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Self-diffusion, mass transfer, and viscosity coefficients
for a binary mixture in narrow slit-like pores
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The concentration dependences of the dynamic characteristics of a binary mixture in
narrow slit-shaped pores of different widths are considered. The local and mean partial self-
diffusion, label transfer, mass transfer (mutual diffusion), and shear viscosity coefficients for
binary mixtures of various compositions were calculated. The calculation was based on the
lattice-gas model in the quasichemical approximation for spherical components with approxi-
mately the same size. The calculation of dynamic characteristics took into account collisions
between the molecules that determine the direction of their motion. All the kinetic coefficients
depend substantially on the mixture density, the direction of motion, and the distance to the
pore wall. The effect of the pore width on the calculated dynamic characteristics is considered.
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The transport of molecules in porous solids plays an
important role in catalytic, adsorption, and membrane
processes.! =0 In narrow (up to 10—15 nm) pores, the wall
potential influences the aggregation state of the fluid and,
correspondingly, the transport mechanisms.” In narrow
pores, the transport characteristics of the adsobate change
compared to those in the bulk phases.

Traditionally, the transport of molecules is described
using mass, momentum, and energy transfer equations,
well known in the thermodynamics of irreversible pro-
cesses.8—10 Assuming that the process is isothermal, one
can restrict himself to the continuity equation and the
mixture motion equation. The diffusion and shear viscos-
ity coefficients are the most important dynamic charac-
teristics. The theoretical calculation of these values over a
broad range of degrees of filling (in the gaseous and liquid
states) and temperature is hampered. Therefore, currently
these dynamic characteristics of adsorbates are mainly
calculated using molecular dynamics.11—13 Recall also that
the available experimental methods used to measure the
self-diffusion coefficients even for pure components
(NMR and particle labeling) give results that differ appre-
ciably from the measurements of flow characteristics.>14
For mixtures, the situation is even more complicated. In
particular, the concentration dependences of these coef-
ficients for dense gases and liquids in narrow pores are
unknown. Moreover, on passing from a one-component
flow to the transport of mixtures, additional transfer coef-
ficients should be introduced. The presence of a chemical
potential gradient under nonequilibrium conditions gives

rise to mass transfer coefficients. When the pressure is
constant, these coefficients reflect the gradients of com-
ponent concentrations, while for a constant mixture com-
position, this reflects the gradient of the overall pressure.
One should also take into account the thermodiffusion
transfer coefficients.?>1® The concentration dependences
of all these coefficients have not been studied. Similarly,
the shear viscosity coefficient n is of greatest importance
for the momentum transfer equation, and its concentra-
tion dependences in narrow pores have not been analyzed
either.

This study involves a theoretical consideration of the
concentration dependences of dynamic characteristics
governing the transport of components of an adsorption
mixture in narrow slit-shaped pores with different widths.
The use is made of the lattice-gas model (LGM),!5 which
takes into account the proper volume of atoms and inter-
actions between the atoms in the quasichemical approxi-
mation. The LGM provides good agreement with mo-
lecular-dynamic calculations of the self-diffusion coeffi-
cient for one-component fluids, while requiring less
time.16:17 For narrow-pore systems, the model also pro-
vides phase diagrams of one-component fluids, which are
in good agreement with the diagrams!®19 and viscosity
coefficients of one-component fluids?%21 obtained by
Monte Carlo and molecular dynamics methods.

This model allows one to find, using a single set of
energetic parameters, self-consistent equilibrium charac-
teristics of a vapor—liquid system and the molecular trans-
fer coefficients in the bulk phase. The same parameters
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were used to calculate the partial and mean self-diffusion
coefficients, mass transfer coefficients for variable chemi-
cal compositions and overall pressures of a binary mix-
ture, and shear viscosity coefficients. For the sake of sim-
plicity, we will restrict ourselves to the condition that
components have a spherical shape and approximately
the same size. Although this restriction is applicable only
to isotope mixtures, it provides reliable results for many
mixtures of molecules that do not differ much in size.
Therefore, this is widely used for bulk solutions,?2:23 and
the LGM itself is applied to mixtures of molecules with
different size.22:23 We consider only the case of a mono-
disperse system of slit-shaped pores. The equations for
the adsorption isotherms of mixtures of spherical mol-
ecules with approximately the same size in a polydisperse
system of slit-shaped pores were reported previously.24

