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Calculation of the transfer of molecules in porous systems requires self�consistent expres�
sions describing the kinetic transfer coefficients for various concentrations and temperatures.
The concentration dependences of heat conductivity and self�diffusion coefficients for fluids
with different densities, ranging from rarefied gases to liquids, were considered in terms of a
unified model. For monoatomic gases (argon), the model takes into account two energy
transfer channels, namely, the vacancy mechanism and energy transfer through collisions of
molecules. The former channel is characteristic of rarefied gases, while the latter is noted for
condensed phases. The energy parameters of the model were determined on the basis of data on
the heat conductivity coefficient in the bulk phase. The heat conductivity coefficient follows a
linear temperature dependence for low density; in the medium and large density regions, these
dependences follow a more complex pattern that changes depending on temperature. The
influence of the interaction of atoms with the pore walls on the concentration dependences of
the heat conductivity coefficients was investigated for different total amounts of the adsorbate.
These coefficients depend appreciably on the distance to the pore wall and on the direction of
heat transfer.

Key words: slit�like pores, adsorption, heat conductivity coefficient, self�diffusion coeffi�
cient, lattice�gas model, quasi�chemical approximation.

The transfer of molecules in porous solids plays1—5 an
important role in a large number of processes including
catalysis, sorption, separation by membranes, etc. The
pore size (H ) in porous systems varies over a broad
range.6,7 According to M. M. Dubinin, pores are classi�
fied into micro�, meso�, and macropores.6,7 In pores with
7—10 nm width, which can be defined as narrow,8,9 the
potential of the walls influences the aggregation state of
the fluid formed by nonpolar gases, and, correspondingly,
on the mechanism of its transport. All transport charac�
teristics of the adsorbate in these narrow pores differ from
those in the vapor or liquid phase. In the case of polar
molecules, the effect of the wall potential is observed also
in wider pores.

The most important dynamic characteristics of the
adsorbate are self�diffusion and heat conductivity coeffi�
cients.1—5 The theoretical calculation of these values for
densities ranging from the gaseous to liquid state and for
different temperatures causes certain difficulties even in
the case of bulk phases. For porous systems, the situation
is even more complicated. Some progress was made only
in calculations of the dynamic characteristics of rarefied
gases.10 At present, self�diffusion coefficients of the ad�
sorbate are calculated rather reliably by molecular dy�
namics11—13 and measured experimentally14,15 by NMR.

No data on the heat conductivity coefficients for narrow
pores are available. In some studies,16—18 the dense heat
flows between the walls of slit�like pores are simulated
using molecular dynamics, while rarefied flows are de�
scribed in terms of the kinetic theory.19 However, con�
centration dependences of heat conductivity coefficients
of dense gases and liquids in narrow pores of adsorbents
have not yet been studied.

In porous systems with well�developed specific sur�
face areas, low heat conductivity can bring about heat
localization and, as a consequence, local overheated
zones, which change local reaction rates. Thus, the change
in the conditions of heat transfer between the opposite
pore walls depending on the adsorbate density can mark�
edly influence not only adsorption but also catalytic pro�
cesses.

This work is the first theoretical study of the concen�
tration dependences of the heat conductivity coefficient
profiles of an adsorbate over a broad range of fillings of
slit�like pores. We restrict ourselves to the case of a
monoatomic fluid in order to eliminate the effect of the
internal degrees of freedom on the heat conductivity co�
efficient. Only two energy transfer channels can exist in
conventional dense fluids.20—22 One channel is associated
with the migration of particles through a specified plane 0,
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as in a rarefied gas. The second channel is due to colli�
sions between the molecules where the path of one mol�
ecule is blocked by another molecule located in the close
vicinity on the different side of plane 0. Therefore, the
lattice�gas molecular model provides the following struc�
ture of expressions for the heat conductivity coeffi�
cient:23—25 κfg = κfg

(1) + κfg
(2), where the superscript cor�

responds to the number of transfer channel, and the sub�
scripts f and g specify the direction of transfer (see below).
The additivity of contributions of the two channels fol�
lows directly from the existence of two alternatives for
each molecule, it can either cross or not cross some speci�
fied plane 0.

