jones potential parame-
ters assigned to each atom in the calculated clay cell are taken
from the ClayFF force field.25 This force field more realistically
represents the local charge inhomogeneity that forms around
each specific area of replacement in the clay layer. The ClayFF
force field, consisting of nonbonding members (electrostatic
and van der Waals), predicts the structural and dynamic
properties of the clay in good agreement with the experi-
ment.45−47 Water molecules are represented by a simple point
charge (SPC) model with flexible intramolecular interactions.
The potential parameters and atomic charge of the clay mineral
are given in Table 1. Electrostatic interactions under periodic
boundary conditions are considered by the Ewald summation
method.
When simulating using the Materials Studio code, a local

energy minimum was initially determined for each system,
which was achieved in less than 5000 calculation steps. Clay
temperature was set in the range of 275−425 K with an
interval of 25 K. For the simulation, NPT was preliminarily
used for a calculation time of 20 ps with a step of 0.1 fs. The
results were obtained using an ensemble NVT with a given
system equilibrium of 1000 ps and numerical integration of the
equations of motion of atoms with a time step of 1 fs. The
temperature control method was a Nose−́Hoover thermostat.
This ensured that the temperature of the system was controlled
with the required accuracy. Every 500 steps, the calculated data
of the self-diffusion coefficients of water molecules and
counterions were saved.

3. RESULTS AND DISCUSSION
3.1. Diffusion of Interlayer Particles. Ions of different

elements can be simultaneously located between the molecular

layers of a natural clay mineral. We used Na-vermiculite, which
contains Na+ between the clay layers. In this case, part of the
interlayer sodium ions was replaced by Cs+ and Rb+ ions,
which have an equivalent charge. Molecular dynamics
modeling was carried out under the condition that the clay
density remained constant. The effect of various ions on the
self-diffusion of interlayer cations was studied. The self-
diffusion coefficients for cations and water molecules in the
interlayer space were calculated on long time scales using the
Einstein relation for the case with two dimensions:

= · ⟨ − ⟩d
dt

R t RD
1
4

( ( ) (0))2

(5)

where R(0) is the initial position of the particle and R(t) is the
position of the particle in t time.
The temperature dependence of the self-diffusion coef-

ficients of various ions between the layers of the mineral has
been insufficiently studied. The diffusion coefficients of water
molecules calculated by us in different types of vermiculite are
shown in Figure 2. In the temperature range of 275−425 K, the

diffusion coefficient of water molecules increases nonlinearly
with increasing temperature. It can be seen that the addition of
the second cation decreases the diffusion coefficient of water
molecules at similar levels of hydration. Highly charged cations
have a greater effect on the diffusion rate of water molecules.
The graphs in Figure 2 can be explained as follows:

Molecules and atoms in liquids and solids are in potential wells

Table 1. Lennard-Jones Parameters Used in Vermiculite
with ClayFF Force

layer element q (e) R (Å) ε (kcal mol−1) ref

water O −0.8200 3.5532 0.1554 25
H 0.4100 4.5775 25

tetrahedral O −1.1688 3.5532 0.1554 25
Si 2.1000 3.7064 1.8405 × 10−6 25
Al 1.5750 3.7064 1.8405 × 10−6 25

octahedral O −1.1808 3.5532 0.1554 25
H 0.4250 4.5775 25
Al 1.5750 4.7943 1.3298 × 10−6 25

cation Na+ 1.0 2.6378 0.1301 25
Cs+ 1.0 4.3002 0.1000 25
Rb2+ 2.0 4.114 0.04 23
Ba2+ 2.0 4.2840 0.0470 25
Mg2+ 2.0 1.6444 0.87557 48

Figure 2. Variation of self-diffusion coefficient of water with
temperature in vermiculite containing different kinds of interlayer
counterions: Na-Ver (black), Na/Rb-Ver (red), Na/Cs-Ver (blue),
Na/Mg-Ver (pink), and Na/Ba-Ver (green).
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due to the limiting influence of neighboring particles. In this
case, diffusion is associated with a change in the spatial
position of particles and their thermal velocity. Exit from one
potential well and transition to another are possible due to
fluctuations in the energy of thermal vibrations. The time
required for the appearance of fluctuations in the energy of
thermal vibrations of atoms or molecules, exceeding the depth
of the potential well, can be determined from the Frenkel
equation, as follows:

