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Abstract. The equilibrium distribution and the concentration dependence of the local and average self-diffusion
coefficients for pure fluid and binary mixture components in narrow slitlike pores were analyzed. The coefficients
were calculated using the lattice gas model in the quasi-chemical approximation on the assumption of a spherical
shape and approximately equal sizes of the components. For the pure adsorbate, these calculations were compared
with molecular dynamics simulations. Both methods gave similar concentration profile changes and dynamic char-
acteristics of interlayer particle redistributions in strong nonuniform adsorption fields for dense fluids. A satisfactory
agreement was obtained for the temperature dependences of the self-diffusion coefficients along the pore axis. The
influence of the molecule—wall potential and of intermolecular interaction were considered. The self-diffusion co-
efficients of the adsorbate were shown to strongly depend on the density of the mixture and the distance from pore

walls.
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1. Introduction

Transport of molecules in porous media determines
the characteristics of diverse catalytic, adsorption, and
membrane processes (Timofeev, 1962; Kheifets and
Neimark, 1982; Satterfield, 1970; Ruthven, 1984; Du-
binin and Serpinskii, 1983; Mason and Malinauskas,
1983). The potential of walls in narrow pores (that is,
pores up to 10 nm wide (Tovbin et al, 1993, 2001a))
influences the state of aggregation of fluids and, ac-
cordingly, the mechanisms of their transport. The most
important dynamic characteristic is the self-diffusion
coefficient. Its theoretical calculations over wide ranges
of pore fillings (in the gaseous and liquid states) and
temperatures is a difficult problem. Therefore cur-
rently, the self-diffusion coefficients of adsorbates are
largely determined by the method of molecular dynam-
ics (Todd, 1995; MacElroy, 1994; Akhmatskaya et al.,
1997). Alsorecall that the available experimental meth-
ods for measuring self-diffusion coefficients (NMR
and tracer techniques) give values that strongly differ
from the data obtained from flow characteristics (Du-

binin and Serpinskii, 1983; Vartapetyan et al., 1997),
although some positive examples were appeared also
(Karger, 2003). The situation with mixtures is still more
complex. In particular, the question of the concentra-
tion dependences of these coefficients for dense gases
and liquids in narrow pores remains open in many
respects.

Inrecent years, the lattice gas model (LGM) (Tovbin,
1991; Hill, 1956) has allowed considerable progress
to be made in describing the transfer of molecules in
narrow pores. This model has been used to analyze the
phase diagrams of adsorbates comprising spherical
molecules in slitlike and cylindrical pores (Tovbin et al,
1998b, 1999¢, 2001b) and to obtain the first results in
studies of the dynamic characteristics (self-diffusion,
shear viscosity, and heat conductivity coefficients) of
adsorbates in narrow pores (Tovbin, 2001a, 2002a,
2002c). The LGM agrees very closely with phase dia-
grams (Votyakov et al., 1999, 2000) and satisfactorily
agrees with calculations of self-diffusion coefficients
in cylindrical pores and shear viscosity coefficients in
slitlike pores (Tovbin, 2002a; Tovbin et al., 2003a).
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In this work, using the LGM (Tovbin, 1991) we
suggest to study the concentration dependence of the
self-diffusion coefficients for pure fluid and binary
mixture components over a wide range of narrow pore
fillings, from dense gases to liquids. This approach
requires much less computational time and provides
close agreement with molecular dynamics calculations
of the self-diffusion coefficients of one-component
fluids. However, comparisons such as these are of an
episodic nature, and the applicability of lattice gas
model to the description of the dynamic characteristics
of adsorbates in porous systems and the accuracy of
such descriptions have not been conclusively clarified.
This problem is extraordinarily relevant because of
large time expenditures involved in molecular dynam-
ics calculations, which are up to 10° times larger than
for similar calculations using the lattice gas model.
In addition, despite studies by numerical methods
(Gelb et al., 1999), it was the lattice gas model that
allowed the multi-domes character of phase diagrams
in narrow-pore systems to be revealed and explained
(Tovbin et al., 2002). At the same time, the lattice
model involves approximate calculations based on the
quasichemical approximation; this requires controlling
the accuracy of the results, especially those obtained
near critical regions (which is why the principle of
jointly using the quasi-chemical approximation and
exact methods was first drawn up (Tovbin, 2003b)).

Our main goal was to pass to a self-consistent
description of the equilibrium and dynamic charac-
teristics of the adsorption of mixture components in
narrow pores by analogy with one-component fluids
discussed in the papers (Tovbin, 2002a; Votyakov
et al., 1999, 2000; Tovbin et al., 2003a). We restrict
our consideration to components with spherical shapes
and approximately equal sizes. Strictly, this makes our
results only applicable to isotopic mixtures, because
all molecules have different sizes. This approximation,
however, allows correct results to be obtained for
many mixtures of molecules whose sizes differ not too
strongly and is therefore extensively used in studying
volume solutions (Prigogine, 1957; Smirnova, 1987).
The lattice gas model itself can be applied to mixtures
of molecules of different sizes (Prigogine, 1957;
Smirnova, 1987; Tovbin, 1997b, 1998a, 1999; Tovbin
et al., 2001). In addition, we only consider monodis-
perse porous systems (the equations for the adsorption
isotherms of a mixture of spherical molecules of
approximately equal sizes in a polydisperse system of
slitlike pores were obtained in the paper (Tovbin, 2004).