In order to determine the contribution of the first
channel to the κfg coefficients, one should know the local
self�diffusion coefficients Dfg*, which describe the trans�
fer of "labeled" particles in the system at equilibrium due
to the thermal motion of all particles.21,26 To make the
calculations more specific, one should determine the en�
ergy parameters of the adsorbate—adsorbate potential
functions on the basis of the available experimental data
on bulk concentration dependences of the heat conduc�
tivity coefficient.27,28

These problems can be solved using the lattice�gas
model,29,30 which takes into account the intrinsic vol�
umes of atoms and the interactions between atoms in the
quasi�chemical approximation. This model allows one to
find self�consistent equilibrium characteristics of a va�
por—liquid system and molecular transport coefficients
in the bulk phase with the use of a unified set of energy
parameters. It is applicable to fluid concentrations and
temperatures varying over wide limits. The phase dia�
grams obtained using this model and specific features of
the distribution of the shear viscosity factors are in good
agreement with the data found by Monte Carlo and mo�
lecular dynamics calculations.31—33

Model

The lattice�gas model reflects the discrete distribution
of molecules in space. The pore volume (V ) is divided
conventionally into a number of cells (sites) with dimen�
sions of about the particle volume v0 = λ3 (λ is the lattice
constant). Thus, V = Nv0, where N is the number of sites
in the system. Each site has z neighbors and can accom�
modate only one particle. It is assumed34 that the particle
can move inside the site. Thus, it is possible, on the one
hand, to retain the whole formal apparatus of the lattice�
gas model and, on the other hand, to use convenient
approximations over the whole density range including
the region of rarefied gases. If the center of gravity of a
molecule is located inside the site, this site is regarded
occupied and if the center of gravity is outside the site, it
is regarded vacant. The occupancy state of a site with

number f (1 ≤ f ≤ N ) is specified by i: if the site is occupied
by molecule А, i = A and if the site is vacant, i = v. The
concentration C = Nm/V is usually expressed as the num�
ber of molecules (Nm) in unit volume (e.g., in 1 cm3). In
the lattice�gas model, the fluid concentration is described
by the value θ = Nm/Nden, which is the ratio of the num�
ber of particles in some volume to the number of close�
packed particles (Nden ≡ N) in the same volume. Then
θ = Cv0. The local density of particles i in site number f
inside a pore will be designated by θf

i, and the local tem�
perature will be denoted by Тf. The θf

A value characterizes
the local fraction of occupied sites, while θf

v is the local
fraction of vacant sites (θf

A + θf
v = 1, θf

A ≡ θf). The
macroscopic density of the fluid θ in a distributed system
of N cells is defined in terms of the local densities as

θ = .

Each site f is characterized by a specific energy of
interaction of molecules with the walls and, correspond�
ingly, the Henry constant. In terms of this parameter, all
sites of the lattice can be divided into groups with identi�
cal properties. The number of these groups will be desig�
nated by t. If the walls of a slit�like pore are homoge�
neous, all sites of the same layer are equivalent; therefore,
the number of layer f coincides with the number of site
located in it. For an even number of monolayers t = H/2,
and for an odd number, t = (H + 1)/2. The local Henry
constant аf = βF/F0exp(βQf), where β = (kТ )–1 is the
Boltzmann constant, F and F0 are the sums of the states
of particles inside the lattice system and outside this sys�
tem (in the gas phase), respectively, Qf is the energy of
binding of a molecule in layer f with the pore walls and
Qf = u(f ) + u(H – f + 1) (1 ≤ f ≤ t); and the potential of
interaction of the molecule with the pore wall u(f ) = εa/f 3

corresponds to the "attraction" branch of the Mie(3—9)
potential35 (εa is the energy parameter of the pore wall
potential).

The macroscopic density of fluid θ in a slit�like pore is
described by the equation

θ = ,

where Ff is the fraction of sites pertaining to layer f;

 = 1.

We will restrict ourselves to interactions of the closest
neighboring molecules and designate the interaction en�
ergy between particles i and j (j = A or v) by εij. Here,
εAA ≡ ε, εiv = 0, i.e., the interaction of particle i with a
vacancy is null. The mutual distributions of molecules are
described by pair distribution functions θfg

ij, which deter�
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mine the probability that two particles ij occur in the
neighboring sites f and g. Additionally, the following
normalization relations hold: θfg

AA + θfg
Av = θf and

θfg
vA + θfg

vv = θf
v.

Equilibrium characteristics of the adsorbate

The pattern of pore filling depends appreciably on the
wall potential. To calculate the heat conductivity coeffi�
cient for the adsorbate, one requires equilibrium charac�
teristics, because the dynamic modes of disturbance of
the thermal equilibrium have little influence on the equi�
librium distribution of molecules. If only interactions be�
tween the adjacent neighbors are taken into account, the
local isotherms that relate the local filling of the sites to
the outer pressure р outside the pore are described by the
expressions30,36

af p(1 – θf) = θf (1 + xfgtfg), xfg = exp(–βε) – 1, (1)

tfg = 2θg/(δfg + bfg), δfg = 1 + xfg(1 – θf – θg),

bfg = (δfg
2 + 4xfgθf θg)0.5.