τ=
Δi

k
jjjj

y
{
zzzzt

E
kT

exp n
0

(6)

where τ0 = 10−13−10−12 s is the period of vibration of an atom
in a solid at a given temperature, ΔEn is the energy fluctuation
magnitude, k is the Boltzmann’s constant, and T is the
temperature.
With an increase in temperature, the appearance time of a

given fluctuation of the thermal vibration energy decreases
nonlinearly, increasing the diffusion rate. In this case, in
accordance with eqs 5 and 6, an exponential dependence of the
diffusion coefficient of water molecules on temperature is
observed.
However, for mixtures of Na with monovalent ions, small

fluctuations are observed with respect to the values described
by the exponential function. The most likely reason for this is a
change in the number of water molecules in the hydration shell
of the cation. This changes the ratio of water molecules
trapped in ion−dipole and hydrogen bonds. Therefore, the
average value of the depth of the potential well for water
molecules changes nonmonotonically.
The temperature dependence of the diffusion coefficients of

water in a mixture with different cations observed in Figure 2
can be explained as follows. Ionic radii are 0.95 Å for Na+, 1.48
Å for Rb+, and 1.69 Å for Cs+. Larger cations have a greater
screening effect for the diffusion of water molecules in a
limited interlayer space. Therefore, the diffusion coefficient of
water in the presence of Na+ cations is greater. At high
temperatures, the Na+ hydration shell loses significantly more
water molecules than Cs+ (Rb+) in their mixture. Therefore,
with increasing temperature, the diffusion coefficient of water
is greater in the solution with Na+ than with Cs+ or Rb+.
Figure 3 shows the calculated graphs of the temperature

dependence of the self-diffusion coefficients of cations in
vermiculite containing two different interlayer counterions, for
example, 9Na+ + 3Cs+ and 6Na+ + 3Ba2+. The data in Figure 3
allow comparing the changes in the diffusion coefficients with
the addition of cations of alkali (Figure 3a) and alkaline earth

(Figure 3b) metals. It can be seen from the figure that the
diffusion rate of the Na+ ion significantly decreases with the
addition of another interlayer cation. Moreover, the larger the
radius of the added ion is, the stronger is the effect on the
diffusion of the Na+ ion. The effect of alkaline earth metal ions
is more vital than that of alkali metal ions. This may be due to
cation competition.49 At the same time, ions with a large radius
and higher valence have great competitive advantages due to
the ratio of the interaction energies of the cations with water
molecules between the layers and with the charges on the
surface of the mineral layer. However, the change in the
diffusion coefficient of cations with increasing temperature is
weakly expressed.
According to Zhang et al.,5 temperature has little effect on

the diffusion of cations in clays with poor hydration, and the
effect of temperature becomes more significant with an
increase in the degree of hydration. In highly hydrated clays,
the effect of temperature is more significant than with weak
hydration. In addition, the size and mass of the hydrated cation
also affect the diffusion behavior of water and cations in the
interlayer space of hydrated clays. Comparing the effect of
temperature on the diffusion of water and ions between clay
layers, it follows that the effect of temperature on the diffusion
coefficient of water molecules is greater than that of ions.
Calculations show that the cations in the interlayer space of

the clay are not evenly distributed but are grouped into layers.
Depending on the structural features of the mineral, this
distribution can be symmetric or asymmetric. In the model
under study, Si atoms located in tetrahedra are replaced by Al
only on one side of the clay layer. In such a structure, an
uneven distribution of cations in the interlayer space is
observed. Cations are more strongly adsorbed by the surface
on one side of the layer containing a larger number of replaced
atoms.40 In this case, the concentration of charges of the
tetrahedral sheet of the vermiculite layer, which determines the
strength of ionic bonds, can also contribute to a slight change
in the diffusion coefficient of cations with a change in
temperature. Our results on the influence of the charge
distribution over the basal surface on the adsorption of
interlayer cations and the nonuniform distribution of sodium
ions in the interlayer space do not contradict the data in the
literature.4,42

It is known that water molecules form clusters, the size
distribution of which depends on temperature.50 The size of
the hydration shell is proportional to the charge/cation size
ratio, which determines the efficiency of the ion−dipole
interaction. The charge/size value increases in the following