In this work, we compare distribution profiles and
the characteristics of adsorbate mobility in slitlike
pores in a wide temperature range for various fluid-wall
interaction energies. The resultant flow of thermal mo-
tion of molecules in a certain direction in a nonuniform
system, such as a fluid in adsorption potential fields
of pore walls, can be expressed through local self-
diffusion coefficients and the average self-diffusion
coefficient over the pore cross section (Tovbin, 1991,
1990a, 1990b). In order to calculate self-diffusion
coefficients, we must first obtain the equilibrium
local distributions of mixture components over the
section of a pore. The character of the distribution of
mixture components strongly depends on the type of
the adsorbent—adsorbate potential and the width of
the pore. The mean component distributions over pore
sections determine the partial adsorption isotherms at
fixed external pressures of mixture components.

2. The Lattice-Gas Model

2.1. The Model and Local Isotherms

In the lattice gas model (Tovbin, 1991, 1996) the
volume V/, of a slitlike pore is divided into monoatomic
layers arranged parallel to the pore walls. Each layer is
divided into cells that are equal to the volume of a par-
ticle vy = A3 to exclude doubly filling a cell (adsorption
center or site) by different molecules. We then have V,,
= Nvg, where N is the number of cells in the system.
Let us denote the number of the nearest sites in the
lattice structure by z. Only one particle can be situated
in each site, either a molecule of kind i (if the center
of mass of the molecule is inside the cell) or vacancy
v. Index i numbers mixture components. Let s denote
the number of different occupancy states of a site in the
system; that is, the number of components is s — 1.
The concentration of molecules is usually assumed
to equal the number of these molecules »; in the unit
volume, ¢; = N; /V,. In the LGM, the concentration
of a fluid component is characterized by the 8; = N;
/N value, which is the ratio between the actual number
of particles in some volume and the maximum possible
number of the same particles closely packed in the same
volume. We then have 6; = ¢; vy. The local density of
particles i in cell f will be denoted by 0}. Obviously,

s—1
0y +0; =1 (1

i=1
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The average partial fluid concentration 6; and the
total average pore filling 6 can be written in terms of
local concentrations as

t s—1
6:(PY) =Y Froy(PY), 6(PH =) 6:({P)),
f=1 i=1
)

where F is the fraction of sites of type f. The {P} =
Py, ..., Py _1 symbol is used to denote the set of all
partial pressures of mixture components P;, 1 <i <
s — 1. Every cell fis characterized by its own interac-
tion energy Q"f between molecules of kind i and pore
walls and, accordingly, its own Henry constant a}. All
lattice sites can be divided into groups with equal prop-
erties according to this parameter. The number of such
groups will be denoted by ¢. If the pore walls are ho-
mogeneous, all sites in one layer are equivalent. The
number f of a layer therefore coincides with the num-
ber of the site it contains. If the number of monolayers
iseven,t = H/2, and if itis odd, r = (H + 1)/2 (H
is the width of the pore). The local Henry constant is
ay = ajfo exp(BQ;"), where B = (k)™ and a0 =
BF:/F;°, here a;™ is the preexponential factor of the
Henry constant; F; and F? are the partition functions
of molecules i in the lattice system and outside it (in the
gas phase), respectively; Qif is the interaction energy
between molecule i in layer fand pore walls calculated
as = u;(f) + u;(H — f+1), 1 <f <t (here, the interac-
tion potential between a molecule and a pore wall u; (f)
= g; / f3 corresponds to the attractive branch of the
(3-9) Mie potential (Steele, 1974); and ¢; is the energy
parameter of the potential. Accordingly, the fraction
of sites Fy in layer fis 2/H for even H; for odd H, it
is2/Hif 1 < f<(t-1)and 1/H if f = t. The nor-
malization condition for sites of various types has the
form

Y Fp=1 3)
f=1

The local partial adsorption isotherms 6 ;'({P}) of
various adsorption centers, which are needed for Egs.
(2), are calculated by the system of equations from the
papers (Tovbin, 1991, 1996). These equations take into
account energetic nonuniformity of lattice sites and in-
termolecular interactions at a distance of R coordina-
tion spheres,

ay P =04 Ny /6, )

s—1 .. .. ng(r)
Ay =111 (l + D7) r}’gm) :
ro g j=1
x, (r) = exp(— el () — 1,

where the A"f function describes nonideality of the ad-
sorption system in the quasi-chemical approximation.