The subscript g runs through a number of values corre�
sponding to all the neighboring sites zf around the central
site in layer f; the function tfg

AA ≡ tfg = θfg
AA/θ is the

conditional probability that molecule А is located in site g
near the "central" molecule А in site f. The equilibrium
distribution of particles over different types of sites can be
found by solving the set of equations (1) using an iteration
procedure.

For calculating the heat conductivity coefficient, the
specific heat Cv(f ) per particle is needed. This value is
composed of kinetic and potential energy contributions
Cv(f ) = Cv

(1)(f ) + Cv
(2)(f ).

Сv
(1)(f ) = (3 + 2 + ∆1f)k/2, (2)

Сv
(2)(f ) = dUf /dT, Uf = 0.5 εfg + ∆1f Q1 + ∆2f Q2,

where Uf is the potential energy of the molecule located in
site f. The Uf value consists of contributions of inter�
molecular interactions (the first sum) and the adsor�
bate—adsorbent interactions (the second two summands
for the first two near�surface layers; for other layers, the
contribution of the wall potential is neglected). The ∆ij
value is the Kronecker symbol (∆ii = 1 for i = j and ∆ij = 0
for i ≠ j); Cv

(2)(f) is the configurational contribution to the
specific heat caused by intermolecular interactions. In
calculation of the derivative with respect to temperature,
the overall adsorbate density in the pore is taken to be
constant. The expressions for Cv

(2) in a homogeneous sys�
tem were considered previously.37 The contributions of

the kinetic energy for the translational motion of particles
in the gas bulk (Cv

(1) = 3k/2) and oscillations for the
liquid phase (Cv

(1) = zktАА/2) are different.23 In the case
of a dense phase, where tАА ≈ 1, we have20 Cv

(1) = 3k. If
z > 6, then, taking into account the projection of the
particle motion onto directions of different axes, we ob�
tain the same final result for the dense phase of the fluid,
namely, Cv

(1) = 3k. Relation (2) presents this contribution
for an inhomogeneous fluid.

The first channel of heat conduction

Two energy transfer channels exist in dense fluids.
One is associated with the same particle movement as in a
rarefied phase, while the other is determined by collisions
of particles. The thermal motion of molecules is accom�
panied by transfer of their own energy in different direc�
tions. The resultant flow of such molecular motion along
some direction can be expressed in terms of the self�
diffusion coefficient. However, narrow�pore systems are
highly heterogeneous, and the thermal motion in them is
essentially anisotropic due to the influence of the pore
wall potential. As a consequence, the contribution of the
first heat conduction channel to the corresponding coef�
ficient κfg becomes anisotropic. The local coefficients of
heat conductivity along the first channel can be calcu�
lated using the equation24,25

κfg
(1) = Cv(f )θf D*fg. (3)

The local self�diffusion coefficient in heterogeneous me�
dia corresponding to the distribution of "labeled" mol�
ecules between neighboring sites at equilibrium is de�
scribed by the following equation:30,38,39

D*fg = z*fg λ2Wfg/θf, (4)

where z*fg is the number of possible jumps of the particle
located in site f into the neighboring sites of layer g, and
Wfg is the rate of molecule jumping from site f into a
vacant site g. For the simplest case of jumping to the
nearest neighboring sites, this rate can be described by the
formula30,38,39

Wfg = kfgVfg, (5)

where

kfg = F *exp(–βEfg)/(βhF ),

Vfg = θfg
AvTfg, Tfg = .

Here, kfg is the rate constant for particle jumping from
site f to the nearest vacant site g in an unfilled lattice, F*
and F are the statistical sums of the particle states in the
transition and ground states, respectively, h is Planck´s
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constant, and Efg is the activation energy of jumping. In
the case of sites located far from the pore walls, Efg = 0,
while for those located near the walls possessing an ad�
sorption potential, Efg ≠ 0. The rate constants for jumps
for various sites comply with the following condition: as
the energy well becomes deeper, the probabilty for a par�
ticle to leave it decreases. The relationship between the
hopping constants and the local Henry constants is repre�
sented by expressions af kfg

Av = agkg f
Av. Here, we take

into account that af = af
0exp(βQf).