Figure 3. Temperature dependence of the self-diffusion coefficient of cations in vermiculite containing several interlayer counterions: (a) alkali and
(b) alkaline earth metals.
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order: Cs+ (0.59), Rb+ (0.67), Na+ (1.05), Ba2+ (1.48), and
Mg2+ (3.08). As the temperature rises, larger clusters are
destroyed and the absolute concentration of small water
clusters increases, and the number of water molecules in the
hydration shell of the cation also decreases.
The diffusion coefficients of Cs+, Rb+, Mg2+, and Ba2+ ions

through the vermiculite mineral, which simultaneously
contains the Na+ cation, nonmonotonically increase in the
temperature range of 275−425 K by a small amount. This can
be explained by the destruction of the hydration shell during
heating, which represents a potential well, which leads to an
increase in the mobility. In this case, the distance between the
cation and the charges on the layer surface also decreases,
reducing the cations’ mobility. Due to the difference in ionic
radii, the cations approach the layer surface at different
distances. The diffusion coefficient of Na+ is greater than that
of Cs+, Rb+, Mg2+, and Ba2+ due to its smaller mass. It is
possible that a decrease in the cluster size increases the role of
the hydration shell in the formation of a potential well due to
the partial polarization of nearby water dimers.
The diffusion coefficient of Na+, in the absence of other

cations, fluctuates around the value of 4 × 10−11 m2/s, with a
tendency to decrease upon heating. This may be due to a
decrease in the effect of the hydration shell and concentration
of Na+ near the layer surface and an increase in the force of
interaction of charges, as well as an increase in the number of
collisions with water molecules, which transfer momentum
mainly toward the layer surface.
In the presence of Rb+, Na+ ions are located closer to the

layer surface than in the presence of Cs+, Ba2+, and Mg2+ or in
a one-component solution. This trend intensifies with
increasing temperatures. Therefore, in a mixture with Rb+,
the diffusion coefficient of Na+ tends to decrease upon heating.
The diffusion coefficient of Na+, mixed with Cs+, Rb+, Mg2+,

and Ba2+, changes nonmonotonically upon heating from 275 to
425 K. At 373 K, there are maxima of the diffusion coefficient
of Na+ in a mixture with Cs+ or Ba2+. When heated above 373

K, the diffusion coefficient of Na+ in the presence of Cs+, Ba2+,
and Mg2+ increases after a significant decrease. This trend is
also seen in pure Na+. At different temperatures, there is also a
different ratio of the diffusion coefficients of Na+, which is in a
mixture with other cations. For example, at 275 K, the Na+

diffusion coefficient increases in the following order in a
mixture with Ba2+, Rb+, Mg2+, and Cs+. At 350 K, the Na+

diffusion coefficient increases in a mixture with Rb+, Mg2+, Cs+,
and Ba2+.
It is known that, in a condensed state, the energy of thermal

vibrations of individual particles fluctuates. Cations in the
interlayer space of clay move to another point if the energy of
their thermal vibrations exceeds the value of the potential well.
In the case considered in the article, the probability of a
collision of a cation with the hydration shell of another cation
is high. If during a collision the total energy of two cations
exceeds the depth of the second potential well, then the second
cation can be replaced by the first one.
The probability of moving the first cation is the maximum if

the energy fluctuations of the first and second cations occur
after a time equal to the time of flight of the first cation from its
first position to the second cation. This time also depends on
the temperature. For example, the maximum diffusion
coefficient of Na+ mixed with Cs+ or Ba2+ appears at a
temperature of 375 K. In other cases, such a ″resonance″ is not
observed since it is outside the considered temperatures.
Our calculated data do not contradict the experimental data

of other authors (see Table 2). Some differences in the data are
associated with the difference in the conditions for the
experiments and calculations.