Equation (4) describes of layered distributions of
sites of various types in slitlike pores: z ,(7) is the num-
ber of neighboring sites in layer g at distance r from
the site under consideration in layer f. It indicates that
the lateral interaction parameter elfg (r) between neigh-
boring molecules i and j separated by r coordination
spheres may be a function of temperature and local
composition around sites fand g, whereas interactions
of all molecules (i = s — I) with vacancies (j = s) as
well as between vacancies (i, j = s) are zero. Index g
runs over all neighbors z¢(r) of site f at distance r < R
within the pore, where R is the radius of the interaction
potential. -

The 17, (r) = 67,(r/ 9} functions describe the con-
ditional probabilities of the presence of a neighboring
particle j in a site of type g at distance r from the central
particle i in a site of type f, whereas the 9}jg (r) functions
describe similar full probabilities. These last functions
satisfy the equations

67 (r) = 0%,(r) = 02,(NOSL(r) explBe (M1, (5)

which are solved using the normalization conditions
2050 =0; D 0=6  ©
j=1 i=1

together with the Eq. (1).

The equilibrium distribution of particles over sites
of various types was found from system (1)—(6) by the
Newton iterative method for selected {6; } or { P; } sets.
The mean root square at solving (1)—(6) was less than
0.1%.

2.2.  The Thermal Velocity of the Motion of
Molecules

The large difference in the local densities across a pore
when molecules are strongly attracted to pore walls
requires a self-consistent description of the motion of
molecules both in the rarefied vapor regions in the pore
center and in dense liquid regions near pore walls. Un-
der these conditions, the free-path concept is difficult
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to use, because free paths in the liquid and vapor phases
can differ by four orders of magnitude. Instead of the
free path, the lattice model uses the probability of a
jump of a molecule of kind i (W;(p)) through distance

ok
Wi(p) = Uj,(p)/6y, )

where Uy,’(p) is the average velocity (or average fre-
quency) of jumps of molecules i from cell fto free cell
g through distance p. The velocity of particle jumps
is calculated using the Eyring transition state model
(Glasstone et al., 1941), which treats displacements
of molecules as an activation process of overcoming
the barrier. The formulation of this model for nonideal
reaction systems, when the barrier to be overcome is
created by the potential of neighboring particles and
the surface of a solid, is given in the papers (Tovbin,
1991, 1990a, 1990b, 1984). At equilibrium, we
have

Ut (p) = KL (0ViL(p). ViL(p) = 015(p) AT (p),

(8)
01t (p) = 9fg(1><1>1"[t55+1(1)

Ky (p) = (8/nmiﬁ>‘/2exp[ BE},(p))/4p,
where K ;};, (p) is the rate constant for jumps of molecule
i from cell f'to free cell g through distance p on an un-
filled lattice; E'; i .(p) is the activation energy of jumps
through dlstance p near the walls where their adsorp-
tion potential is noticeablg E ’f”g (p) is nonzero (for cells
far from the pore walls, E;”g (p) = 0); m; is the mass of
molecule i; and £ is the Planck constant.

The concentration dependence of the velocity of
molecule migration is described by the multiplier
V};(p). It takes into account two factors: (1) the prob-
ability of the existence of a free trajectory of length
p from cell f to cell g (a trajectory not blocked by
other molecules) and (2) the influence of lateral inter-
actions with neighboring molecules that surround the
given trajectory on the probability of a jump along it;
these interactions are described by the function of non-
ideality of the system A}g(p). The O}Ug (p) function is
constructed in terms of the probabilities of the exis-
tence of a sequence of free cells g(1), g(2), and so on
up to cell g = g(p) that form the given trajectory. The
number of multipliers in the product over & in (8) is
(p = 1). (For p =1, g(1) is the end cell.) The A}g(p)

function is written as (Tovbin, 1991, 1990a, 1990b,
1984)

R
age) =[T11 1
r=1 w,=1 hem(w,)

L 07,(m) 0 (r2)
fh gh lu;
Xy — (@), 9)
; orore )

EV(@,) = exp{loe’, (r)) + 8¢ (r)}.

(szh(r) = e*u(r) — sfh(r)

where 8*” ,» (1) is the interaction parameter between the
activated complex of the molecule i migrating from
site f to free site g through distance » and a neighbor-
ing molecule in the ground state in site s, r < R. (We
used the dimensionless parameter & = £*/ ¢ in the cal-
culations.) The distance between sites 4 and f is rq,
and the distance between 4 and g is r,. The symbol
w, characterizes the position of site & in terms of the
angle between two lines (the first line connecting the
pair of “central” sites f and g, whereas the second line
connecting site 4 with the middle of the fg line) and
the distance r from one of the two central sites fand g;
m(w,) is the set of neighboring sites with fixed r and
w, values.

In the absence of lateral interactions, (8), (9) is writ-
ten as U}g(,o) K‘” 9f(1 —0,)°.

So, the average thermal velocity of the motion of
molecules is defined as

wh, = pWilp) = pUlp(p)/0;  (10)

Far from the pore walls at low density (8 — 0), we have
w}g = (8/7m; B)!/2, which equals the mean thermal
velocity of molecules in the gas phase (Hirschfelder
etal., 1954).

