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Abstract—The phenomena of permeability anisotropy and an increase in the rates of catalytic reactions in
porous membranes modified with highly dispersed catalytic systems were analyzed. A model of stochastic gas
motions was proposed; this model is based on the hypothesis of the specific interaction of molecules with the
inner surface of pores resulting in a nonisotropic distribution of molecules over traveling directions. The effects
of asymmetric gas transfer in porous and gradient-porous membranes were considered to explain differences in
the rates of heterogeneous catalytic reactions in a nanoporous membrane reactor under changes in the direction
of supplying a reaction mixture. From the model proposed, it follows that the transversal diffusion of gas mol-
ecules is most probable in the porous medium of a ceramic membrane with a pore-size distribution gradient
from large to small pores along the flow direction. This diffusion results in an increase in the frequency of
molecular collisions with the wall of a microchannel and, correspondingly, in an increase in the contact time.
The model proposed explains the intensification of a number of heterogeneous catalytic reactions performed in

the porous media of catalytic porous membranes.
DOI: 10.1134/S0023158408010151

Membrane methods for separating mixtures, fine
gas cleaning, and purifying liquids are generally recog-
nized tools for decreasing power inputs in the modern
chemical industry, which is among the most energy
consuming branches of industry [1-3]. Interest in mem-
brane-catalytic reactors—devices that combine the pro-
cesses of chemical transformations in raw materials and
separation of products—has increased in the past few
years [4—10].

Recently, membranes and porous block materials
with channels 10-100 nm in diameter have been used
as reactor elements for a number of catalytic processes.
The gas flow in these channels is characterized by a
considerable increase in the fraction of free molecular
flow. In this case, molecules mainly collide with pore
walls rather than with each other and the effect of
molecular collisions with pore walls on the gas flow
noticeably increases.

The recently found phenomena of anisotropic gas
transfer in a gradient porous medium [6, 10-12] can
affect the process of catalysis. The characteristics of
this medium (pore radius and porosity) change in a
given direction in accordance with a specific law.
Changes in the gas permeability of a membrane and the
rates of catalytic reactions under changes in the gas
flow direction belong to these phenomena.

In this work, we explain the nature of anisotropic gas
transfer in the channels of porous membranes. Previ-
ously, we hypothesized that the appearance of anisotro-
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pic (nonsymmetric) gas-transfer and catalysis phenom-
ena was due to the specific interaction of gas molecules
with a surface (scattering from the rough edges of the
inner pore surface) under conditions of a free molecular
flow; this interaction led to an anisotropic distribution of
molecules over traveling directions [11, 12].

Under conditions of a free molecular flow, molecu-
lar motion can be either regular, when molecular coor-
dinates and velocities depend on boundary conditions
at the channel inlet, or stochastic (random), when the
molecule “forgets” boundary conditions and its motion
depends on only the properties of the system (in our
case, on the interaction of the molecule with the wall).

The mirror reflection of a molecule incident to a
smooth pore wall is the simplest model of regular gas
flow in a pore. The mirror-diffuse model of the interac-
tion of molecules with a surface is more widely used; it
implies that a fraction of molecules, which depends on
the accommodation coefficient, is adsorbed on the sur-
face and thermally equilibrated with it. Thereafter, the
molecules are desorbed with the Maxwell distribution of
velocities; in this case, the distribution of molecules over
traveling directions is isotropic and the molecular motion
is stochastic [13]. The other molecules are specularly
reflected from the wall, and their motion is regular.

Models based on the assumption that the molecular
motion is stochastic but the distribution of molecules
over traveling directions is anisotropic are promising
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Fig. 1. Schematic diagram of the model of mixing billiards
(see the text for comments).

for explaining asymmetric gas-transfer effects [11]. We
will designate this interaction as specific.