Lattice-gas model and isotherm equations

In the LGM (see Refs 15 and 24), the volume of a slit-
shaped pore ¥ is split into H monoatomic layers with the
linear size (width) A, which are parallel to the pore wall,
and each layer is split into units with a size similar to the
particle volume v, = A3 to eliminate the double occupa-
tion of a unit (adsorption site or cell) with different mol-
ecules. Then V, = Ny,, where N is the number of sites in
the system. The number of neighboring sites in the lattice
structure is designated by z. Each site may accommodate
only one particle: either a sort i molecule (if the center of
mass of the molecule is located inside the site) or va-
cancy v. Different i correspond to different sorts of mix-
ture components. The number of different states of occu-
pation of any system site is designated by s; hence, the
number of components is s — 1.

Usually, the concentration of molecules is defined as
the number of these molecules N; per site volume:
C; = N;/V,. In the lattice-gas model, the concentration of
a fluid component is characterized by 8, = N,/N, which is
the ratio of the number of real particles of sort i in some
volume to the maximum possible number of closely packed
particles in the same volume. Then 6; = Cv,. The local
density of particles i/ in a site with the number f will be
designated by Of". The local densities are normalized in
the following way: 2,-=15‘1(9fi + 6) = 1. The average
partial concentration of the fluid 6; is determined through
local concentrations: 8; = zf=1f13ce/, where Fyis the frac-
tion of sites of type /(1 < f<f), tis the number of site types
in the system, while the average total degrere of pore
filling  =X,_*~'6,. The character {P} = P, ..., P,_, stands
for the whole set of all partial pressures of mixture com-
ponents P;, 1 <i<s— 1.

Each site fis characterized by a specific interaction
energy in of sort i molecules with the walls and, hence, by
a specific Henry constant a/. In terms of this parameter,
all lattice sites can be divided into groups with the same

properties. If the walls of a slit-shaped pore are uniform,
all sites of one layer are equivalent; therefore, the number
f of the layer coincides with the number of site located
therein. For an even number of monolayers, t = H/2,
while for an odd number, ¢ = (H + 1)/2. The local partial
Henry constant is given by af Oexp(BQf) where
B = (kT)~!, af¥ is the pre-exponent of the Henry con-
stant, Qf is the binding energy of molecule i in layer fwith
both walls, which is found as Qf u(f) tu(H—-f+1)
(1 £ f< 1), and the interaction potential between the
molecule and the pore wall, u(f) = ey [(cy/f)° — (o4/f)°]
is the Lennard-Jones potential averaged over the volume
of the solid,?5 ¢ is the energy parameter of the interaction
potential between component / and the adsorbent. Thus,
the fraction of sites F; in layer fequals 2/H for even H and
odd H when 1 <f<¢— 1. Then F,= 1/H for f= 1. The
normalization condition for the sites of different types has
the form ¥ \'F,= 1.

The average partial adsorption isotherms 6,({P}) and
local degrees of filling e/({P}) for spherical mixture com-
ponents with roughly the same size on various adsorption
sites will be calculated using the set of equations taking
into account the energy heterogeneity of the lattice sites
and the interactions of the molecules located at distance
R between the coordination spheres:!3

8,({P}) = Z F o' ({P)), (1)

alP, = '.N,/6Y,

X (r)
M:Hg[(ﬂ%
%o)1+ﬂx0ﬁ0m

X(r) = expl—Beg (M) — 1,

where B = (kT)~!; the function Afi takes into account the
intermolecular interactions in the quasichemical approxi-
mation; ris the number of the coordination sphere, < R;
R s the radius of the interaction potential. The subscript g
runs through all neighbors z/r) of site f'separated from it
by distance r (radius of the coordination sphere), zfg(r) is
the number of such neighbors in layer g, e4,7(r) is a param-
eter of the lateral interaction of sort i molecules of layer f
with sort j molecules of layer g at the distance of the r-th
coordination sphere. The interactions with vacancies
(i,j = v) are equal to zero.