2.3.  Self-Diffusion Coefficients

Self-diffusion coefficients characterize the motion of
a labelled molecule under the conditions of equilib-
rium distribution of all the components in the space
under consideration. In practice, they are usually corre-
lated with the motion of a tracer introduced into some
local region of the system, and the time dependence
of its redistribution over the remaining part of the so-
lution is measured. In the presence of external fields
(in our problem, the field of the surface potential of
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pore walls) in a heterogeneous system, we distinguish
between local and average self-diffusion coefficients
(Tovbin, 1990a).

The local self-diffusion coefficient characterizes the
redistribution of molecules i, 1 <i < s — 1, between
neighboring sites f and g in neighboring planes at dis-
tance p from each other,

D*l (,0) = ng,,O Ufg(lo)/ef’ (11)

where Z}g is the number of possible jumps between
neighboring sites for each cell fand U%, (p) is given by
Egs. (8) and (9). The structure of this equation shows
that the self-diffusion coefficients of all components
substantially depend on the local distributions of the
components across the pore and the direction of the
motion under consideration.

The average self-diffusion coefficient is determined
over the region containing a variety of local regions.
The motion of labelled molecules along the axis of
the pore is characterized by the equation obtained
through averaging over all sites in its cross section.
The average self-diffusion coefficient of component i
(1 <i <s-1)in a slitlike pore is described by the
equation

D! —Zp ZFquq,,( )

U,,(p)d 6}
91 d@*
12)

where z,, is the number of bonds between a site in
layer g and neighboring sites in layer p and dQ;i /do;” =
do,/do;. The jump constants and local Henry constants
are related as a, K“ =a, K’”

3. Equilibrium and Dynamic Properties of Pure
Fluid and Binary Mixture in Narrow Slitlike
Pores

We performed calculations on the assumption that slit-
like pore walls consisted of various materials: graphite
atoms, SiO, groups or some polymer material with
small adsorbent—adsorbate energy Q1. This upper in-
dex i = 1 corresponds to argon atoms, which was the
pure fluid or one of the mixture components. For argon
and carbon walls, parameters were set constant Q{ =
9.24 gprar at €a,4r / kp = 119 K, whereas the proper-
ties of the second component were varied; for krypton
atoms Q2 = 12.17 g4,a, (Steele, 1974; Sokolowski

et al., 1990). Lateral interactions ¢ were determined
by the Lennard-Jones potential U;; = 4¢;;[(0;;/r)"*—
(0ij/r)°1, i, j = 1 and 2, with r/o;; = 1.12, which
corresponds to the potential minimum. The interaction
parameter between particles of different kinds was es-
timated as €15 = (811822)1/2.

The width of the pore was varied from 3 to 25 mono-
layers. It was assumed that the radius of the adsorbate—
adsorbent interaction potential equaled three. This gave
equivalent layer fillings starting with the fourth mono-
layer. Our calculations were restricted by using the
nearest jumps with p = 1 (it is obvious meaning for
dense fluids; for rarefied fluids it gives qualitative cor-
rect results).

3.1. Analysis of the Local Mobility of Particles

A special procedure for processing molecular dynam-
ics (MD) trajectories was developed for comparing the
LGM and MD results (Mazo et al., 2003). Charac-
teristics about molecule mobilities during their inter-
layer redistribution and the average self-diffusion co-
efficients along the pore axis were considered. As the
“layer” distribution of particles is the initial concept
of the LGM, from the point of view of MD, the layer
distribution appears as a result of calculations of the
distribution functions of particles across the cross sec-
tion of a slitlike pore (Gelb et al., 1999; Tovbin, 1997a;
Berlin et al., 2002). It was shown that, in a narrow pore
6.50 wide, a fluid formed a layered structure at p; =
0.734 (p; = 0/vp). Six layers of approximately equal
thickness were observed, and the density of these layers
depended on the interaction energy between the fluid
and pore walls (Berlin et al., 2002). Similar layer dis-
tributions were obtained in this work for all variants
of the calculations in which the total adsorbate den-
sity and the interaction energy between the adsorbate
and pore walls varied. This result allows the mean ad-
sorbate densities within each layer to be related to the
local degrees of layer fillings in the LGM. It follows
that MD calculations substantiate the layer distribution
of particles and the division of the volume of a pore
into layers in the LGM.

To monitor the redistribution of particles in the LGM
at the initial time, a “label” of a unit concentration was
introduced in a particular layer. Further, we tracked
its distribution between pore layers at various mo-
ments in time under the conditions of the equilibrium
distribution of all system particles. This process of ex-
change of labeled particles between layers is described
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by a discrete system of equations of the form

dp . \
=2 (DjPr=DyPy), (13
f=g+£1

where P, is the concentration of labeled molecules in
layer g (here, g, f € H; that is, molecules cannot jump
inside pore walls because of their impermeability). Dy-
namic system (13) was solved using the P, = 1 initial
condition for the layer into which the label was intro-
duced and the P, = 0 initial condition for the other
layers.

Similarly, a pore was divided into layers of equal
thickness in molecular dynamics simulations according
to the calculated fluid density profile, and the P (t)
probabilities of particles occurring in layer g at time ¢
were calculated.

