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Concentration relationships of coefficients of self-diffusion and viscosity
of the adsorbate in narrow slit-like pores
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Concentration relationships of dynamic characteristics of the adsorbate (coefficients of
self-diffusion and shear viscosity) in narrow slit-like pores with different widths were consid-
ered. These coefficients were calculated using the simplest molecular model (lattice-gas
model), which takes into account the intrinsic volume of molecules and their interactions in
the quasi-chemical approximation. The values of coefficients of self-diffusion and shear
viscosity of the adsorbate depend strongly on the distance to the pore wall.
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Transport of molecules adsorbed in porous materials
plays an important role in catalytic and adsorption
processes.!=4 In narrow pores with a width of 7 to
10 nm,> the potential of walls affects the aggregate state
of the fluid and, correspondingly, the mechanism of its
transport. When moving in these pores, all transport
characteristics of the adsorbate differ from their values
in bulk vapor and liquid phases. Coefficients of self-
diffusion and shear viscosity belong to the most impor-
tant dynamic characteristics.1=4 It is difficult to theo-
retically calculate these values in a wide range of fillings
and temperatures, although the first results have already
been obtained® for rarefied gases. In the present time,
coefficients of self-diffusion and shear viscosity of the
adsorbate are calculated predominantly by the molecu-
lar dynamics methods but the obtained results are
scarce.”—9 Available experimental methods for measur-
ing coefficients of self-diffusion (NMR and isotope
method) give values that differ considerably from flow
characteristics, 1911 whereas estimations of the shear
viscosity are completely based only on measurements
performed in bulk phases.

In this work, we calculated the concentration rela-
tionships of coefficients of self-diffusion and shear vis-
cosity of the adsorbate in a wide region of pore fillings
at different adsorbent—adsorbate potentials. With this
purpose, we used the lattice-gas model,!2 which takes
into account the intrinsic volume and interaction of
atoms in the quasichemical approximation. This model
makes it possible to find self-consistent characteristics
of the vapor-liquid system and transfer coefficients of
molecules in the volume phase using a single set of
energy parameters. It is applicable in wide ranges of
fluid concentrations and temperatures. The phase dia-
grams obtained by this model agree well with those

found by the Monte Carlo and molecular dynamics
method.13:14

Lattice-gas model

In the lattice-gas model,15 the volume of a slit-like
pore V, is mentally divided into monoatomic layers with
the linear size (width) A arranged in parallel to the pore
wall, and each layer is divided into cells with a size of
an order of the volume of one molecule vy = A3. Then
Vs = Ny, where N is the number of cells in the system.
Each cell can contain only one particle: either molecule
A (if the center of gravity of the molecule is inside the
cell) or vacancy v. If the cell with number f (1 < f< N)
is occupied by molecule A, the index of this cell i = A,
and if it is occupied by the vacancy, then i = v. Let us
designate the number of f-cells neighboring to the cell
in this imaginary lattice structure through z. The con-
centration of molecules is usually expressed by the
number of these molecules N, per unit volume:
C= N,/ V,,- In the lattice-gas model, the concentration
of the fluid (i.e., molecules A) is characterized by the
value 8 = N,/ Ng4e, equal to the ratio of the number of
real particles in some volume to the highest possible
number of close-packed particles Ny, in the same
volume (in the considered case, Ny, = N). Then
6 = Cvy. Let us designate the local density of particles i
in the cell with number f through 6/, keeping in mind
that A + 6/ = 1, 6/ = 0 The average concentration of
the fluid 6 is determined through the local concentra-
tions as 6 = Zf:INI}Of/N, where Fy is the fraction of
cells of type f.

Each cell fis characterized by a specific energy of
interaction of molecules with the walls and, correspond-
ingly, by its Henry’s constant. Using the latter value, all
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cells of the lattice can be divided into groups with the
same properties. Designate the number of these groups
through 7. When the walls of a slit-like pore are uni-
form, all cells of the same layer are equivalent and,
therefore, the layer number f coincides with the num-
ber of the cell contained in this layer. For the
even number of monolayers (H) ¢t = H/2, and for the
odd Ht = (H + 1)/2. Local Henry’s constant is
ap= BF/FOeXp(BQf), where B = (kT)~!; Fand F; are the
statistical sums of the state of particles in the lattice
system and out of it (in the gas phase), respectively; Oy
is the bond energy of the molecule in the layer f with
the pore walls, and Q= u(f) + u(H — f+ 1), 1 <f<14,
and the potential of interaction of the molecule with the
pore wall u(f) = e,/f3 corresponds to the attracting
branch of the Mi potential (3—9),16 and ¢, is the energy
parameter of the potential.