The #,(r) = 64,7(r)/8/, and 6,%(r) functions are de-
fined by the following algebraic set of equations:

0% ()8 (r) = 67 (18 (r)exp[-Be, ()], 2

29 (r)= 6'
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The equations (1) and (2) for a specified set of {8,} or
{P;} values can be solved by the Newton iteration method
with an error not exceeding 0.1%. This provides the possi-
bility of calculating the equilibrium characteristics, the
rate of thermal motion of molecules in a dense gas or a
liquid, and all dynamic characteristics of the flow in nar-
row pores.

Equilibrium distributions of components in an
argon—Kkrypton mixture

The argon—krypton system in activated carbon was
chosen for studying the concentration dependences of the
dynamic characteristics. We assumed that the walls of the
slit-shaped pores in activated carbon are formed by car-
bon atoms. The lateral interactions € are determined us-
ing the Lennard-Jones potential U; = 48,-1-[(cs,-j/r)12 -
(5;3/r)®] for r/c; = 21/6, which corresponds to a minimum
of this potential. The molecular parameters of the mixture
components are well-known: the argon atom has Ql1 =
9.24ep 4, for €p0,/kg = 119 K, and the krypton atom has
0,2 = 12.17e,4, and e k1/Earar = 1.37 (~326 cal mol~!
or 163 K).2526 The interaction parameter between par-
ticles of different sorts was estimated as g, = (g;,€5,) /%
For the argon—krypton system, the difference between
the solid-sphere Lennard-Jones potential is rather small:
Oarar = 0.3405 nm and ok, = 0.363 nm.2526 For the
sake of simplicity, the pore width was assumed to be com-
mensurable with the lattice parameter A = 21/6, where
o= (GArAr + GKrKr)/z'

The fluid structure was modeled by a lattice with
12 nearest neighboring sites. The pore width varied from 3
to 30 monolayers. The wall potential was taken into ac-
count up to distances at which the energy becomes
lower than the thermal motion energy of the molecule,
QfAr =0.lep.a.- All of the sites separated by more than four
monolayers from the walls are considered to be equiva-
lent. In order to rule out the appearance of two-phase
regions, the calculations were restricted to isothermal con-
ditions for 7= 1.5T "' (Ar), where T°"(Ar) is the critical
temperature of argon.

All expressions for the transfer coefficients are con-
structed with the assumption of insignificant deviations of
the nonquilibrium distribution from the equilibrium one.
Therefore, first of all, it is necessary to consider the equi-
librium distribution of the components across the pore
cross-section.

An idea of the equilibrium distributions of the argon
and krypton atoms across a cross-section of the slit-shaped
pore with the width A = 10 monolayers can be gained
from Fig. 1, which shows the local partial degrees of fill-
ing by argon and krypton atoms in various monolayers for
five compositions of the mixture X,, = 0,,/6 at a constant
overall density of the mixture 6 inside the pore. Due to
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Fig. 1. Distributions of argon (full lines) and krypton (dotted
lines, primed curve numbers) atoms during adsorption of an
argon—Kkrypton mixture in a slit-shaped pore for compositions
with Xy, = 0 (1), 1/4 (2), 1/2 (3), 3/4 (4), and 1 (5) for 6 =
0.3 (a), 0.6 (b), and 0.9 (c); k are the monolayer numbers, 8, are
the local degrees of filling for mixture components.

the identity of the walls of the slit-shaped pore, the distri-
bution curves of the mixture components across the pore
section are symmetrical with respect to its center. Fig-
ure 1, a refers to the case of relatively low total degree of
filling (6 = 0.3): both components are concentrated near
the walls, while the central part of the pore is filled to a
lesser extent. The krypton atoms are attracted more
strongly than the argon atoms. Therefore, for pure kryp-
ton, the concentration of atoms in the surface layer is
higher than for pure argon, while that in the pore center is
lower. As the fraction of the first component X,, de-
creases, its concentration near the wall decreases, while
that of the second component increases. The effect of the
wall potential extends to three monolayers, its influence
on the fourth and fifth monolayers is minor. All the curves
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follow similar patterns and show the concentration mini-
mum at the pore center.

The component distribution for the intermediate re-
gion (6 = 0.6) is more complex (see Fig. 1, ). Krypton
displaces argon from the first monolayer; therefore the
curves for argon distribution across the cross-section pass
through maxima, the argon atoms being concentrated in
the second monolayer. In this case, too, the lowest con-
centrations of krypton atoms are found at the pore center,
but they are higher in magnitude. In the case of a high
degree of filling of the pore bulk (6 = 0.9), the minimum
concentrations of the krypton atoms are observed at the
pore center at any composition (see Fig. 1, ¢). Pure argon
is distributed across the surface almost uniformly. As the
argon fraction in the mixture decreases, it is concentrated
in the central region of the pore, because krypton is mainly
located near the pore walls.