3.2.  Comparison Between MD and LGM Results
for Pure Fluid

Calculations by both methods for a slitlike pore of
width H = 6.5¢0 were performed with changing tem-
perature from T = €4,4,/kpg = 0.6 to 4.0. The lower
temperature was close to the freezing point of the fluid,
and the higher one lay in the region of high supercritical
temperatures. We used a simple cubic lattice structure
in LGM calculations; the number of the nearest neigh-
bors was z = 6. This structure best corresponded to
the critical parameters in the bulk phase (Hirschfelder
et al., 1954; Barker et al., 1976; Batalin et al., 1980).
Note that we used equal potential parameters in the
LGM and MD calculations (no adjustment of the lattice
parameter €44, Was performed), although, according
to (Tovbin et al., 1999a), energy €a;ar should be lower
than the same value used in molecular dynamics.

The relative arrangement of the temperature depen-
dences of the concentration profiles 6 ; at various ad-
sorbate - wall potential values obtained in the LGM and
MD calculations is illustrated by Fig. 1. For instance,
the MD calculations predict a weak temperature depen-
dence for weak wall-adsorbate interactions (the first
two families of curves corresponding to eyar /€arar =
0 and 1.81). The density of the surface layer is higher
than that of the central layer for ey, = 1.81 because of
attraction to the wall, whereas with g5, = 0, the den-
sity of the central layer is higher than that of the surface
layer. In both cases, the density of the second layer is
intermediate between 0; and 03 and shifted toward 65.

The general character of the arrangement of the 6 ¢(7)
curves does not change from the molecular dynamics
to lattice gas model calculations. The discrepancies are
of 1-5% at high temperatures and increase as the tem-
perature decreases. The most pronounced differences
correspond to T < 1.5.

For walls with strong adsorbate attraction (e,
learar = 9.24 and 16.7), the surface layer is virtually
occupied, and the degree of filling of the third layer is
substantially lower. This difference increases as tem-
perature lowers. Qualitatively, both methods predict
similar trends. At high temperatures, the differences
are 1-10%, The differences increase to 15% as the
temperature drops to T ~ 1.5. A further decrease in
the temperature increases the differences for the sec-
ond and third layers, whereas the differences for the
first layer disappear. The nature of such behavior of
the concentration profile is related to the condensation
of molecules in different layers. Equations (4) and (5)
do not describe these effects. Nevertheless, the LGM
correctly predicts the behavior of the 6 ((7) curves in a
wide temperature range.

Typical P,(t) dependences obtained by both meth-
ods for g = 1-6 and @ = 0.3 are shown in Fig. 2. The
time dependences of the local carbon pore fillings with
argon atoms shown in Fig. 2 refer to the case when
the whole label is concentrated in the first monolayer
at the initial time. Exchange between layers gradually
increases the concentration of the label in layers g =
2-6. Even at such a short distance as six monolayers,
the delay of label front propagation manifests itself.
This differentiates the discrete description of the label
flow from a purely diffusion description (usually made
using partial derivative equations). The curves describe
the typical behavior of dynamic curves observed at dif-
ferent total pore fillings; the concentration profiles ob-
tained by the two methods are in agreement with each
other. The largest discrepancies (up to 30%) are those
for the first, second, and sixth monolayers. The LGM
and MD curves for layers 3—5 virtually coincide. At
times longer than 75 ps, the dynamic curves reach their
stationary values corresponding to equilibrium adsor-
bate distributions over the pore cross section.

The dynamic curves of interlayer label exchange at
a = 0.34 are shown in Fig. 3. Number g corresponds
to the layer number g < 3; the number of layers was re-
duced to simplify the drawings. The calculations refer
to (a) ewar =5.16at T =1.0and (b) eyar =l and 7 =
1.5. In the first case, atoms are held by the wall and, in
the time interval up to 300 ps, the label virtually does
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Figure 1. Temperature dependences of local fillings (6 ¢) in a slitlike pore with H = 6.50 at average density 6 = 0.833 calculated by MD (dots)
and LGM (lines) simulations. Curve numbers are monolayer numbers. The wall-adsorbate interactions are eyar /earar = 0 (a), 1.81 (b), 9.24

(c), and 16.7 ( d).

not leave the first layer (the MD and the LGM calcula-
tions give coinciding P; values). If the label is placed
into the second (Fig. 3(a)) or third layer we observe
virtually no exchange of these layers with the first one,

Figure 2. Dynamics of interlayer exchange of trace argon atoms
between six layers (i = /-6) in the carbon slitlike pore (ewar /€ArAr
= 9.24) at t = 3.0. The evolution of the degrees of filling layers i
= ]—6 is described by LGM (lines) and MD (dots) methods. The
curves for layers 3—6 are sequentially shifted upward along the axis
of ordinates in order not to overcrowd the figure.

and exchange only occurs within the second and third
layers. These curves asymptotically tend to the equilib-
rium 6 y values. The difference between the molecular
dynamics and lattice gas model curves is caused by the
difference in the 6 y values, whereas the extensions of
dynamic curve transition regions obtained by the two
methods are close to each other. The second group of
curves corresponds to weak argon attraction by pore
walls and T = 1.5. For these conditions, the curves
virtually coincide over the whole time interval.