The anisotropic stochastic molecular motion in
pores can occur in the case when the molecules are
specularly reflected from the wall but the pore surface
is specifically shaped, for example, like convex or con-
cave arcs. In this case, the model referred to as mixing
billiards is applicable to analyze the molecular motion;
this model was developed to describe the motion of a
particle in the case of specular reflection from a wall,
which restricts the region of particle motion [14]. In the
simplest case, the surface of a pore channel can be con-
sidered, for example, as repeating parabolic holes of the
same geometry (Fig. 1). If the hole depth is b, the width
is a, the channel diameter is d, and d > a > b, two ini-
tially close paths (/ and 2 in Fig. 1) of molecular
motion in this channel diverge after several collisions
with the walls so that the angle between the trajectories
of these molecules may be anything on the condition
that the stochasticity criterion is K = 16db/a> > 1 [14].
In other words, a small change in the trajectory results
in a considerable change in the direction after a finite
number of collisions. By this is meant that, in this sys-
tem, the molecule rapidly forgets the initial direction of
its motion and the molecular motion depends on the
properties of the system. Assuming, for simplicity, that
the molecules move in a plane that passes through the
axis of the channel, we can write a distribution function
of the molecules over traveling directions as the simple
relationship [14]

_ |In|cos8]| .

w(®) = S —m<f<m, (1)

where 0 is the angle between the direction of molecular
motion and the axis of the channel (see Fig. 1).

It should be emphasized that relationship (1) is valid
at any channel and hole sizes; only the ratio between
sizes is of importance. Note that the channel and chan-
nel surface parameters do not appear in distribution
function (1).

Figure 2 shows the shape of distribution function
(1). As can be seen in Fig. 2, molecules mainly move
perpendicularly to the channel surface; this inevitably
increases the number of collisions with channel walls,
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Fig. 2. Probability distribution over traveling directions for
the model of mixing billiards.

as compared with a cylindrical channel with smooth
walls in which the diffuse model of interaction is valid.
As a consequence, the projection of the average veloc-
ity on the axis of the channel (V,) is much smaller than
the projection of the average velocity on the perpendic-
ular to the surface (V,):

(V) = J' V,w(8)cos0de; )

0

(V) = j V,w(0)sin0do, 3)
0

where w(0) is the distribution function of molecules
over traveling directions, which is determined by

Eq. (1); V= [% is the average thermal velocity of

molecules with the molecular weight M at the tempera-
ture T; and R is the universal gas constant. In deriving
Egs. (2) and (3), we assumed that all of the molecules
move with the same velocity V;; that is, we ignored the
distribution of molecular velocities.

As estimated from Egs. (2) and (3), the average pro-
jections of the velocity on the axis of the channel and
the normal to the channel axis are (V,) =0.14V, and
(V,) = 0.48V respectively, whereas the calculated aver-
age projections of the velocity are (V,) = (V,) = 0.32V;
in the case of complete accommodation [13].

A decrease in the average velocity of molecules pro-
jected onto the axis of the channel is equivalent to an
increase in the lifetime of a molecule in the pore. At the
same time, an increase in the molecular velocity com-
ponent normal to the axis of the channel is equivalent to
an increase in the number of collisions with pore walls.

If the flow parameters in a porous medium are such
that the assumption of the free molecular flow regime
does not hold and a gas flows in the transition regime,
the Weber hypothesis of the additivity of flows can be
used [15]. Then, the flow through a membrane is com-
bined of two independent flows: a free molecular flow

KINETICS AND CATALYSIS  Vol. 49

No. 1 2008



THE NATURE OF PERMEABILITY ANISOTROPY AND CATALYTIC ACTIVITY

(J)) and a viscous flow (J,), which, in turn, consists of
a viscous Poiseuille flow (/,) and a slip flow (J,). With
consideration for the contributions of flows at arbitrary
Knudsen numbers Kn = A/p, we can write an expression
for molar flow density (/) in the form

v
J= T+l 4] = —(;ESR;)%P

P xXp/A ( 1 )
X{(fl+h)l +xp/k+g L+xp/A) |’

where A = tnV,;/4P is the molecular free path; 1 is the
dynamic gas viscosity; P is the pressure; p is the aver-
age hydraulic radius (the ratio of the doubled pore vol-
ume to the pore surface area for straight cylindrical
channels p = d/2); T is the temperature; AP is the pres-
sure drop across the membrane; o is the membrane