Thermal velocity of molecules

To describe the flows of mixtures in narrow pores, one
should use a generalization of the proposed LGM, 15 which
retains the same definition of the mutual diffusion coeffi-
cient for dense phases as for the gas phase. A detailed
account of the LGM modification has been reported pre-
viously.2? The essence is that for calculating the contribu-
tion of molecule i to the transport flow, it is necessary to
take into account the sort of molecule j that collides with
molecule i. This is necessary to describe the "source" of
the forward motion of the molecule along the so-called
p-scale. In all other respects, LGM equations!® remain
the same. The modification?” retains the equilibrium char-
acteristics of the system both in the bulk phase and in the
pores, the allowance made for the inflience of lateral in-
teractions on all the dynamic characteristics of molecules
being described in self-consistence with the change of the
equilibrium characteristics. This modification elucidates
more precisely the role of particular collisions of the neigh-
boring molecules j with the migrating molecule i. For this
purpose, a neighboring site with subscript & is defined
relative to site f in the so-called p-scale. Unit & accom-
modates molecule j, which determines the momentum
and the jump direction of molecule / from site f to free
site g. The site & is located on one straight line with sites f
and g but on the other side of site f.

The jump velocity of molecule / by distance y from
site f to vacant site g can be expressed as follows:

. s—1 Niv
U 0 = XU """ (1), 3)
j=1
Ug;ng(x) = Kg/g(/)iv(x) Vg/g(/)iv(x),

Ve "™ (1) = 05" (0 <t7> Mg (1)

tVV

0" (1) = 9@<1>iv(1)1“_,[ wyi(D),
<tz(p)> = t(p)exp[Pde.7(1.5p)1/6, )

58/;,y(r ) = 8*/;,'7(” ) — E/hlj("),

where the rate constant for jumps, K:,"(x) =
(2mu,B) ' 2exp[—BE,"(x)]/x, has the usual form except
that the reduced mass p; of the colliding molecules / a_nd J
is used instead of the mass of one molecule m;; here E,"(x)
is the activation energy for a jump by distance y in the
action field of the pore wall potential (for sites remote
from the pore walls, Efg""(x) = 0). A molecule moving
along the normal to the wall inside the pore acquires the
momentum from the surface atoms; in this case, the rate
constant for desorption contains the reduced mass p;,
where the subscript w refers to a wall atom (or group of
atoms).2” This distinguishes the rate constant for desorp-
tion from the rate constants for the migration of the mol-
ecule in the flow away from the walls, the adsorption, or
surface migration on the wall. The relationship between
the jump constants and the local Henry constants is de-
scribed by the expressions a/ Ke;,™(y) = a," Kpe"(x).

The concentration dependence of the rate of the migra-
tion of molecules is expressed by the co-factor Véfg(f)""(x).
This includes the following three factors:

1. The probability efng(x) of existence of a free path
from site fto site g with length x that does not hit on other
molecules.

2. The probability <tf§"f > that neighboring particle j is
located in site & in the same straight line with sites fand g
(in the p-scale), described by relation (4), where e*ﬂ,"f (r)is
the interaction parameter of the active complex for the
migration of molecule i from site f with neighboring mol-
ecule j, which exists in the ground state in site 4 at dis-
tance r, r < R. The coefficient of 1.5 found in the argu-
ment of the energy parameters, » = 1.5p, implies the saddle
point coordinate with respect to site & (for ideal gas, p > R
and <z;7> = x,).

3. The function AEfg’V(x), which takes into account the
influence of lateral interactions of the neighboring mol-
ecules arranged around this path on the probability of
jump along the path. In the quasichemical approxima-
tion, it is expressed as follows:

T

. R r Voo .
N =TT 11 > 1 (0, ) E (0,), )

o, =lhem*(o,) k=1
Hn (@,) = 605,(r)0 (1,)/(87,6,0),),

Epy™(,) = exp{B[8es,*(ry) + Seg k(1)) 1}

A specified jump distance y corresponds to the dis-
tance from site 4 to site f, equal to |, and that to site g,
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equal to r,. The sites 4 belong to the set m(w,) with fixed
distance r and angle o,. The o, angle describes the posi-
tion of site #; this is the angle formed by the line connect-
ing a pair of "central" sites fg and the line connecting site 4
with the midpoint of the segment fg. The set m(w,) in-
cludes the sites located at the distance » from a central site
(forg); m"(»,) = m(w,) — 1, which implies the lack of a
factor at 4 = £ in the right-hand part of Eq. (5).