Let us consider interactions of the nearest neighbor-
ing molecules and designate through ¢; the energy of
interaction of particles i and j (j = A or v). Here gxp =€,
ey = 0, i.e., the energy of interaction of particle i with
the vacancy is equal to zero. The mutual distributions of
molecules are described by pairwise distribution func-
tions efgif, which determine a probability for a pair of
particles ij to occupy adjacent cells f and g. The fol-
lowing norming correlations are valid for them:
0™ + 85" = Brand 5" + 057 = 6.

The local adsorption isotherms relating the values of
local filling of cells to the external pressure p outside the
pore are described by the following equations12:15;

arP(1-6,)=0, H(l tXple), Xp = exp(—Be) — 1, (1)

gezf
T = 26/185 + by,
ng =1+ Xj:g(l - Gf— Gg), bfg = {[nglz + 4ng9f9g}l/2.
Index g runs over all adjacent cells zraround the central
cell in the layer f; tngA = 1, = 05°4/6 is the conven-
tional probability molecule A is located in cell g near
the "central” molecule A in cell £ The equilibrium
particle distribution over cells of different types can be
found solving the system of equations (1) using the
iteration method.

Consider adsorption of Ar atoms in slit-like pores
of graphite. The energy characteristics of the lat-
tice model for this system are: Q; = 9.24e, where
e = 0.238 kcal mol™! (see Refs. 16, 17), O, = 0,/8 (in
agreement with the Lennard-Jones potential), while
other Or = 0. In calculations conducted for adsorption
at T= 200 K, the Be value (0.595) is dimensionless, and
for Ar atoms z = 6 is accepted. Figure 1, a shows the
adsorption isotherms of argon in graphite pores with
different widths, and Fig. 1, b demonstrates the distri-
bution of local adsorbate concentrations at the mean
fraction of filling of the pore volume 6 = 0.5. In all
cases, the density of atoms near the pore wall is much
higher than in its central part, except for the case when
the number of monolayer is two. At H = 2 the character
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Fig. 1. Equilibrium adsorption of argon in slit-like pores of
graphite (numbers of curves correspond to pore widths ex-
pressed in the number of monolayers): a, adsorption isotherms
(the product aP is dimensionless, here a is the mean value of
local Henry s constants); b, concentration profiles of the adsor-
bate for an average pore filling of 0.5 (numbers of monolayers
H,, are put on the abscissa).

of filling of both pores is the same. Nonuniformity of
the local densities of the adsorbate influences the char-
acter of its motion in this or another direction relatively
to the pore walls.

Migration rate of molecules

It is difficult to use the free path of molecules for the
description of migration in adsorbent pores because the
values in the rarefied gas and compact liquid phases can
differ strongly (10*A and A, respectively). In the lattice-
gas model, as in the kinetic theory of liquids,!8:19 the
idea of the probability of jump (or shear) of a molecule
W(p) at the distance p is used instead of the free path:
W(p) = Ufg(p)/ef, where Ufg(p) is the rate of jump of
molecules from the cell f into the empty cell g at the
distance p. As follows from the ratio of dimensionalities,
the mean thermal velocity of motion of molecules is
Wre = PUg(P)/0y

The transition state model developed by Eyring?? is
used for the calculation of the rate of particle jump. In
this model, the shear of molecules is considered as an
activation process needed to surmount an energy bar-
rier. In nonideal reaction systems, the barrier is created
by potentials of adjacent particles and the solid sur-
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face.21-23 For the simplest case of the jump into the
nearest neighboring cells at p = 1 in the nonuniform
lattice system that exists at the state of equilibrium the
Ur(p) value is described by the following formula:

Ug = kg ki = Frexp(=BEg)/(BhF), Vi = 657 Ty, (2)