3.2. Distribution of Different Cations among Clay
Layers. Heating enhances the thermal movement of atoms
and molecules, which leads to an increase in the diffusion
coefficient. For compositions of vermiculite and cations of
alkali and alkaline earth metals, this regularity is poorly fulfilled.
Therefore, we simulated the structural features of the
interaction of cations and water molecules in the interlayer

Table 2. Calculated and Experimental Data on Diffusion Coefficients

particle clay system from references temperature, K DO, m
2/sa D0, m

2/sb method ref

water Na-vermiculite, 3-layer hydrated 285 5.83 × 10−10 8.12 × 10−11 MD 51
two-dimensional Na-vermiculite, 2-layer hydrated 265 5.5 × 10−10 experiment 52
two-dimensional Na-vermiculite, 2-layer hydrated 300 8.64 × 10−10 8.8 × 10−10 experiment 52

Na+ Na-vermiculite, 3-layer hydrated 285 3.04 × 10−11 2.25 × 10−11 MD 51
Montana vermiculite, <2 μm 293 3.98 × 10−11 6.1 × 10−13 experiment 53
Na/Ca-vermiculite, water-saturated conditions 298 4.63 × 10−11 3.7 × 10−11 MD 2
Na-vermiculite, clay concentration 49.5% 298 4.63 × 10−11 5.11 × 10−11 experiment 54

Ba2+ vermiculite, 3.6 mm diameter 298 8.725 × 10−12 (1.3−4.5) × 10−11 experiment 53
Montana vermiculite, CBa 0.1 equiv/1 344.65 1.32 × 10−11 2.96 × 10−11 experiment 55

aDo: the result of our calculations by using the MD method. bD0: from references.

Figure 4. Density profile of cations (a) and water (b) in Na-vermiculite between clay layers for temperatures of 275 K (black), 300 K (red), 350 K
(blue), and 400 K (pink).
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space with clay layers. At the same time, the possibility of
dissociation of water molecules was neglected.
To gain a deeper understanding of the interaction of various

cations with the surface of the clay layer, we calculated the
distribution of various cations in the interlayer region
perpendicular to the basal surface of the clay layer. As can
be seen from Figure 4a, at a temperature of 275 K, interlayer
cations of Na+ are concentrated at distances 3.71, 7.14, 9.99,
11.71, and 13.42 Å from the center of the octahedral sheet of
the layer. In this case, the direction of the coordinate axis is
oriented from the surface of one layer containing Al to the
surface of another layer in which Si atoms are not replaced by
Al. As the temperature rises above 350 K, the concentration of
cations is observed near the surfaces of clay layers. Asymmetry
in the distribution of cations arises due to the fact that two
layers of clay with different surface charges interact with each
other. The distribution of these cations determines the energy
balance in vermiculite−cation and water−cation interactions.
Five peaks at 275 K indicate that the interaction of the cation
with water molecules is stronger than the interaction of the
cation with the vermiculite surface.56 As the temperature rises,
a decrease in the hydration of cations is observed. Therefore,
there is a transition from the adsorption of outer sphere surface
complexes, which retain their coordinated shell of water
molecules, to the adsorption of inner sphere surface
complexes.41 This means that as the temperature rises, there
is a tendency for cations to concentrate near the surface of the
clay layer. In inner sphere surface complexes, cations interact

directly with the clay surface. Figure 4b shows the distribution
curves of the concentration of water molecules at two
temperatures. It can be seen that the third peak, formed in
the middle, is more pronounced at 400 K and water molecules
are more clearly grouped into three layers. This may be due to
the fact that an increase in temperature leads to an increase in
the number of free water molecules. At the same time, a larger
number of water molecules are involved in the formation of the
water concentration profile between the clay layers.
Asymmetry in the distribution of cations between clay layers

is also observed in the presence of two ions simultaneously
(see Figure 5). Figure 5 follows that one side of the clay layer
more strongly attracts cations due to the uneven distribution of
surface charges as a result of asymmetry in the relative amounts
of Al replacing Si in two adjacent clay layers. Cations are more
concentrated on the surface of tetrahedrons (tetrahedral sheet)
with high aluminum content.40 At low temperatures (for
example, at 275 K), the layered distribution of Na+ ions is less
pronounced. At a temperature of 275 K, Na+ ions are strongly
adsorbed on the upper and lower surfaces of the clay layer. At
temperatures above 350 K, the interlayer distribution in
vermiculite is more ordered, with a general preference for
adsorption on the surface of the tetrahedral sheet and an
almost complete absence of ions in the middle between the
clay layers.
Two peaks are observed after adding the Rb+ ion for the Na+

ion located at distances 3.71 and 13.99 Å. The addition of
other cations does not cause such a change in the distribution