Dynamic characteristics?’

Label transfer coefficients. The local mass transfer co-
efficient for a particular component, which character-
izes redistribution or thermal motion of molecule i
(1<i<s—1)between neighboring sites fand g, situated in
the neighboring planes at distance y under equilibrium
conditions, is the simplest characteristics of the molecu-
lar transport in the mixtures.

For a "labeled" molecule of sort i, the expression for
the local partial label transfer coefficient has the form

Deg () = 25" 0% U ()8, (6)

where zfg*(x) is the number of possible jumps to neighbor-
ing sites g by distance y for each site f. The label transfer
coefficient for each component depends appreciably on
the local distributions of the components across the pore
cross-section and on the direction of the motion. It also
depends on the total local density of the system and inter-
molecular interactions.

Mean label transfer coefficient describes the label
movement along the pore axis. For a slit-shaped pore, the
following expression for the mean transfer coefficient of
label i (1 <i<s — 1), obtained by averaging over all sites
situated in the pore cross-section, is valid:

* ! ! * ; - 1d0’f
D/ =3x*Y F; ¥ {[ng(X)Ué?g(X)/G}]—{}, @)
x  f=1 " g=l de;

where zfg*(x) is the number of bonds along which the
jumps by distance y take place from a site in layer f to
neighboring sites in layer g, d6,7/de;” = de/de.

Mutual diffusion coefficient. The local mutual diffu-
sion coefficient for a binary mixture at constant pressure
and temperature is given by

Deg2(0) = 3, D () — D 20001 +
+ x,[Deg2(0) — Deg? )1, (8)

where the addends have the form
. s=1 Niv
Dg’;g<x>:j§1zfg<x>x2(/g,g (0

d{In[Y [, (YL (p)a} p, 1}
* dx

/(0,v): ©)
k

Ye'00 = 0500/ [t 0t/ (01,
Yae(p) = <t (9)>/Sf/(p)-

Here af"* is a part of the local Henry constant independent
of the density (all the density-dependent contributions to
the Henry constant (a//a/") occur in the right-hand part
Eg. (9), together with the imperfection function A/). For
macroscopic distances Yg'(x) = 1, relation (9) for the
mean mass transfer coefficients of molecules i on the
change in the mole fractions Xx; is also transformed into
the known expression?8:29 that relates the mass transfer
coefficient to the gradient of the chemical potential of
component i.

The mutual diffusion coefficient averaged over the
pore cross-section is calculated by the relation analogous
to Eq. (7):

D,=% i_Fq i_ D2 (x). (10)
x ¢=1 " p=l
Shear viscosity coefficient. The local viscosity coeffi-
cient ng upon the shear of a mixture of molecules with a
commensurable size and a spherical shape in site g rela-
tive to site f (here y = 1; therefore, this character is omit-
ted) is equal to

-1

n/g:[ng(nfcg)il] , an

. . . . . s=1 .
NG =04/ U, Xf=06//0 6= Ele/,

where xfi is the mole fraction of component; insite f, 6, is
the total filling of site f, and U@cg""(x = 1) can be found
from Eq. (3).

Bulk phase and calculation conditions

To determine the transfer coefficients, one can use
relations (3)—(5) for the average relative velocity of ther-
mal motion of molecule / taking into account their
collisions with all of the neighboring molecules. For
small degrees of filling corresponding to the gas phase
volume, no contributions of lateral interactions are
involved, and Eq. (3) will take the form Uéfg""(x) =
Y7 K, D™ ()x0, (1 — 6,)%. The mean relative velocity
wg' of component i is_expressed in terms of the jump
velocity as We' = vag'V(x)/ef'. Under these conditions,
relations (3)—(5) are transformed into new equations for
a rarefied gas. In particular, they give expressions for the
mutual diffusion coefficient,2’ which are in line with the
strict kinetic theory.6:9:30