“)

Ve

2 ( Vxl>
account a change in the fractions of collisions in the
bulk and with the walls because of an anisotropic distri-
bution of molecules over traveling directions; f, 4, and
g are experimentally determined correction factors,
which depend on the parameters characterizing the
shapes of pore channels (porosity, tortuosity, etc.) and
the distribution of molecules over traveling directions.
At this stage, the introduction of correction factors
allowed us to restrict ourselves to the simplest assump-
tions and to ignore the particular pore structure.

thickness; y = is a coefficient that takes into

In the general case, the value of y depends on the
degree of nonisotropy of the traveling direction distri-
bution, that is, on the distribution peak width. For the
model of mixing billiards, a calculation with the use of
Egs. (1)—(3) afforded the value ¥ = 1.05. For the diffuse
model, ¥ = 2.00 [13]. As can be seen in Eq. (4), a
decrease in the coefficient Y is equivalent to an increase
in the fraction of the free molecular flow component.

Equation (4) is valid over wide ranges of pressures
and porous medium parameters; however, the pore size
is bounded above by the requirement that the contribu-
tion of surface diffusion and other flows that appear in
narrow channels should be small [16]. Equation (4)
allows us to explain the decrease in the flow anisotropy
as the pressure is increased. Indeed, as the pressure is
increased, the free path A decreases; consequently, the
fraction of the Poiseuille slip flow increases, whereas
the fraction of the free molecular flow decreases. The
decrease of the fraction of a free molecular flow implies
that a smaller number of molecules move in the aniso-
tropic stochastic regime, which depends on the surface
structure, and the distribution of molecules over travel-
ing directions tends to an isotropic distribution as the
pressure is increased.

Let us demonstrate that the effects of increasing the
lifetimes of molecules in a membrane and increasing
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Fig. 3. Schematic diagram of flows in a bilayer membrane:
(a) the overall view of a bilayer membrane; (b) the fragment
shown by a dashed line in Fig. 3a (see the text for com-
ments).

the number of collisions with pore walls can increase
many times in membranes with a gradient porosity.

Let us consider a bilayer membrane the first layer of
which is interpreted as a porous medium with anisotro-
pic stochastic gas motions (for definiteness, like mixing
billiards). With the use of a resistance model, it is easy
to find that the membrane permeability depends weakly
on the flow direction (the difference is 3—5%) [17]. This
can be explained taking into account the change of the
average pressure under viscous flow conditions [18].
However, a qualitatively different approach should be
used to describe the permeability of multilayer mem-
branes when the flows supplied at the opposite sides of
a membrane differ many times [5, 6, 11].

Figure 3 schematically shows a gas flow in a bilayer
porous membrane. Let us assume that the anisotropic
stochastic regime of a gas flow occurs in the first layer
with relatively large pores but with the retention of the
free molecular flow regime. The pore cross sections in
the first and second layers are designated as S, and S, =
ES,, respectively. Molecular concentrations in an envi-
ronment at the inlet of the first layer, that is, before the
membrane, and after the membrane are N, and N,,
respectively. Within the first layer, the concentration of
molecules changes from n, at the boundary with the

environment to n; at the boundary with the second
layer, whereas it changes within the second layer from
ny at the boundary with the first layer to n, at the

boundary with the environment. Note that, generally, a
jump in the molecular concentration would be expected
because of different gas flow conditions in the environ-
ment and in the membrane layers.