0™ = 0™, T = TISE TS
Eez‘f—l éezg—l

where kg, is the rate constant of jump of a particle from
the cell f to an empty cell g at the distance p in the
vacated lattice; F* and F are the statistical sums of the
states of particles in the transition and ground states,
respectively; Ey, is the activation energy of jump (Eg =0
for cells remote from the pore wall and Efg # 0 near the
walls with the adsorption potential); and /4 is Planck’s
constant. The concentration relationship of the migra-
tion rate of a molecule is expressed by the cofactor Vg,
which, in turn, consists of the cofactors eng" and T, T
(The cofactor engV reflects a probability of the adjacent
cell to be vacated, and the cofactor Ty takes into
account the influence of interactions of molecules sur-
rounding the central particle A and present in the
adjacent empty cell). The cofactor SféA =1+ teex* in
Ty, relates to (z — 1) nearest neighbors & of molecule A,
which exists in the initial state in cell f (cell g is
excluded), and the cofactor S,V =1 + thVAy* is at-
tributed to the neighbors of the empty cell. Here
x* = exp[B(e* — ¢)] — 1, y* = exp(Be*) — 1, where €* is
the energy parameter of the interaction of particles in
the transition and ground states. The dimensionless
parameter o. = £'/e was used in calculations.

In the absence of lateral interactions, formula (2)
takes the form Uy, = kg0/(1 — 0,). When a particle is far
from the pore walls the F/F* ratio corresponds to the
translatory degree of freedom in the direction of particle
motion and equals Q2rmB~1)!/2p/h, where m is the
weight of the molecule. Then the rate constant of jump
in the bulk phase can be expressed as kp = (2nmPp)~! or
w/4p containing the well-known velocity of thermal
motion of molecules in the gas phase w = (8/nmp)!/2
(see Ref. 24).

Knowing the jump rates Ufg, one can calculate coef-
ficients of self-diffusion and shear viscosity.

Coefficient of self-diffusion

It follows from the equations derived for the calcu-
lation of coefficients of self-diffusion in nonuniform
medial2-21,22 that the coefficient of self-diffusion de-
pends on the direction of particle motion. The expres-
sion for the local coefficient of self-diffusion, which
characterizes the redistribution of molecules between
adjacent cells, has the form

D™ = 2 Us/% G

where z*; is the number of possible jumps of the
particle from the cell f into adjacent cells at the dis-

tance p. The averaged parameter of motion of "labeled"
(for example, isotopic) molecules along the pore axis is
the coefficient of self-diffusion described by the ex-
pression

*

t t do
2
D¥ =03 Fy X20Uqp /9, dez’ (C))
g=1 p=1

where z,, is the number of bonds of the cells in the layer
g with adjacent cells in the layer p, d6,*/d6* = d@,/de.
All possible jumps of the migrating molecule to adjacent
cells of different types are taken into account in this
expression. Averaging was performed by the contribu-
tions from both cells into which the migrating molecule
jumps (cell of the p type) and cells from which it
migrates (cell of the ¢ type) to the overall flow of
molecules. Rate constants of jumps for different cells
obey the condition that a deepening in the energy well
decreases a probability of ejection of the particle from
this well. The relation between the rate constants of
jumps and local Henry’s constants is described by the
equation a,'k,,~ = a,'k,.;V, where a;j = a,Vexp(BQ,) is
taken into account.

Coefficients of self-diffusion were calculated for sev-
eral values of the dimensionless parameter a; = E11/0y,
which characterizes the ratio of the activation barrier of
the surface migration of the molecule to the bond
energy of the molecule with the surface (E, = 0y,
others Ey, = 0). The first figure in the subscript desig-
nates the number of the layer from which the motion
begins, and indices 11, 22, 33, efc. indicate the migra-
tion over the layer. If the second figure differs from the
first figure, this indicates the transportation from layer
into layer, e.g., 12. All concentration curves presented
below were plotted in the normalized form. Normaliza-
tion was performed to the corresponding values of coef-
ficients of self-diffusion at 6 = 0 and Q; = 0.