The normalized concentration dependences of the mu-
tual diffusion coefficient in an argon—krypton binary gas
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Fig. 2. Normalized concentration dependences of the mutual
diffusion coefficient in an argon—krypton binary mixture upon
the variation of the argon mole fraction calculated using the
Stefan—Maxwell3? (7) and Meyer3? (2) formulas and using modi-
fied LGM ?7 (3). The normalization was done to the D; ,5M
value calculated for the same mixture using the Stefan—Max-
well formula.30

mixture for the change on the argon mole fraction are
shown in Fig. 2. The results of calculation show that the
LGM modification?” markedly changes the pattern of de-
pendence of the mutual diffusion coefficient for a binary
mixture on the mole fraction of the light component
(curve 3) with respect to that calculated from the Meyer
formula3? (curve 2). The greatest difference between the
results obtained using relations (8) and (9) of the new
modified model and the results of an analogous calcula-
tion using the Stefan—Maxwell formula3? (curve 1) is
only 1.2%.

In(m/mo)

0 0.2 0.4 0.6 0.8 0

Dense mixtures were studied using the same molecu-
lar parameters as were used to construct the equilib-
rium density profiles in Fig. 1. For calculation of the
jump velocity, the dimensionless parameter oo = £"/e =
& 7,(r)/ep¥(r) was additionally used. Its magnitude was
found from comparison with experimental data on the
argon shear viscosity n in the bulk phase.3! According to
the experiment,3! an increase in the argon density 6 from
a rarefied gas to a value of about 0.6 entails an almost
twofold increase in n. The calculation carried out for a
lattice structure with z = 12 showed that o. ~0.55 (Fig. 3, a,
curve 6).

The parameter o is fairly sensitive to the molecular
parameters of the model. Previously,3? a similar satisfac-
tory agreement with the experiment was attained for a
lattice with the number of the nearest neighbors z = 6 for
o = 0.85. However, in this case, apart from a different
structural factor, the traditional version of LGM was used,
which does not make allowance explicitly for the colli-
sions with neighboring molecules.15:33 The key distinc-
tion of the relations used!333 from formulas (3)—(5) lies
in a different expression for imperfection function (5).
The imperfection functions Afg""(x) are derived from func-
tions Aéfg"’(x) by averaging over all occupation states of
the site &; therefore, this subscript is missing from
the former expressions. These particular relations in
the quasichemical approximation have been repeatedly
described previously;15:33 therefore, we do not repeat
them here.

The influence of the shear velocity model used on the
concentration dependences of the shear viscosity coeffi-
cient over a broad range of densities of the argon—kryp-
ton mixture is illustrated in Fig. 3. The full lines show the
plots calculated from relations (3)—(5) and (11), while

b
In(m/mp)

0 0.1 0.2 0

Fig. 3. Comparison of the concentration dependences of the shear viscosity coefficient calculated for a bulk phase for 7= 1.5T"it(Ar),
o= s,»j*/s,»j =0.3 (I-3), 0.55 (4—6), and 0.7 (7—9) and X,, = 1.0 (3, 6, 9), 0.5 (2, 5, 8), and 0 (I, 4, 7): full range of densities of an

argon—Kkrypton mixture (a), low densities of the mixture ().
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dashed lines correspond to the curves constructed using
the previously reported expressions3? (note that an ex-
periment3? with pure argon for a structure with z = 12
gives o ~1.0). At low degrees of filling, the old and new
expressions yield markedly dissimilar curves. For clarity,
the density region below 6 ~0.3 is shown in Fig. 3, b on a
larger scale. The main rules of variation of the viscosity
coefficient following an increase in the density of the
mixture are similar in the two models; for 8 > 0.4, both
models give roughly the same values (see Fig. 3, a).

In what follows, all the dynamic characteristics are
normalized to the corresponding coefficients for argon in
a rarefied gas phase.