The concentration dependence of the migration rate
in relation (5) is inherent in the term Vfg, which, in turn,
consists of the factors θfg

Av and Tfg. The θfg
Av value de�

scribes the probability that a vacant neighboring site g is
located near the particle А in site f, and Tfg takes into
account the effect of interactions between the molecules
arranged around the central Аv pair in sites fg on the
energy of the activated complex. The factor Sf ξ

A =
1 + tf ξx* present in the expression for Tfg refers to z – 1
adjacent neighbors ξ of molecule А in site f that occur in
the ground state (site g is excluded from neighbors of А).
Similarly, the term Sgζ

v = 1 + tgζ
vAy* refers to the z – 1

neighbor of vacant site g. Here, x* = exp[β(ε* – ε)] – 1,
y* = exp(βε*) – 1, where ε* is an energy parameter of
interaction of a particle occurring in the transition state
with a neighboring ground�state particle. In the absence
of lateral interactions, formula (5) acquires the form Wfg =
kfgθf (1 – θg). At a distance from the pore walls, the F/F*
ratio reduces to the statistical sum of the translational
degree of freedom in the direction of particle movement,
this sum being equal to (2πmβ–1)1/2λ/h, where m is the
mass of the molecule. Then the rate constant for jumping
in the bulk phase kfg = w/4λ, where w = (8/πmβ)1/2 is the
velocity of the thermal motion of the molecule in the gas
phase.20

As a rule, local self�diffusion coefficients (4) are re�
placed by an averaged characteristic of the thermal mo�
tion of "labeled" (e.g., isotopic) molecules along the pore
axis. This characteristic is the self�diffusion coefficient
described by the relation30,38,39

, (6)

where dθf*/dθ* = dθf/dθ. Expression (6) takes into ac�
count all the possible jumps of a migrating molecule to
the neighboring sites of various types. The averaging was
done over the contributions to the overall flow made by
both the sites to which the molecule migrates (type g site)
and the sites from which it migrates (type f site).33,40

The second channel of heat conduction

Now we will calculate the contribution of the energy
transfer through particle collision in a dense fluid to the

heat conductivity coefficient; for this purpose, we con�
sider an energy flux transferred via oscillations of neigh�
boring molecules.23—25 Each oscillation along the flux
direction ensures the transfer of a particular amount of
energy due to collisions of particles located in adjacent
planes f and g at distance λ. The transfer is performed 2νfg
times per second by each of the θf particles situated near
the plane separating the neighboring sites f and g through
which the energy flux is calculated (the location of a
molecule rather than vacancy in site g adjacent to site f is
taken into account by the function tfg

AA). The character�
istic time of oscillational relaxation is shorter than the
characteristic time of the local hops of molecules, which
change the function tfg

AA. Upon collision, each particle
transfers the energy Cv( f )Тf, where Cv(f) is the specific
heat per molecule introduced above. The energy flux
can be represented as J = 2zfg*νfgλ[S(x = –λ/2) –
S(x = λ/2)]/6, where S = θf Cv( f )Тf. The proportionality
coefficient obtained on expansion of the J value over the
temperature gradient in the neighboring sites f and g cor�
responds to the local heat conductivity coefficient. This
expansion gives the expression

κfg
(2) = z*fgθfg

AACv(f )λ2νfg/3. (7)

To simplify the calculation of the harmonic oscilla�
tion frequency of the central molecule νfg in site f, the
calculations were done using the (1) Lennard—Jones
(6—12) potential, (2) averaged µ( f ) value for the reduced
mass of the adsorbate molecule in site f, and (3) averaged
U*f value of the potential binding energy of the central
molecule in site f :

νfg = [48U*(f )/µ(f )]0.5/2πrfg
min,

U *f = (0.5  + 1)εfg + ∆1f Q1 + ∆2f Q2. (8)

In the case of a heterogeneous system with variable den�
sity, the µ value is calculated for each site f using the
relation

µ( f )–1 = m–1(  + 1) + ∆1f ms
–1,

where m is the mass of the adsorbate molecule and ms is
the mass of the atom (or atoms) of the solid (adsorbent),
which has to be taken into account if the adsorbate is
positioned in the near�surface layer. The expression for
µ( f ) allows for all particles surrounding the central mol�
ecule in site f. If the adsorbate is located in the first near�
surface layer, one of its neighbors is always an atom (or
atoms) of the solid (depending on the type of bonds be�
tween the molecule with the adsorbent), and the contri�
bution of other neighboring molecules g is averaged over
the other zf – 1 sites. Note that formula (8) for U*f differs
from formula (2) for the average energy of molecule Uf.
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This is due to the necessity of bringing expression (8) for
νfg in correspondence with the frequency of an isolated
pair of molecules (dimer) in a rarefied gas. As the density
decreases, Uf tends to zero and U*f tends to ε. This does
not contradict expression (2), because the number of
dimers itself also tends to zero following a decrease in the
density of molecules. The difference between Uf and U*f is
due to the different functional dependences describing
the variation of the average potential energy and the os�
cillation frequency of molecules vs. the fluid density.