Figure 2 presents the plots of the local coefficients of
self-diffusion for argon vs. degree of filling of the graph-
ite pore with the width H = 6 and 18 monolayers and
their average values over the pore cross sections. At
f = g the curves show the motion of atoms inside the
layer, and at f # g they show the motion of atoms
between the layers. Curve I corresponds to the motion
of Ar atoms along the pore surface when they cross the
activation barrier with the height E;;. At low fillings
curve I lies above curve 2 because for the transition
from the first layer into the second layer the barrier
Ey, > Ej; has to be crossed. However, with filling of the
first monolayer (at 6 > 0.4) the fraction of empty cells,
which provide a possibility of argon motion, decreases
sharply, and the transition of the atom into the second
layer becomes more favorable (curve 2 lies above curve ).
For the transition from the second layer to the first layer
an activation barrier does not need to be crossed, and
the decrease in D*;; (curve 3) is also explained by the
filling of the surface monolayer. The coefficients of self-
diffusion of argon in the second and third layers (curves 4
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Fig. 2. Coefficients of self-diffusion of argon in slit-like graph-
ite pores with the width H = 6 (a) and 18 (b) of monolayers at
o = 0.5, o7 = 0.333. a, curves correspond to the local D*
values of the following pairs of adjacent layers fg: 11 (1), 12 (2),
21 (3), 22 (4), 33 (5), 99 (6), and curve 7 represents the mean
value of D*.

and 5) change slightly at low fillings and somewhat
decrease with further pore filling. These values are
rather close even at high degrees of filling.

Figure 2, b shows similar curves for the pore with a
width of 18 monolayers. Almost all coefficients of self-
diffusion in the third and subsequent layers (see Fig. 2,
curves 5 and 6) have the same values: the influence of
the pore volume in these layers is weak and the coeffi-
cient values are close to those in the bulk at the
corresponding concentrations of argon.

The nonmonotonic character of changing the aver-
age values of coefficients of self-diffusion calculated
using formula (4) (curve 6 in Fig. 2, a and curve 7 in
Fig. 2, b) is explained as follows. Initially the D* value
decreases due to the filling of the surface monolayer,
which provides the main contribution to this value at
low gas densities, and then the motion of Ar atoms in
the second and subsequent layers becomes more favor-
able and that increases D*. Finally, at high degrees of
filling when the fraction of empty cells is low, the D*
coefficient decreases monotonically. Pores with any width
are characterized by these regularities (Fig. 3, a) (here
o = 0.5, aj; = 0.333). The case of H = 2 is special
because all cells are filled in the same manner and D*
decreases monotonically in the whole region of 6.

The concentration plots of the D* values for pores
with medium cross sections at different molecular pa-
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Fig. 3. Concentration relationships of mean normalized values
of coefficients of self-diffusion of argon D*: a, in pores with
different widths (numbers of curves correspond to the pore
width expressed as a number of monolayers); b, in pores with a
width of 6 monolayers at oo = —0.5 (1), 0.0 (2), 0.5 (3, 6),
1.0 (4), 1.5 (5), and o4 = 0.33 (I—5) or 1.33 (6).

rameters of the adsorption system are presented in
Fig. 3, b. Curves I—5 were obtained varying the o
parameter, which characterizes the interactions of Ar
atoms in the transition and ground states (at o;;; = 0.333).
The calculations show that these interactions substan-
tially affect the numerical values of coefficients of self-
diffusion. The stronger the mutual attraction of Ar
atoms in the transition state, the higher the D* value.
However, in all cases, the interaction with the pore wall
makes a substantial contribution, and an increase in 6
results in a decrease in D*.

The increase in the activation barrier of the surface
migration (see Fig. 3, b, curve 6) sharply decreases the
coefficient of self-diffusion at low densities. However,
with filling of the surface monolayer the influence of the
wall potential decreases and the coefficients of self-
diffusion in subsequent layers become virtually indepen-
dent of the properties of the wall.

Coefficient of shear viscosity

Shear viscosity was calculated using the modified
model, which allows the extension of the Eyring model20
over the whole interval of densities of the fluid. The
initial Eyring model, which assumed the cellular struc-
ture of the liquid phase (without vacancies), correctly
describes the temperature relationship of the shear vis-
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cosity of the liquid but it is not applicable to rarefied
fluids. The lattice-gas model is considered instead of the
cellular structure in the modified Eyring model.25 The
viscosity coefficient of the gas ng corresponding to the
shear of the fluid in the cell g relative to the cell f is
described by the expression

nfg = nOefexp(BEfg)/ Vfg; (5)

where ng = (mkT/n)'/2/(rc?) is the viscosity of the ideal
rarefied gas, m is the mass of the atom, and o is the
diameter of the molecule. At low densities the viscosity
depends linearly on the pore filling as in the case of the
ideal gas, and with increasing 0 the ratio of the ¢ and &*
parameters begin to influence the pattern of the n(0)
curve. At low densities viscosity m is a function of the
T /2 value, whereas at high densities it depends expo-
nentially on the temperatures as in the traditional Eyring
model.2% The volume viscosities calculated using for-
mula (5) (at Eg = 0) for several gases (Ar, He, Hj, N»,
NHj3, CO,) coincide well with experimental data.26:27