Concentration dependences of the dynamic
characteristics in the slits

When calculating the dynamic characteristics for the
pure components and for the label transfer in the mixture,
the following values were taken for molecular parameters:
H=10,T= 15T R=1,0=0.55, 0, = E;,*(1)/0,/ =
1/3 (this o value corresponds to the relatively low acti-
vation barrier to the surface jump), O = 9.24 gxa,-

Label transfer coefficients. Figure 4 shows the local
concentration dependences of the label transfer coeffi-

In(D*) a

0.2 0.4 0.6 0.8 0

cients for the argon and krypton atoms, which depend on
the distance to the pore walls and migration direction,
and the mean values for the partial label transfer coeffi-
cients. Curves /—&are the concentration curves that refer
to all site pairs fg, where g = f, f£1. The mixture move-
ment occurs within layer f for g = fand along the normal
to the surface of the slit-shaped pore for g = f+1. For
g=f+ 1, the motion is directed toward the pore center,
which implies, for the wall attraction potential, a decrease
in the binding energy to the wall following an increase in
the layer number. This motion involves overcoming the
activation barrier of the wall potential (Q/ — Qy_,). Con-
versely, for g=f— 1, motion does not require overcoming
the activation barrier of molecule i in the neighboring
layers.

The partial label transfer coefficients for both compo-
nents decrease as the sites of each type are being filled. On
increasing pressure, the local coefficients referred to the
surface monolayer are the first to decrease, while those
referring to the central region are the last to decrease. The
mean values for the label transfer coefficients (curves 9)
change nonmonotonically. They have a maximum corre-
sponding to filling of the surface monolayer; after its
completion, filling of the second monolayer starts. In this
situation, migration in the second monolayer is rather

In(Dj*?) b

0.2 0.4 0.6 0.8 6

Fig. 4. Concentration dependences of the label transfer coefficients for argon (full lines) and krypton (dotted lines) atoms in their
mixture at H= 10, T=1.5T", R=1, 0= 0.5, o;; = 1/3, 0;A" = 9.24e; the local coefficients for pairs of neighboring sites are given for
layers fg = 11 (1), 12 (2), 21 (3), 22 (4), 23 (5), 32 (6), 33 (7), 55 (8), mean D;" value for X,, = 0.5 (9); (a, b) labels for argon and
krypton, respectively; (¢) D;" values for X,, = 0.005 (1), 1/4 (2), 1/2 (3), 3/4 (4), and 0.995 (5), (d) for X,, = 0.5 and pores with the

width H=6 (1), 10 (2), 14 (3), 30 (4.
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fast. As the pore volume is being filled, the fraction of
vacant sites decreases and all the label transfer coeffi-
cients descend.

The average D, values for different mixture composi-
tions are presented in Fig. 4, ¢. As the krypton fraction
decreases and the argon fraction increases, the initial val-
ues for the argon and krypton label transfer coefficients
increase, as their fraction in the surface monolayer
changes. It can be see how krypton displaces argon into
the central part of the pore, because krypton is adsorbed
more strongly by the pore surface.

The concentration dependences of the average mass
transfer coefficients for the argon and krypton atoms for
pores of different width are shown in Fig. 4, d. As
H increases, the contribution of the central part of the
pore becomes more pronounced; therefore, the region of
nonmonotonic variation of the coefficients shifts to lower
densities, and the whole curve shifts (after the minimum)
toward the analogous curve for the bulk phase.

Mutual diffusion coefficient. The concentration curves
for the mutual diffusion coefficient in slit-shaped pores
are shown in Fig. 5. The general pattern of the curves
shown in Fig. 5, a resembles that of the concentration
curves of the label transfer coefficients of both compo-
nents considered above. They exhibit the same sharp
anisotropy with respect to the direction of the local trans-
fer and a substantial dependence on the distance to the
wall. However, quantitative differences are obvious. Fig-
ure 5, b shows the variation of the mean mutual diffusion
coefficient for different molar compositions of the mix-
ture in a 10 monolayer-wide slit-shaped pore. Unlike the
label transfer coefficient, the mean value of the mutual
diffusion coefficient depends little on the mole fractions
of the components in a binary mixture; therefore, all curves
virtually run into one. This is similar to the well-known
variation of the mutual diffusion coefficient in gases. The
effect of the mole fraction is shown in more detail in the
inset of Fig. 5, b. The y-axis gives the normalized values
of the mutual diffusion coefficient for five X,,, which
were normalized to the same coefficient at X, — 0. The
inset has the same meaning as that in Fig. 2, although it
refers to different total degrees of pore filling. For com-
parison, curve 5 is shown, which refers to a bulk gas phase
far from the region of influence of the pore walls. The
scale of variation along the y-axis indicates that the change
in the mean mutual diffusion coefficient is relatively small.
However, in the general case, the behavior of Dy y(Xy,)
upon the variation of the total degree of pore filling is not
monotonic, due to the nonmonotonic influence of the
wall potential.