The temperature dependences of the mean self-
diffusion coefficients along the pore axis obtained in
molecular dynamics and lattice gas model calculations
for different adsorbate — adsorbent interaction poten-
tials are compared in Fig. 4. The curves for strongly
attracting walls are fairly close to each other, but the
curves for walls without the attraction potential branch
are noticeably different. Curves 4—7 within the LGM
were obtained with one parameter a value. Generally,
this parameter may depend on temperature and density
(Tovbin et al., 1999a). Taking this dependence into
account (curve 7) allowed us to obtain a virtually exact
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Figure 3. Dynamics of interlayer exchange of trace argon atoms in
(a) the carbon slitlike pore (ewar /€arar = 9.24) at T = 1.0, and (b)
polymer matrix at T = 1.5 (ewar /€arar = 1.81). At the initial time,
the trace particles refer to the second layer for Fig. 3(a), and to third
layer for Fig. 3(b). As below, the evolution of the total degrees of
filling layers f = /-3 is described by LGM (lines) and MD (dots)
methods.
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Figure 4. The temperature dependences of the self-diffusion coef-
ficients of argon atoms in the slitlike pores at o = 0.34 for ewar /€ Arar
=0(1, 4, 7),9.24(2,5) and 16.7 (3, 6). Dots and lines correspond
to the MD (1-3) and LGM (4-7), respectively.

coincidence with the molecular dynamics data by
increasing a at high temperatures and decreasing it by
the same value at low temperatures (the largest change
in o at the extreme points of the ¢ interval did not
exceed 50%).

3.3.  Equilibrium Dependences of Binary Mixture
Systems

Our calculations deal with a one-phase state of the
mixture. The temperature was fixed as T/ T, = 1.38
for pure argon fluid in the slitlike pore of 10 mono-
layers width (for pure krypton fluid this ratio corre-
sponds to 1.06). The equilibrium characteristics of the
binary mixture are shown in Figs. 5-7. The structure
z of the fluid mixture was modeled by a lattice with
twelve nearest neighbors. The local degrees of filling
with argon and krypton atoms in different monolayers
are shown in Fig. 5 for five vapor compositions at fixed
overall densities of the mixture 6 = 0; + 6, = 0.25
(Fig. 5(a)) and 0.75 (Fig. 5(b)). The calculations were
performed for the mole fractions of the second com-
ponent y = Po/P =0, 1/3, 1/2, 2/3, and 1.0 (where,
P = P, + P,, P is the total vapor pressure). In Fig. 5,
abscissa values are monolayer numbers. Because the
walls of a slitlike pore are identical, the component
distributions over the pore section (Figs. 5(a) and 5(b))
are symmetrical with respect to the pore center.

Figure 5 (a) corresponds to a comparatively low
overall degree of filling (6 = 0.25); both components
are concentrated near the walls, and the central part
of the pore is filled to a much lesser degree. Krypton
atoms are attracted more strongly, and, in the absence
of argon, their concentration in the surface layer
is higher (curve 5(b)) than the concentration of
pure argon (curve /a). The concentration of the first
component near the walls decreases as the fraction of
the second component y increases. The influence of
the wall potential extends through three monolayers,
its contribution to the fourth and fifth monolayer
is small. All the curves have similar shapes with a
concentration minimum in the center of the pore.

The distribution of components becomes more com-
plex for substantial pore volume fillings (6 = 0.75,
Fig. 5(b)). For pure components, the density is as pre-
viously minimum in the center of the pore (curves la
and 5b). The difference between the concentration in
the center of the pore and the surface concentration is,
however, much smaller. As previously, the potential of
the wall influences three monolayers on each side of
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(b)

Figure 5. Component distributions of argon (i = 1) and krypton (i = 2) atoms over the pore section in a slitlike symmetrical graphite pore of
width 10 monolayers (k is the monolayer number, 1 < k < 10) at & = 0.25 ( a) and 0.75 (' b) for five vapor compositions: y = P /P =0 (1),
1/3(2), 1/2 (3), 2/3 (4), and 1.0 (5), (P = P + P3). Curve numbers correspond to y values. Indices a (solid lines) and b (dashed lines) refer to

argon and krypton, respectively.
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Figure 6. Average partial isotherms of binary mixtures in slitlike symmetrical graphite pores as functions of the total vapor pressure P. (a)
Average partial isotherms 6;(P) of argon and krypton in 10 monolayers pore width for five vapor mixture compositions y (as on Fig. 5). (b)
Influence of the pore width on the average partial isotherms of argon (a) and krypton (b) for y = 0.5: H =5 (1), 8 (2), 11 (3), and 25 (4)

monolayers.

the pore. The appearance of the krypton in mixtures
results in its predominant accumulation near the pore
walls. It displaces argon from the surface layer, and the
distribution of argon over the pore section has maxima
in the region of the second or third monolayer, whereas
the concentration of krypton monotonically decreases
from the walls to the pore center (as in Fig. 5(a)).

