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A bstract. The Grand Canonical Ensemble Monte
Carlo simulation method is applied to study adsorption of
water vapour on external and intemal surfaces of sodium
montmorillonite. The model uses MINDO water-clay and
cation-clay potentials and empirical water-water and
water-cation potentials. The results of investigations of
thermodynamic and structural properties of adsorbed
water are reported.
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INTRODUCTION

In the last few years there has been con-
siderable interest in applications of computer
simulations to study the behaviour of water
and water solutions at solid interfaces and at
the surfaces of clay minerals, in particular
[2,5-7,9,19,24]. These sudies require detailed
knowledge of the stucture of clay minerals [3].
Moreover, several experimental works con-
cerning the behaviour of the liquid water, as
well as adsorption of water vapour on clay
minerals make comparisons with experimental
results possible [4,8,12,13,15-17,20,21].

In the case of swelling minerals, the adsorp-
tion processes of polar substances take place on
their external and internal surfaces and the be-
haviour of water at external surfaces and in
pore spaces is different. For example, ellip-
sometry measurements show clearly non-wet-
ting behaviour of external mica surface [18],

while swelling clays of the same charge den-
sity wets perfectly [21].

The aim of this work is to present the re-
sults of Grand Canonical Ensemble Monte
Carlo (GCMC) simulations of adsorption of
water on a single clay surface and inside slit-
like pores. The model of the clay corresponds
to the structure of sodium montmorillonite.

INTERACTION POTENTIALS

Many interaction potentials have been
proposed to describe bulk water and the best
of these are able to reproduce a wide range of
structural and thermodynamic properties of
water. One of the most convenient models is
the so-called TIP4P model [10]: The water
molecule is a rigid unit with the hydrogen-oxygen
distance 9.57-102 nm and the angle 105.52°.
The molecule consists of four interaction sites,
two of them are hydrogen atoms, which carry
a charge of -0.52 e. The third site balances this
charge and is placed on the axis at the distance
of 1-5:102 nm from the oxygen, towards hy-
drogen atoms. The fourth site is just oxygen.
The total energy of a pair of water molecules
is the sum of nine Coulombic terms and the
van der Waals oxygen-oxygen interactions:
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with A, =2.511208- 10°kJ nm'? and B, =

2.55395 - 107> kJ nm®,

The model of a single clay surface was
identical with that described by Delville [6].
The clay unit Al,SicO,H;q is built of a hexa-

gonal cavity of silicates and two octahedral
alumina. The model also takes into account
substitution of one Si'¥ atoms by one Al
atom. The substituted unit formula is

Al,Si50,4H7g and this substitution introduces

negative charges into the network. The single
clay sheet used in simulations consists of 24
unit cells. The detailed description of the posi-
tions of all nuclei in the unit clay cell, as well
as the local charges of the clay atoms are
given in ref. [6]. In order to reproduce the ex-
perimental substitution ratio [14], two Si
atoms are replaced by Al. In addition to the
described network, the model also accounts
the presence of exchangeable sodium counter-
ions, neutralizing the negative charge of the
network [6]. Consequently, the total water-
clay potential is the sum of electrostatic con-
tributions between the charges of water, g;, and

the charges of clay, g, (cf. Table 2 in ref. [6]):
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and the van der Waals interactions between all
atoms of H,O molecule and the clay. These
atom-atom potentials are:

U™ = a,/r,.zj—- b,./r3+ c;exp (=dr,) .
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The values of the parameters of Eq. (3)
are given in refs [6,7] and the value of o in Eq.
(2) was adjusted to be 2.1126.

The interactions of the mobile sodium
ions with the clay are calculated as the sum of
electrostatic and van der Waals interactions.
The former were described by the formula [6]:
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where the summation is carried out over all
the charges of the clay. The value of the par-

ameter o is 1.2545.
The van der Waals contribution energy of the
cation-clay atom potential is:

ufc' = —a/rf + b/rf +cexp(=dr), (5)

with the parameters of Eq. (4) given in refs
[6,7]. We add the water-cation potential to the
potentials given above. The van der Waals con-
tributions are: the sum of cation-proton repul-
sive energies and cation oxygen interaction:

rt - Do/ r6,
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Uy = Ango EXP(=by,or) — Cy,

and

u;:H = ANaH exp(—bN_Hr ) . (7)
The parameters of the above equations are
Anao=1.144-10° KJ/mol, by,;=35.455 nm’!,

ANan=8.612:10° kJ/mol, by,;;=33.940 nm’l,
Cna0=1.820-10* KJ/mol, and Dy,o=-3.515-

10® kJ/mol. Only electrostatic interactions be-
tween cations have been taken into account.
Neglecting the van der Waals energy is justified
by rather large separations between cations.