Upon supplying a flow to the first layer, the mole-
cules initially passed the porous layer and arrived at the
boundary region between the porous (first) and finely
porous (second) layers. Only a limited fraction of mol-
ecules passed through the second layer because of its
smaller porosity. The remainder of molecules reflected
from the interface between the two layers (the interface
is perpendicular to the flow) acquired a traveling direc-
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tion distribution with the predominant motion along the
channel axis because of specific interaction with the
interface. As a result, the average velocity of molecules
reflected from the interface along the channel axis (V,;)
was much higher than the velocity (V,,) before the
interaction with this interface. Moreover, a portion of
molecules reflected in the opposite direction to the total
flow after the interaction with the interface.

The molecules reflected from the interface returned
to the region of the first porous layer and acquired a
“polarization” perpendicular to the channel axis after
interacting with channel walls (that is, their motion was
mainly oriented perpendicularly to the channel axis).
Consequently, the average lifetime of a molecule in the
porous layer increased. Thus, the occurrence of the sec-
ond layer with a smaller porosity also increased the life-
time of a molecule in the first porous layer of the mem-
brane (recall that the initial effect was due to a noniso-
tropic distribution of molecules over traveling
directions) and, correspondingly, increased the number
of collisions with pore walls.

Balance equations at the beginning of the first layer,
at the interlayer boundary, and at the outlet of the sec-
ond layer can be written in the form

Jor = VAN,V —n(V,),

‘]12 = n;k<vxl>_§n;<<vx2>_(l_E.')n;k<vref>’ (5)
Ja = E(ny( V) — 114N, V).

In combination with diffusion Egs. (4) for both lay-
ers, balance Eqgs. (5) allowed us to evaluate the effect of
porous layer parameters on the flow through the sys-
tem. We found that the anisotropy of a molecular distri-
bution over traveling directions after the interaction of
molecules with the pore surface is a necessary condi-
tion for the anisotropy of flows. On the condition that
(Vi) < (Vip), a flow with an anisotropic molecular
motion with respect to directions from the side of the
first layer can be several times lower than a flow sup-
plied from the side of the second (finely porous) layer.
As the pressure drop is decreased, the flow through the
membrane on the side of the first layer can decrease to
almost zero at a finite pressure drop. In this case, the
role of surface flows increases; this explains the change
in the shape of the temperature dependence of mem-
brane permittivity [5, 10]. Indeed, Teplyakov et al. [10]
found that, on supplying a gas from the side of the sec-
ond (finely porous) layer, the permeability behaves as a
decreasing function of temperature in accordance with

the free molecular flow regime (J, o< 1/,/MT ), whereas
the permeability increases with temperature on supply-
ing a gas from the side of the first layer. In this case, this
allows us to consider the flow as a surface flow (the
temperature dependence of the molar surface flow den-

(A + BTexp(A/RT))

JMT

where A, B, and A are constants [19]). We also note that,

sity has the form of Jg; o<
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as expected, the effect of flow anisotropy disappears in
the case of an isotropic stochastic gas flow in the first
layer.

We compare the numbers of molecular collisions
with walls in the cases of isotropic and anisotropic sto-
chastic regimes of the motion of gas molecules.

The average residence time of a gas molecule in a
pore channel depends on the transport velocity (Vy) =
J/(n), where (n) is the average particle number density
in the flow. If the transport channel length is 9, the aver-
age residence time of a particle in the channel is AT =
&/{(Vy). On the other hand, the physical rate of molecular
motion is equal to the average thermal velocity Vi
because the time between successive collisions in a
channel with hydraulic radius p is close to 2p/Vy the
number v of collisions of a molecule with the inner sur-
face of pores is proportional to the quantity

Ve V1 8
(Vp2p

Substituting the resulting estimate for (V;) into (6),
we rewrite (6) in the form

Vr(n)§

From expression (7), it follows that the number of
molecular collisions with pore channel walls is
inversely proportional to the square of the hydraulic
radius because the gas flow density in the pore is pro-
portional to the hydraulic pore radius, as can be seen in
Eq. (4). This fact suggests that a change to nanoporous
membrane catalytic reactors is promising. The effect of
the anisotropy of molecules with respect to traveling
directions is governed by the dependence of (n) and J
on the distribution of molecules over traveling direc-
tions.