In Fig. 6, the logarithms of the total vapor pressure
are plotted as abscissas. The mean partial isotherms
at variable y values and pore width H are shown
in Figs. 6(a) and 6(b). In Fig. 7, the partial local
fillings of the first and fourth monolayers are given

for various second component interactions with the
pore wall Q;2 and lateral interactions between second
component particles.

The degree of filling of each monolayer increases as
the total pressure grows (Fig. 6(a)). The surface mono-
layers are filled first, next go the second etc. (counting
from the pore walls) monolayers. The stronger attrac-
tion of krypton shifts all partial isotherms to lower total
pressures compared with the partial isotherms of ar-
gon. The influence of the width of a slitlike pore (H
=5, 8§, 11, and 25 monolayers) on the mean partial
isotherms of mixture components is shown in Fig. 6(b),
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Figure 7. Partial local isotherms for the surface layer (1—3) and for the central region (4-6) (as above a corresponds to argon, and b corresponds
to krypton); (a) Influence of the interaction energy between the second component and the pore wall: Q; 2 arar = 12.2(1,4),9.2 (2, 5), and 6.2
(3, 6); (b) Influence of the interparticle interaction energy on average partial local isotherms: e22/earar = 1.37 (1, 4), 1.0 (2, 5), and 0.63 (3, 6).

where partial fillings are plotted depending on the to-
tal vapor pressure p for y = 0.5. The smaller H, the
more rapidly is the pore filled because of the influ-
ence of the attracting wall potential. A further increase
in the pore width weakly influences the conditions
of filling the central part of the pore, where the in-
fluence of the wall potential is zero. The degree of
filling with krypton is always higher than that with
argon.

The influence of the potential functions on the partial
local isotherms is shown in Fig. 7. The local degrees
of filling the surface and central monolayers are given;
these results characterize the total range of changes in
all local fillings at y = 0.5. In Fig. 7(a), the depth of
the potential well for the interaction between the sec-
ond mixture component and the walls is varied at a
constant g, parameter corresponding to krypton (the
first component is argon). A decrease in Q1% decreases
the degree of filling of the surface layer with the second
component and increases the degree of filling with the
first component, whereas the local partial isotherms for
the central part of the pore remain virtually unchanged.
The differences between the partial isotherms of the
second component for the surface monolayer (2b and
3b) and similar isotherms of the first component (2a
and 3b) evidence that intermolecular interactions play
animportantrole in filling pores. The curves in Fig. 7(b)
show this in more detail. In this figure, the depth of the
potential well for the interaction between second com-
ponent (krypton) atoms &5, is varied at Q% = const (the
first component is argon). A decrease in £, sharply de-
creases the degree of filling of the surface layer with the

second component and increases the degree of filling
with the first component. Simultaneously, the degree
of filling of the central part of the pore with the sec-
ond component and the fraction of the first component
sharply decrease. This result shows that, while the wall
potential influences near-surface layers, intermolecular
interaction effects are noticeable over the whole pore
volume.

3.4. Concentration Dependences of Self-Diffusion
Coefficients

All the concentration curves were normalized with re-
spect to the corresponding self-diffusion coefficient of
argon atoms in the gaseous phase (at Q] = 0 and 6
= (). Concentration dependences of the self-diffusion
coefficients for argon atoms, local and cross section
average, in the carbon pore 10 monolayers wide are
shown in Fig. 8. Here and below, o1 = E’i'f/Q’i =0.1
is the height of the low activation barrier to surface
jumps.

All local coefficients decrease as the degree of pore
filling increases because of a decrease in the free pore
volume. Motion of particles in the first (surface) layer
changes most sharply (curve I). Filling this layer
causes the self-diffusion coefficient to fall abruptly at 6
< 0.2, that is, when the monolayer is formed. A further
increase in D7}, is caused by film compaction. Particles
passage from the first to the second monolayer requires
overcoming bond energy Q;, and curve 2 for D7, is
therefore situated below all other curves. The Dj,
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Figure 8. Concentration dependences of local self-diffusion coef-
ficients for the argon-carbon system at @ = 0.5 and 11 = 0.1. The

curves correspond to the following pairs of neighboring cells in lay-
ers: fg =11 (1), 12 (2), 21 (3), 22 (4) and 55 (5). Curve 6 corrsponds
to the average D" value.

coefficient corresponds to the back transfer of particles
from the second layer to the first; the shape of curve
3 for this coefficient, which decreases as a degree of
filling of the first layer increases, reproduces that of
curve /. Movement of particles in the second layer
(curve 4) at low filling occurs as in the center of the
pore (curve 5). The D3, coefficient begins to decrease
at 6 > 0.2, when the first monolayer is filled. The
average diffusion coefficient D* has a non-monotonic
0 dependence. This value is determined by the

In(D, )

@

contributions of filling from all layers and therefore
close to D7, at low and to D35 at high fillings. The
ratio between D*(6 = 0) and the D* value at the point
of its maximum depends on the Eﬁ activation energy
of surface migration, and the lower E’l’i the higher
D*(0 = 0).