Figure 5. Density profile of (a) Na+ in Na/Rb-vermiculite, (b) Rb+ in Na/Rb-vermiculite, (c) Na+ in Na/Cs-vermiculite, (d) Cs+ in Na/Cs-
vermiculite, (e) Na+ in Na/Ba-vermiculite, (f) Ba2+ in Na/Ba-vermiculite, (g) Na+ in Na/Mg-vermiculite, and (h) Mg2+ in Na/Mg-vermiculite for
different temperatures of 275 K (black), 300 K (red), 350 K (blue), and 425 K (pink).
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of the Na+ ion at both 3.71 and 13.42 Å, which agrees with the
data in the presence of only one ion Na+, considered in the
previous section. This may mean that the addition of the Rb+

ion leads to the closer binding of the Na+ ion with the
tetrahedral structure compared to other ions. The Cs+ ion is
more strongly attracted to the layer surface than the Na+ ion.
With an increase in temperature above 325 K, the forces of
attraction of Cs+ and Na+ ions with clay become equal.
With increasing temperature, the vibrational motion of

atoms increases. Therefore, the degree of hydration of cations
decreases. The predominant arrangement of Ba2+ ions at low
temperatures in the middle region between the clay layers leads
to the fact that Na+ ions are repelled from them and are more
strongly attracted to the surface of the clay layer. As the
temperature rises, Ba2+ ions are also localized at the surface of
the tetrahedral sheet. Mg2+ ions, due to their smaller ionic
radius (0.65 Å), are more hydrated than Na+ ions (0.95 Å). At
the same time, Mg2+ ions cannot squeeze out Na+ ions from
the surface of the clay layer. Therefore, Mg2+ is always located
in the middle between the clay layers.
Hydrogen atoms of water molecules, which have a small

positive charge, are attracted to the negative charge on the
surface of the clay. Therefore, the hydrogen atoms of free water
molecules are oriented to the clay surface. The outer surface of
the vermiculite clay layer has a large negative charge and
attracts all positively charged ions to the surface, including into
the voids of the tetrahedral layer. Na+ ions are more likely to
be in the cavities between atoms forming the hexagonal
structures of the tetrahedral sheet than other ions due to their
minimal radius and stronger attraction.57 On the contrary,
Mg2+ ions, which form a hydration shell with a large radius, are
often located in the middle between the layers and do not
compete with Na+ ions. A diagram of two projections of the
most probable spatial arrangement of Na+ ions is shown in
Figure 6.

3.3. Interaction between Interlayer Cations and
Water Molecules. The importance of the hydration shells
of cations for the temperature dependence of the diffusion
coefficients is shown above. The hydration shell of cations can
be characterized by a radial distribution function (RDF).
Figure 7 shows the RDF curves for Na+ in Na-vermiculite at
temperatures of 275 and 425 K. It can be seen that the position
of the first peak is retained at a distance of 2.35 Å in the curves
at 275 and 425 K due to the interaction of Na+ with the oxygen
atom of water molecules (Ow). The distance between Na+ and
water oxygen in the first layer of the hydration shell does not
change significantly. The second peak is shifted from 4.73 to
5.03 Å. This means that the second hydration shell increases
slightly with increasing temperature. It is obvious that the
height of the peak g(r) decreases in all cases as the temperature
increases. Figure 7b shows the RDF for interaction with
oxygen atoms on the clay surface (Os). The RDF peak height
increases significantly at 425 K. This confirms that with an
increase in temperature, interlayer cations interact more with
the surface of the clay layer than with water. However, a
change in the temperature of the interlayer region does not
lead to a significant change in the position of ions relative to
the surface of the layer.
General RDF regularities are retained when a part of the Na+

counterions is replaced by ions of other elements. Figure 8
shows the RDF curves for Na/Cs-vermiculite. The calculation
results for vermiculite containing 75% Na+ and 25% Cs+, in
comparison with the data for vermiculite with 100% Na+, are
shown in Figures 7a and 8a. When some interlayer Na+ ions
are replaced by Cs+, the hydration shell of Na+ decreases due
to competition between the cations. This is indicated by an
increase in the height of the RDF peak in Figure 8b relative to
Figure 7b, which leads to an increase in the interaction of Na+

with the surface of the clay layer. For the data in Figure 8c,d, in
the interlayer space, 25% of Na+ ions are replaced by Cs+. The
height of the RDF peak decreases slightly upon heating. This is
due to the fact that Cs+ ions are located farther from the layer
surface than Na+. Therefore, Cs+ cannot displace Na+ on the
clay surface, especially at high temperatures.
For the monovalent ions considered above, the following