The anisotropic pattern of distribution of neighboring
molecules θfg

AA causes anisotropy of the contribution of
the second channel to the energy flux. Since the local
self�diffusion coefficients are also anisotropic, the total
heat conductivity coefficient κfg = κfg

(1) + κfg
(2) is also

anisotropic. The κfg values corresponding to different po�
sitions of molecules in a pore and different directions of
their migration are dictated by the molecular properties of
the adsorbent—adsorbate system (the particle masses and
interaction potentials). When the fluid concentration is
low, κfg is described by a linear concentration depen�
dence, while for high concentrations, the θ exponent may
reach 3—4.

Bulk phase and conditions of analysis of slit�like pores

If the distance between the walls of a slit�like pore is
much greater than the radius of the adsorbate—adsorbent
potential, the contribution of the adsorption potential of
the walls can be neglected. Thus Eqs. (1)—(8) are simpli�
fied and become suitable for describing the equilibrium
and dynamic characteristics of a homogeneous bulk phase
(gas or liquid). This fact was used to determine the pa�
rameters for the lateral interaction of the adsorbate in the
model considered. The interaction potential ε between
the argon atoms was determined from the equation of
state for a bulk phase (using the dependence of the com�
pressibility factor Z = p/(nkT ) on the pressure p, here n is
the number of molecules in 1 m3), while the ε* value was
found using the pressure dependence of the heat con�
ductivity coefficient. The experimental data were de�
scribed27,28 in terms of a Lennard—Jones type effective
potential. The depth of the potential function well ε = εef
depends41,42 on the density and on the temperature

εef = ε0 (1 – deθ)(1 + uT ), (9)

where ε0 is the well depth for the nonmodified
Lennard—Jones potential (238 cal mol–1) corresponding
to the well depth for an isolated argon dimer. The ε0 value
is known; it can be found by analyzing the second virial
coefficients.20 The second multiplier in function (9) takes
into account the contributions of ternary interactions be�
tween the nearest neighboring molecules,30 which modify
the pair interaction potential: de is the ratio of the contri�

bution of ternary interactions to the contribution of the
binary interactions of the nearest neighbors. The u pa�
rameter describes the temperature dependence of εef.

The compressibility factor in the bulk phase was cal�
culated using a modified lattice�gas model41,42 taking into
account the pair interactions in four coordination spheres,
the ternary interactions in the first coordination sphere,
and the change in the lattice parameter upon an increase
in the fluid density. Comparison of experimental data on
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Fig. 1. Comparison of the experimental data27,28 and theoretical
curves for the dependence of compressibility factor (a) and heat
conductivity coefficient (b) on the argon pressure in the bulk
phase at 273 (1—3) and 400 К (4—6). (а) The dashed lines 2
and 5 correspond to calculations in terms of the rigid�lattice
model, the dotted lines 3 and 6 represent the calculations by the
compressible�lattice model. The inset shows the dependences
of εef/k on the argon pressure at 273 (1´ ) and 400 К (2´ ).
(b) Calculation by the compressible�lattice model. The inset
shows the dependences of α = ε*/εef on the argon pressure at
Т = 273 К.
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the dependence of the compressibility factor on the fluid
density for 273 and 400 К (Fig. 1, a) and the results of
calculations carried out for rigid and compressible lattices
over the pressure range from rarefied gas to a thousand
atmospheres shows satisfactory agreement.

The εef value is an energy characteristic of a lattice
system. This value is found by averaging the initial
Lennard—Jones atom—atom potential over the unit cell
volume;43 therefore, εef depends on the fluid concentra�
tion and the system temperature (see Fig. 1). The de�
crease in the εef values with respect to the ε0 value and the
negative temperature parameter u are consistent with the
results obtained previously.43 The resulting εef values were
used to describe heat conductivity coefficients in the same
range of argon pressures and at the same temperatures.

The concentration dependences of the heat conduc�
tivity coefficient were analyzed using previously described
modifications of the interaction potential between argon
atoms (as well as the compressibility factor). Figure 1, b,
shows comparison of the experimental data27,28 with the
theoretical curves derived in terms of the model with
allowance for the lattice compressibility. The concen�
tration dependence of the function of the parameter
α = ε*/εef is shown in the inset for 273 К (a similar pattern
is found for the curve for α at 400 К). The complicated
pattern of the α(р) curve at low pressures is partially due
to the low parameter sensitivity of the model in the rar�
efied gas region.

The results show that the lattice model provides a
satisfactory description of the bulk properties of inert gases
(argon) at pressures of <1000 atm. It should be noted that
the problem of describing self�consistent equilibrium and
dynamic characteristics of molecules over broad ranges of
variation of the bulk phase density and temperature has
not yet been finally solved;20,21,27,28 however, its discus�
sion is beyond the scope of the given study.