Figure 4 shows the dependence of the flow density J
(Fig. 4a) and average concentrations {n,) in a porous
layer (Fig. 4b) on the reduced pressure (the ratio of the
pressure P;, at the membrane inlet to the outlet pressure
P,,) for the cases of anisotropic stochastic (curves /)
and isotropic stochastic (curves 2) gas flows in a bilayer
porous membrane at the permeability ratio between the
first and second layers ¢ = 5.0 and the ratio between the
porosity factors of the second and first layers & = 0.75.
It was assumed that the gas moved from the first to the
second layer. The set of Egs. (2)—(5) was solved assum-
ing that the gas flowed through a porous layer in the
free molecular regime. It can be seen in Fig. 4a that, as
the pressure drop across the membrane was decreased,
the flow decreased to almost zero at a finite pressure
drop if the movement of gas molecules was anisotropic
with respect to directions. Moreover, the concentration
in the porous layer with anisotropic gas motions was
noticeably higher than that in the case of an isotropic
flow (Fig. 4b). In combination with an increase in the
lifetime of molecules in the channel, this resulted in an
increase in the number of collisions between gas mole-

(6)

(N
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cules and the inner surface walls of pores. Thus, for
example, at P, /P,, = 5, the number of collisions
increased by a factor of more than 2 because of the
increase in the concentration and by a factor of 7
because of the decrease in the flow density; the total
number of collisions with pore walls increased by a fac-
tor of almost 16.

Thus, the appearance of an anisotropic stochastic
molecular motion regime in membranes with gradient
porosity can result in asymmetric gas-transport phe-
nomena and, consequently, in a multiple increase in the
effects of an increase in the lifetimes of molecules in a
membrane and a corresponding increase in the number
of collisions with pore walls.

Qualitatively, the results obtained illustrate the spe-
cial features of mass transfer in membrane pores related
to the structure of the inner surface, which can affect
the rates of catalytic reactions. The intensification of
heterogeneous catalytic reactions in nanoporous gradi-
ent media, which was observed previously [6, 10, 20],
can be due to a change in the interaction of a substrate
(gas molecules) with the active surface of membrane
channels. An increase in the density of active centers as
a result of the modification of the inner surface of a
membrane with nanosized catalytic systems simulta-
neously with an increase in the number density of sub-
strate molecules results in a nonadditive increase in the
number of molecular collisions with the surface. Both
of these effects, particularly, in combination with asym-
metric gas-transport phenomena, can be responsible for
an increase in the rates of catalytic reactions.

A gradient-porous system was constructed with the
use of sol-gel methods. In this system, a uniform
porous coating of the phosphorus-modified titanium
oxide Py;Ti; 70,4, with the average pore size (d) ~
2 nm was formed on the surface of a cermet membrane
with sequential layers with the pore sizes {(d) ~0.12 and
~2-3 um, respectively, and the inner surface of mem-
brane channels was modified with the ZnO—Cr,05—
Al,O5 system, which is used as a catalyst for methanol
dehydrogenation [6, 9].

We found that the permeability of the membrane to
a number of gases in a flow oriented from the side of
large pores to the nanoporous coating was lower that in
the reverse flow direction by a factor of 5-8. We were
the first to detect an anisotropy of catalytic activity in
methanol dehydrogenation reactions in addition to the
observed anisotropy of gas permeability: at the same
pressure drop, the reaction rate of dehydrogenation on
supplying a reaction mixture from the side of mem-
brane-support macropores was higher by a factor of
5-8 than that on supplying from the side of a nanopo-
rous layer [6]. The effects observed were adequately
explained by the model of a gas flow in a bilayer porous
membrane.
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Fig. 4. Dependence of (a) the flow density and (b) the aver-
age concentration in the first (porous) layer on the reduced
pressure P, /P.,: (/) anisotropic stochastic and (2) isotro-
pic stochastic gas motions.
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