regularities are observed. With increasing temperature, the
fraction of oxygen atoms on the layer surface interacting with
Cs+ decreases, and for Na+ ions, it increases. However, the
distances between the cation (Na+ or Cs+) and the surface of
the vermiculite layer do not change, as well as to the water
molecules in their hydration shell.
Replacing monovalent cations with divalent ions of alkaline

earth elements can lead to a change in the charge of the
system. To keep the crystals of vermiculite clay as a whole
electrically neutral, two Na+ ions were replaced by one alkaline
earth ion Ba2+. Figure 9 shows the RDF curves for Na/Ba-

Figure 6. The projections diagrams of the cation relative to the
surface of white mica: (a) side view and (b) top view.

Figure 7. Radial distribution functions for Na-OW (a) and Na-OS (b) for Na-vermiculite in temperatures of 275 K (black) and 425 K (red).
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vermiculite. Comparison of Figure 9a with Figures 7a and 8a
shows that, at 425 K, the density of water molecules around
Na+ ions increases after the addition of Ba2+. In this case, the
size of the second layer of the Na+ hydration shell always
increases.
In Figure 9b, it can be seen that, when heated to 425 K, Na+

ions slightly move away from the surface of the clay layer. In
this case, the number of oxygen atoms on the surface of the
clay layer, interacting with the cation, remains almost
unchanged. In contrast, in Figure 9d, the Ba-Os peak near
the vermiculite surface is higher at 425 K. This clearly indicates
that the Ba2+ ions interact with a larger number of oxygen
atoms on the clay layer surface than the Na+ ion. However,
upon heating, the Ba2+ ions are displaced from a distance of
2.73 Å by a slightly greater distance of 2.77 Å relative to the
surface of the clay layer.
Comparison of the calculation results for Na-vermiculite,

when replacing part of the cations with ions of other alkaline
and alkaline earth elements, shows a different effect of different
cations on the hydration of Na+ ions and their adsorption on
the surface of the clay layer. Compared to alkali metal ions,
alkaline earth metal ions have great competitive advantages in
terms of adsorption on surfaces at different temperatures. Due
to the strong adsorption of alkaline earth metal ions on the
hexagonal ring, neither replacement of ions nor an increase in

temperature significantly changes the position of Na+ or Ba2+

cations near the surface of the layer. Also, a decrease in the
total number of cations when some of the Na+ ions are
replaced by alkaline earth metal ions, for example, Ba2+, does
not have a strong effect on the temperature dependence of the
diffusion coefficient of Na+ ions.

4. SUMMARY
The MD method was used to model vermiculite containing
different cations by partial substitution of Na+ ions between
clay layers. The diffusion coefficient was determined by
studying the kinetic regularities of the movement of various
interlayer cations at different temperatures. It was found that
the effect of temperature on the diffusion of water is much
greater than that on the diffusion of cations. In low-hydrated
clays, temperature does not significantly affect the diffusion
coefficient of water and cations. The size and mass of the
hydrated cation strongly influence its diffusion and adsorption
behavior on the surface of the clay layer.
The density distribution and structure of RDF for the

adsorption of Na+ ions on a vermiculite clay layer were studied
by the MD method. Calculations were carried out for clay in
which the interlayer Na+ cations are partially replaced by Rb+,
Cs+, Mg2+, and Ba2+ ions. It is shown that the effect of different
ions on the interlayer Na+ ions is significantly different at

Figure 8. Radial distribution functions for Na-Ow (a), Na-OS (b), Cs-Ow (c), and Cs-OS (d) for Na/Cs-vermiculite in temperatures of 275 K
(black) and 425 K (red).

Figure 9. Radial distribution functions for Na-Ow (a), Na-OS (b), Ba-Ow (c), and Ba-OS (d) for Na/Ba-vermiculite in temperatures of 275 K
(black) and 425 K (red).
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different temperatures. Alkali metal ions have a larger ionic
radius than Na+. At the same time, their force of interaction
with charges on the surface of the clay layer is less than that of
Na+ ions. Therefore, Na+ ions are localized at the surface.
Alkaline earth metal cations are in the middle region between
clay layers due to their higher charge and stronger hydration.
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