When simulating porous systems, we restricted our�
selves to considering the adsorption of argon atoms in
slit�like pores of graphite. The binding energy between
the argon atoms and the graphite surface (Q1) was de�
scribed using the following relations:44,45 Q1 = 9.24ε0,
Q2 = Q1/8 (in conformity with the Mie(3—9) potential),
and other Qf = 0. Although an increase in the fluid density
is known46 to decrease the lattice parameter λ by ∼10%,
in this study, we used a coarser model of the adsor�
bate—adsorbate interaction potential for calculations. In
these calculations, we assumed that the lattice parameter
does not depend on the degree of pore filling and took
into account only contributions from the interactions
between the adjacent neighbors. Equations (1)—(8)
were applied to a rigid lattice with the fixed value
λ = rmin = 21/6σ, where σ is the Lennard—Jones potential
parameter corresponding to the size of particle as a hard
sphere. In this case, changes in the harmonic frequencies
of atom oscillations are due, according to expression (9),

only to the effect of the close surrounding on the U*f
energy.

All calculations of the concentration dependences re�
fer to a temperature of 273 К, which an above�critical
temperature for Ar. We considered a cubic lattice (z = 6),
which ensures the best description for the bulk critical
parameters.20,29,30,47,48 General analysis of the concen�
tration dependences of the heat conductivity coefficient
in narrow slit�like pores was performed using the follow�
ing values: pore width H = 10 monolayers; binding energy
of the adsorbate with the pore surface Q = 9.24ε0; relative
activation energy for particle jumping along the surface of
the pore wall α11 = E11/Q1 = 1/3 (this means that the
particle movement along the surface has a low energy
barrier). In order to counterbalance to some extent the
drawbacks of the rough approximation inherent in the
interaction potential, we used three sets of energy param�
eters instead of one set.

Variant ε0/cal mol–1 dε α

1 120 0 0.5
2 153.5 0.477 –0.25 + 1.05θ
3 238 0 0.5

Variant 1 includes a dimensionless parameter α, often
used in kinetic models.30,39 According to variant 2, which
reflects the properties of the bulk phase outside the rar�
efied gas region, εef is described by formula (9). The data
for variant 3 correspond to traditional views on the prop�
erties of gaseous argon.20

This selection of the model parameters allows one to
elucidate the influence of the energy characteristics of the
intermolecular interactions, the contribution of the near�
surface region to the overall effect of energy transfer, and
the relationships between the energy transfer channels on
the concentration dependences of the heat conductivity
coefficients.

Results and Discussion

Let us first consider the concentration dependences of
the system molecular characteristics that appear in the
expression for heat conductivity coefficient.

Figure 2, a presents the dependences* of the layer�by�
layer coverage θf of a 10�monolayer wide slit�like pore on

* From here on, the curves for local characteristics are desig�
nated by two digits. The digit before the hyphen means the
number of the monolayer to which the parameter of adsorbed
molecules refers (the monolayer coverage, heat capacity, vibra�
tion frequency or heat conductivity). The digit after the hyphen
designates the number of the set of potentials used in calcula�
tions. For example, designation 1�2 for the curve in Fig. 2, a
implies θ1 for the calculation according to the second variant
and 3�1, 4�1, and 5�1 are the local coverages of layers 3, 4, and 5
calculated in terms of the first set of potentials.



Tovbin and Komarov2032 Russ.Chem.Bull., Int.Ed., Vol. 51, No. 11, November, 2002

the degree of the overall filling of the pore θ. Comparison
of three adsorption isotherms for different intermolecular
interaction potentials (see the inset in Fig. 1, a) shows
that isotherms 1 and 2 are rather close to each other.
Isotherm 3, corresponding to a stronger intermolecular
interaction, shows that at higher pressures, the pores are
filled more rapidly. For the sake of simplicity, the family
of the curves shown in Fig. 2 corresponds only to the first
variant of the potential, while for the second and third
potential types, characteristics corresponding to the sur�
face and central monolayers are presented. For any po�
tential type, the first (surface) monolayer is the first to be
filled (curves 1�1, 1�2, and 1�3), the modes of filling of
the central (the fourth and fifth) layers are virtually iden�
tical (curves 4�1 and 5�1), and the effect of the wall can
here be neglected. The filling of the third monolayer
(curve 3�1) differs little from that of the central layers.
Although curve 2�1 for the second monolayer occupies an
intermediate position, it is displaced toward other curves
for the inner layers. (This pattern of the curve arrange�

ment is retained for other characteristics) As the adsorp�
tive pressure increases, the adsorbate density changes from
values typical of the gas phase to densities corresponding
to the liquid phase.