A detailed discussion of the parameters of
the potentials describing interactions of water
particles and sodium ions with the surface,
together with their justification, is given in ref.
[6,7]. We only note here that these potentials
have been derived from quantum-mechanical
MINDO calculations for a single clay sheet.

We use a continuous field approximation
in order to incorporate the long-range electros-
tatic interaction cut by the minimum image
method. For this purpose we introduce an ex-
ternal field contributing to the Coulombic en-
ergies of water and Na* ions. The charges
generating this external field have been calcu-
lated from Poisson-Boltzmann treatment of the
diffuse layer. This standard procedure [11,22,23]
assures the convergence of the counterion con-
centration profile and energy.

SIMULATION METHOD

We studied water adsorption of water va-
pour on a single clay surface and between two
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clay sheets. The sheet dimensions XL and YL
were 3.108 nm and 3.588 nm and periodic
boundary conditions have been applied in the
tangential directions. In the case of adsorption
on a single surface, the simulational box was
closed by a hard wall, located at the distance
of 200 nm. The model pore, however, was
built of two symmetric clay sheets separated
by a distance of 2 nm. All these distances have
been measured from the plane passing through
the Si atoms.

Computer simulations were carried out by
using GCMC method [1]. Each Monte Carlo
step has consisted of an attempt of a motion of
one water or Na* ion followed by an attempt
of creation or anihilation of one water mole-
cule. The first 1.0-10 steps were discarded
and the final averages were evaluated from at
least 1.5-10° interactions.

All simulations have been carried out at
T=298 K. Simulations were performed for the
charge density equal -0.717392 e nm. This
charge density are neutralized by 8 Na* ions
associated with a single clay surface.

The configurational part of the chemical
potential at the bulk liquid/vapour coexistence
point is Al/kT=-14.076 and the saturated va-
pour pressure is 3166.15 Pa. Ideal gas approxi-
mation was assumed to relate the relative
pressure p/p_ and the chemical potential.

RESULTS AND DISCUSSION

Figure 1 displays the adsorption isotherms.
In the case of adsorption on a single surface,
we see small steps located at the relative pres-
sure equal to about 0.01, but in general the ad-
sorption isotherm for relative pressures up to
0.97 is flat. This is typical for non-wet sur-
faces. Similar non-wetting behaviour was also
found experimentally [18]. In the case of the
adsorption in the pore, the adsorption plateau
corresponds to the complete pore filling.

Figure 2 gives the energies of the systems.
Comparing the results for the porous system
with the energies of the open system having
the same single plane charge density, we see
that the energy of the porous system, i.e., the
stabilization energy is about 20 MJ/mol lower.
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Fig. 1. Adsorption isotherms of water. Squares denote the
results obtained for the pore whereas circles are the results
for the open surface neutralized by 8 Na* counterions.
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Fig. 2. The total energy plotted as functions of the amount
of adsorbed molecules. The meaning of the symbols is the
same as in Fig. 1.

Structure of the adsorbed water was inves-
tigated evaluating the concentration profiles of
oxygen, cation-water radial distribution func-
tions, gy,o (7). as well as by examining the
snapshoots of the generated configurations.

Figure 3 presents an example of the snap-
shoot evaluated at low relative pressure, be-
fore the first adsorbed layer is completed.
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Fig. 3. The snapshoot from the top (a) and lateral (b) view of the adsorbed water molecules. The interface contains 8
Na® ions and the relative pressure is 0.00005. Only Si and Al atoms of clay network are displayed.