Coefficients of viscosity were calculated at the same
molecular parameters that were used for the estimation
of coefficients of self-diffusion. As in the previous Sec-
tion, the concentration plots were normalized to the
corresponding values of coefficients of viscosity at 6 = 0
and Q; = 0. Figure 4, a presents the layer coefficients of
shear viscosity of argon in a pore with the width H = 8.
As the layer moves away from the pore wall, the coeffi-
cients of viscosity n,, decreases, whereas they increase
monotonically with an increase in the degree of pore
filling. The concentration of the adsorbate has the stron-
gest effect on the viscosity in the surface layer, and the
effect is weakest on the viscosity of the layer arranged in
the center of the pore.

The influence of the pore width on the viscosity in
the surface layer and in the layer in the center of the
pore is seen in Fig. 4, b. The viscosity of the adsorbate
in the central layer depends rather weakly on the pore
width, although its influence cannot completely be ne-
glected. The viscosity in the surface layer at the un-
changed 6 increases with an increase in the pore width
H because at 6 = const a better filling of the surface
layer 0, is achieved. Figure 4, ¢ shows the influence of
the molecular parameters of the adsorption system on
the viscosity of the adsorbate in the surface layer. Curves
in Fig. 4, ¢ can be considered as inverse to curves for
the coefficient of self-diffusion (see Fig. 3, b). An
increase in the activation barrier of argon migration
along the surface increases the viscosity of the adsorbate
in the surface layer, while an increase in the mobility of
atoms decreases it.

The method for calculation of concentration charac-
teristics of the transfer parameters of compact adsor-
bates in narrow pores described above is based on the
concept that the local rates of molecules are at equilib-
rium. This approach is justified only in the case of
sufficiently high densities of the adsorbate: it is ap-
plicable to liquid-like systems!81% in the interval

Inn,,/Pas
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0 0.2 0.4 0.6 0.8 9

Fig. 4. a, Concentration relationships of local normalized
coefficients of shear viscosity of argon n,, at H =8, a. = 0.5,
oy; = 0.33, 07 = 9.24e. Numbers of curves correspond to the
numbers of layers (beginning from the pore wall); b, concentra-
tion relationships of argon in the surface layer (upper group of
curves 2—18) and in the central layer (bottom group of
curves 4—18) at different pore widths. Number of curves
correspond to the pore width expressed as a number of mono-
layers; ¢, influence of molecular parameters of the adsorbate on
the fluid viscosity in the surface layer of the pore with a width
of 6 monolayers (for numbers of curves and parameters,
see Fig. 3, b).

(0.01—0.03) < 8 < 1.0. However, at 6 < 0.01 this model
needs to be refined. Nevertheless, the following estima-
tion indicates the important role of the width. It follows
from the elementary kinetic theory of gases24 that in
pores with the width to 7.0 nm the collision frequency
of Ar atoms with the walls is by approximately two
orders of magnitude higher than the frequency of their
collisions between each other in the gas phase (at 300 K
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and a pressure of 1 atm). This implies that in narrow
pores the effective density of the rarefied system is by
two orders of magnitude higher than that in the gas
volume. Correspondingly, the equilibrium is more rap-
idly established in narrow pores due to various colli-
sions. Therefore, this model provides a reasonable esti-
mation of dynamic characteristics, although it ignores
effects associated with the dispersion of the rate of
molecules.

Our calculations show that the dynamic characteris-
tics of the adsorbate depend strongly on the anisotropic
distribution of molecules over the cross section of the
slit-like pore. Coefficients of self-diffusion and shear
viscosity change especially strongly near the pore walls.
In the center of the pore these values depend on the
contribution of the potential of the wall and the total
concentration of the adsorbate. It follows from the
results obtained that traditional assumptions about the
constant character of coefficients of self-diffusion!+4
and shear viscosity? are not valid in the general case.
Analyzing experimental data, one should take into ac-
count a relatively strong concentration relationship of
the dynamic characteristics of the adsorbate in narrow
pores resulted from both the influence of the po-
tential of the pore walls and the intermolecular inter-
actions.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 00-03-
32153).
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