The curves for the variation of the specific heat of
separate monolayers Cv(f ) vs. coverage of the first mono�
layer differ sharply from the curves for the inner layers,
which are rather close to each other; the curves for lay�
ers 3, 4, and 5 are almost indistinguishable (see Fig. 2, b).
As the pore coverage increases, the heat capacity of the
fluid, as can be seen in Fig. 2, a, changes from values
typical of gases to those corresponding to the liquid phase.
In the two first near�surface layers. an additional contri�
bution is made by the interaction potential with the sur�
face. In the case of high densities, the greatest contribu�
tion to Cv(f ) is due to the kinetic component Cv

(1)(f ),
while the potential energy component Cv

(2)(f ) does not
exceed 10%. For low coverages, the Cv

(2)(f ) and Cv
(1)(f )

contributions are comparable and have different signs.
Therefore, the resultant curves at low densities show a
nonmonotonic pattern. This effect, inherent in inhomo�
geneous adsorption systems, is related to particle redistri�
bution between the first and second monolayers, whereas
for homogeneous systems,37 the Cv

(2)(f ) contribution is
markedly smaller than Cv

(1)(f ).
Figure 3 shows the concentration dependences for the

local self�diffusion coefficients D*fg (curves 2—7) and for
the average self�diffusion coefficient D* for particle move�
ment along the pore axis (curve 1). The curves were plot�
ted in the dimensionless form with normalization to the
corresponding self�diffusion coefficient for the bulk gas
phase (for θ = 0 and Q1 = 0). The local coefficients
decrease with an increase in the pore coverage, because
free pore volume decreases. The movement of molecules
in the (near�surface) layer is changed most appreciably
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Fig. 2. (а) Profiles of argon concentration θf in a slit�like pore of
graphite with a width of H = 10 monolayers. Here and below,
the first digit in a curve corresponds to the monolayer number f
(counting off from the pore wall). The inset shows the adsorp�
tion isotherms in the dimensionless coordinates θ—ln(ap).
(b) Dependences of the specific heats Cv(f) of layers 1—5 on the
total degree of pore filling.
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(curves 2�1, 2�2, and 2�3). During filling of this layer, at
θ < 0.2, when a monolayer film has mainly formed (see
Fig. 2, a), the self�diffusion coefficient D*11 decreases.
Further decrease in D*11 is related to film compaction.
For migrating from the first layer to the second, a mol�
ecule has to overcome the binding energy, equal to Q1,
therefore, curve 3�1, which corresponds to D*12, is lo�
cated below all other curves at low densities. The reverse
migration of a molecule from the second to the first layer
is characterized by the D*21 coefficient and the corre�
sponding curve 4�1 repeats the pattern of curve 2�1. The
decrease in this value is also associated with filling of the
first layer. When the degree of pore filling is low, the
movement of a molecule in the second layer (curve 5�1)
occurs virtually in the same way as in the pore center
(curves 7�1, 7�2, and 7�3). The decrease in D*22 becomes
noticeable when θ > 0.2, after the surface monolayer has
been filled. The average diffusion coefficient (curves 1�1,
1�2, and 1�3) follows a nonmonotonic dependence on θ.
This value includes the contributions caused by filling of
individual layers; therefore, initially, it is close to D*11, at
low coverages, it resembles the curve for the second layer,
and at high coverages, it approaches the curve describing
the layers in the central section of the pore. The ratio of
the D* values found for θ = 0 and near the maximum of
curve 1 depends on the activation energy of the surface
migration of E11, in particular, the smaller the E11, the
greater D* (θ = 0).

Analysis of the concentration dependences of the os�
cillation frequencies of Ar atoms in different layers of
fluid f (Fig. 4, a) and similar dependences of the recipro�
cal reduced mass values µ–1 (Fig. 4, b) indicates that the
values increase monotonically with an increase in the
total adsorbate content in the pore and that the patterns
of variation are similar. It can be clearly seen that the
adsorption potential substantially affects the first mono�
layer and has a weaker influence on the second mono�
layer. The dependences for other monolayers are close to
each other.