The number of adsorbed molecules corre-
sponds to the relative surface coverage equal
to 1/4. Part B of this figure shows that the ad-
sorbed water forms clusters around cations.
Obviously, the swelling ability of dry clay is
highly dependent on the chemical nature and
accessibility of interlamellar cations [6].

In Fig. 4 we have displayed density profiles
evaluated at low relative pressures and for the
open system. These density profiles indicate
the existence of one well-established adsorbed
layer. The filling of this first layer corresponds
to the first step in the adsorption isotherm dis-
played in Fig. 1. The first maximum of the
local density is at 0.415 nm from the Si plane

and its height is about 100 mol dm™3. This den-
sity is two times higher than the liquid water
concentration (55.5 mol dm'3). The average
distance of sodium cations was found to be
greater than the positions of the local density
maximum. With an increase of the pressure
the first local density peak spreads into com-
plex, short-range structure and its maximum
position is slightly shifted towards the surface.
Clearly, 8 sodium cations are not enough to
enforce development of a thick adsorbed film.
The evaluated mean radial distribution func-
tions of oxygen atoms around cations have been
next used to calculate the solvation number of
cations - see Fig. 5. The curve for the open
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Fig. 4. Oxygen concentration profiles for the single clay
surface. The curves (from the bottom) were evaluated for
the relative vapour pressures 0.1, 0.3, 0.5, 0.7 and 0.9.

systems exhibits a step. The position of this
step is nearly the same as the position of the
step in the adsorption isotherm. The coordina-
tion number jumps to 6 at higher relative pres-
sures. The coordination number 4 corresponds
to planar arrangement of water around cations.
Development of the second layer of adsorbed
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Fig. 5. The dependence of the cation solvation numbers, C, for
the investigated systems as a function of the partial pressure.
The abbreviations of the systems are the same as in Fig. 1.

water puts two more water molecules into the
first coordination shell of the cation.

Summing up, the adsorption of water on
the external surface of clay process by step:
first complete filling of the first layer, and next
building of the second layer. The second layer
water molecules are directly connected to the
cations.

Let us now discuss structure of water ad-
sorbed inside the pore. Figure 6 shows an
example of snapshoot of the water molecules
adsorbed in the pore at the partial pressure
1-10°%. The first layer adjacent to the pore wall
is still undersaturated and the water molecules
form cluster around cations. This explains why
the adsorption in the pore is not a sum of the
effects occurring on separate walls.

The average distance of Na* ions from the
closest pore wall is greater than in the case of the
open system and increases with an increase of
the relative pressure, but the maximum distance
of sodium ions does never excess 0.85 nm.

Figure 7 shows some oxygen profiles in
the pore. The locations of the local density
maxima are very similar to those observed for
the open systems. At the lowest relative pres-
sure (p/p,= 107%) the first density peak is at

0.42 nm from the wall but when the relative
pressure increases, this peak is shifted towards
the wall and at p/p=0.8 its position is at

0.395 nm. We can see that even at extremely
low relative pressure 1-10° there are some
inner water molecules, although the first layers
are far from being completed. The peaks
corresponding to the formation of the second
layers are seen at the relative pressure 1-10,
The third layer peak develops at the relative
pressure 0.3. We should stress that no signal of
capillary condensation phenomenon was ob-
served and the adsorption of water in the pore
is a continuous process. The inner water mole-
cules are connected to the water molecules
from the first layer.

CONCLUSIONS

We have performed simulations of ad-
sorption of water on single montmorillonite
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Fig. 6. The views of the evaluated configuration of water molecules inside the pore.

[ S 10 13 20

s/A

Fig. 7. Concentration profiles of oxygen inside the pore.
The subsequent (from the bottom) curves were obtained
for the relative pressures 10‘6, 10'5, 0.1 and 0.8.

surfaces and between two clay sheets. The re-
sults indicate that in the case of adsorption on
external surfaces adsorption isotherms show
typical non-wetting behaviour. The results
demonstrate the differences between adsorp-
tion on a single surface and inside the pore. In
the latter case the adsorption isotherm is
smooth. The filling of the inner part of the
pore starts before saturation of the first layer.
In the former case, however, the adsorption
isotherm shows small step, connected with the
filling of the first layer.
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