The concentration dependences of self-diffusion co-
efficients shown in Fig. 9 correspond to the molecular
parameters H = 10, « = 0.5, &;; = 0.1 and Q{ =924
&arar- All curves are normalized with respect to the self-
diffusion coefficient of argon in the gas phase. The local
self-diffusion coefficients of argon (solid lines) (a) and
krypton (dashed lines) (b), which depend on the dis-
tance from the pore walls and the direction of migra-
tion, and the average partial self-diffusion coefficients
are shown in Fig. 9. These concentration curves are
similar to the ones for the pure fluid. The partial self-
diffusion coefficients of both components decrease as
the centers of various types get filled. First, the lo-
cal coefficients for the surface monolayer and, last,
those for the central region decrease as the pressure
increases. The average self-diffusion coefficients vary
non-monotonically. They have maxima in the region of
surface monolayer filling, and when this layer is virtu-
ally filled, the filling of the second layer begins. In this
situation, migration in the second monolayer occurs at
a fairly high rate. As the volume of pores gets filled,
the fraction of free sites lowers, and all self-diffusion
coefficients decrease.

The average values for various mixture composi-
tions are shown in Fig. 10. The initial argon and kryp-
ton self-diffusion coefficients remain unchanged as the

()

Figure 9. Concentration dependences of local partial self-diffusion coefficients D;;, for label (a) argon and (b) krypton atoms in the binary
mixture at y = 0.5 in a carbon slitlike pore at H = 10, « = 0.5, «y; = 0.1, and 01! =9.24¢ ocar. The curves correspond to the following pairs

of neighboring cells in layers fg and the average D*; value as on Fig. 8.
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Figure 10. Concentration dependences of average self-diffusion
coefficients D”; in slitlike pores (calculation conditions as on Fig.
9). (a) Variation of the argon—krypton mixture composition: y = 0
(1),1/3(2),1/2(3),2/3 (4),and 1.0 (5). (b) Influence of the molecular
parameters for the second component on D: values at y = 0.5: for the
argon—krypton mixture (/), and for mixtures with changed second
component parameters (2, 3): (2) Q% = 6.2earar and €20 = EkKr;
and (3) 012 = 12.2e pcar and £22 = 0.46ek .k

composition of the mixture varies, because, at low pres-
sures (fillings), the mobility of each component is inde-
pendent of the presence of other particles. Argon and
krypton have different masses and activation energies
of surface migration. As previously, the average self-
diffusion coefficients pass maxima as the pressure in-
creases (Fig. 10(a)).

The influence of the molecular parameters of the
adsorption system Q% and &5, is shown in Fig. 10(b)
[the properties of the first component (argon) are
fixed]. At the given y = 0.5 value, the influence of the
molecular properties of the second component on the
mobility of argon becomes noticeable at fairly high
degrees of filling. A decrease in the interaction energy
with the surface (curve 2b) substantially increases the
self-diffusion coefficient of the second component and

influences the mobility of argon, though to a lesser
degree. A decrease in intermolecular interactions for
the second component at strong attraction by the walls
makes the concentration dependences for the two
components closer to each other. The data obtained
are evidence of a strong influence of the molecular
properties of mixture components on changes in the
self-diffusion coefficients as the total density of a
mixture of fluids varies.

4. Conclusions

The results obtained in this work show that the sim-
plest variant of the LGM gives satisfactory agreement
with the MD data at supercritical temperatures for both
the concentration profiles of adsorbate distributions in
anarrow slitlike pore and the average self-diffusion co-
efficients of a label along the pore axis. This allows the
LGM to be used to substantially speed up calculations
of molecular distributions. It appears that the most nat-
ural variant of using LGM is its joint use with the MD
method, when calculations for several limiting situa-
tions are performed by MD, and LGM simulation are
used to perform mass calculations in wide temperature
and concentration ranges (that is, the LGM is a conve-
nient interpolation method). In addition, the LGM al-
lows us to go beyond the limitations imposed by large
time expenditures and analyze dynamic processes over
long periods.

According to the LGM equations, the self-diffusion
coefficients depend on the lattice parameters, which
are directly related to atom—atom potentials between
molecules and between molecules and pore walls. The
activation energies of molecular displacements E ’ng de-
pend on the energy states of molecules in various cells,
which are expressed in terms of the interaction poten-
tial between a particle and pore walls. Our calcula-
tions show that the dynamic characteristics of an ad-
sorbate strongly depend on the anisotropic distribution
of molecules across slitlike pores. The self-diffusion
coefficients change most substantially near pore walls.
These values in the center of a pore depend on the
contribution of the wall potential and the total concen-
tration of the mixed adsorbate. An analysis of exper-
imental data should be performed taking into account
the fairly strong concentration dependence of the par-
tial dynamic characteristics of mixtures of adsorbates
in narrow pores caused by both the influence of the
potential of pore walls and intermolecular interactions.
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