Figure 5 presents the concentration dependences of
the overall heat conductivity coefficient along two chan�
nels for different pairs of neighboring sites. As in Fig. 3,
the curves are given in the dimensionless form, normaliza�
tion was done to the bulk heat conductivity coefficient for
a rarefied gas. Comparison of the curves corresponding to
contributions of the first and second channels (Fig. 5, b, c)
shows that the first channel predominates at low coverages
but, as the pore is filled, the contribution of this channel
substantially decreases, and for medium or high cover�
ages, the overall coefficient is determined by the second
channel of heat conduction. The region of high mobility
of adsorbate atoms in the near�surface layer can be clearly
seen in Fig. 5, b: curves 1�1, 1�2, and 1�3 pass through a
maximum as the first layer is filled (here, we consider a
structured surface wall; however, the activation energy of

0.2 0.4 0.6 0.8 θ

5

4

3

2

1

0

ν( f )•1012/s–1

1�3

1�2

1�1
5�3

2�1

3�1, 4�1, 5�
1

5�2

0.2 0.4 0.6 0.8 θ

µ( f )–1/g mol–1

1�3

1�2

1�1

5�3

2�1

5�2
4�1, 5�1

3�1

a

b

0.20

0.16

0.12

0.08

0.04

Fig. 4. Concentration dependences of the oscillation frequen�
cies of argon atoms (а) and the reciprocal reduced mass values (b)
in the argon—carbon pore system comprising H = 10 mono�
layers.

surface migration is relatively low). The relatively small
changes in κ12

(1) and κ21
(1) (curves 2�1 and 3�1, see

Fig. 5, b) are due to high energy needed for abstraction of a
molecule for migration from the first layer to the second
one and to the predominant filling of the first layer, which
prevents transition of the fluid from the second layer to the
first one. Curves 4�1, 5�1, and 6�1 vary in a similar way: in
this case, the effect of the wall is insignificant and, as the
pore bulk is being filled, the contribution of the first heat
conduction channel to the total energy remains insignifi�
cant. The pattern of the curves corresponding to the sec�
ond channel (see Fig. 5, c) indicates that as the layer
moves away from the wall, the contribution of the corre�
sponding local heat conductivity coefficients progressively
becomes smaller, although the coefficients themselves in�
crease as the pore is filled by the adsorbate. Generally,
Fig. 5 illustrates the important role of the adsorption po�
tential contribution. The overall heat conductivity coeffi�
cient exhibits the same trends. It should be noted that the
fourfold change in the heat conductivity coefficient in the
bulk phase following a pressure increase from 1 to 1000 atm
is in line with the 4—7�fold variation of κfg for the central
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part of a slit�like pore (curves 6�1, 6�2, and 6�3, differing
in the adsorbate—adsorbate interaction potential) after for�
mation of two monolayers (for θ ≈ 0.4).

*            *            *

This study is concerned with the model of calculation
of heat conductivity coefficients for spherically shaped
adsorbate particles in narrow pores with 7—10�nm width.

The upper limit of 7—10 nm implies 25—30 monolayers
over which the surface potential affects the conditions of
capillary condensation. The diameter of the adsorbate
molecule determines the monolayer size but has no influ�
ence on the scope of applicability of the model. The model
limitations are due to the fact that the inner degrees of
freedom, inherent in polyatomic molecules, are not taken
into account.

The procedure of calculation of the concentration
characteristics of transfer parameters for dense fluids in
narrow pores implies that a local equilibrium velocity dis�
tribution of molecules is achieved. This approximation is
justified only in the case of relatively high adsorbate den�
sities; it is applicable to liquid�like systems in the range of
(0.01—0.03) < θ < 1.0. When θ < 0.01, this model requires
correction. An important role of the pore width is indi�
cated by the following estimate. According to the elemen�
tary kinetic theory of gases,24 the frequency of collisions
of Ar atoms with the walls in <7.0�nm pores is ∼2 orders
of magnitude greater than the frequency of their collisions
with one another in the gas phase (at Т = 300 К and a
pressure of 1 atm). This means that the collision fre�
quency of molecules in narrow pores, even in a rarefied
system, is two orders of magnitude higher than in the gas
bulk. Correspondingly, in narrow pores, the equilibrium
is established faster as a result of collisions of molecules
both with the pore wall and with one another. Therefore,
this model provides reasonable estimates for the mass and
energy transfer coefficients, although it does not take into
account the dynamic effects associated with the variance
of the velocity distribution of molecules.

The calculations show that dynamic characteristics of
the adsorbate depend appreciably on the anisotropic dis�
tribution of molecules over the cross�section of a slit�like
pore. The change in the heat conductivity and self�diffu�
sion coefficients with respect to those in a homogeneous
gas or liquid bulk phase is especially pronounced near the
pore walls. In the pore center, these values depend slightly
on the wall potential and are determined by the total
adsorbate concentration. It follows from the obtained re�
sults that the traditional assumption of invariability of
heat conductivity coefficients2 is not true in the general
case. When analyzing experimental data, one should take
into account the rather pronounced concentration de�
pendence of the dynamic characteristics of the adsorbate
in narrow pores caused by the influence of the molecular
interaction potentials with the pore walls and with one
another.

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