Shear viscosity coefficient. The viscosity coefficients
were calculated using the same molecular parameters as
were used to estimate the diffusion coefficients (Fig. 6).
The components of the shear viscosity tensor in a
10 monolayer-wide slit-shaped pore for equal amounts of

0.2 0.4 0.6 0.8 6

Fig. 5. Concentration dependences of the mutual diffusion coef-
ficients (a) and the mean mutual diffusion coefficient (b); the
local coefficients are given for various pairs of sites fg for the
parameters indicated in Fig. 4, a; variation of the mixture com-
position in a pore for the values of parameters indicated in
Fig. 4, c¢. The inset shows the normalized curves corresponding
to Fig. 5, b calculated for a pore coverage of 6 = 0.005 (1),
0.50 (2), 0.75 (3), 0.99 (4).

argon and krypton are shown in Fig. 6, a. As in the above
examples, the initial local shear viscosity coefficients are
determined by the wall surface potential. The motion along
the surface layer involves overcoming the surface poten-
tial barrier, which is lower than the "desorption” value
(0, — 04); therefore, for zero values, n;;(0) < 1;,(0).
The n,(0) value is the greatest, as it refers the most pro-
nounced change in the surface wall potential. (The same
potential determines the relationships 1n4(0) < ng(0) in
the region of its action.) As the degree of pore filling
increases, the first layer is the first to be filled; this deter-
mines the fast growth of n{{(8), which exceeds n,(6) for
filling degrees exceeding one monolayer (the sites of the
second monolayer are blocked and the attraction of the
surrounding molecules becomes more pronounced).

The variation of the mixture composition Xy, is shown
in Fig. 6, b for three layers, f = 1, 2, and 5. The most
pronounced influence of the composition is followed for
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In(nz)

Fig. 6. Concentration dependences of local shear viscosity coef-
ficients of an argon—krypton mixture; calculation conditions
are similar to those used in Fig. 4; (a) local curves for X,, = 0.5
correspond to pairs of neighboring sites in layers fg = 11 (1),
12 (2), 21 (3), 22 (4), 23 (5), 32 (6), 33 (7), 55 (8); (b) coeffi-
cients ng (/= 1, 2 u 5) for the compositions y = 0 (/, 6, 11),
1/4 (2,7, 12),1/2 (3,8, 13),3/4 (4, 9, 14), and 1.0 (5, 10, 15).

the surface layer, while the least pronounced one is found
for the central layers: the ns5 curves nearly merge into
a line.

Thus, the dynamic characteristics of the mixture com-
ponents depend appreciably on the anisotropic distribu-
tion of the molecules across the cross-section of the slit-
shaped pore. The transfer coefficients change most sharply
near the pore walls due to the most pronounced influence
of the surface potential. At the pore center, these coeffi-
cients depend to a lesser extent on the contribution of the
wall potential. An important role is played by the total
concentration of the mixture of molecules. The denser
the system, the lower the migration velocity and all the
related mass transfer coefficients; conversely, the viscos-
ity coefficient substantially increases.

For the transport of dense gases that are efficiently
adsorbed by pore walls (for example, in activated car-
bons), an important role is played by sliding effects of the
dense fluid. These effects have been usually considered
only for rarefied gases. In dense adsorbates, the sliding
effect is due to the surface mobility of the molecules rather
than to the mirror reflection from the walls, as in the case
of rarefied gases.

The traditional assumptions concerning the invari-
ability of the self-diffusion!# and shear viscosity? coeffi-
cients are not correct in the general case. When analyzing
experimental data, one should take into account rather
pronounced concentration dependence of the partial dy-
namic characteristics of an adsorbate mixture in narrow
pores cased by both the effect of the pore wall potential
and their intermolecular interactions. The molar compo-
sition of the mixture and the nature of intermolecular
interactions of the components with the pore wall and
with the other components determine the degree of com-
ponent separation in each pore cross-section, which re-
sults in substantial nonlinear effects for the transfer coef-
ficients upon the change of the overall density of the
mixture.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 03-03-
32072).
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