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Abstract—Asymmetric phenomena associated with gas transport in the free molecular flow in multilayer
membranes have been investigated. Bilayer track membranes have been examined. A model describing aniso-
tropic gas transport across a multilayer membrane has been constructed and analyzed. The interaction
parameters characterizing the effect of the geometry of the inner surface of the pores on the gas flow through

the membrane have been determined.
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The discovery and investigation of asymmetric
phenomena in transmembrane gas transport (aniso-
tropic permeability of a membrane, or the so-called
gas diode, and dependence of the gas permeability of a
membrane and of the rate of catalytic reactions on the gas
flow direction) were reported in earlier works [1—10].
These phenomena can occur in asymmetric nanopo-
rous membranes, specifically, in membranes consist-
ing of two or more layers differing in porosity and pore
size [7]. It was demonstrated that it is impossible to
explain the observed anisotropy in the framework of
classical theory [11]. It was established that these phe-
nomena are observed when the free molecular compo-
nent of the transmembrane flow is dominant and that
the main cause of these phenomena is the specific
interaction of gas molecules with pore walls in the
membrane. In many porous structures, the domina-
tion of the free molecular component of the flow is
observed even in the transitional flow regime [12].

Here, we suggest a model that allows one to calcu-
late anisotropic gas transport in asymmetric nanopo-
rous membranes. We have calculated gas transport
across a track membrane in the free molecular flow
regime. Track membranes are of particular interest
since their pores are straight and cylindrical. We will
refer to our earlier experimental data concerning

Table 1. Characteristics of the membranes

asymmetric gas transport in track membranes [8]. Two
types of membranes were examined. In type 1 mem-
branes, the pores have an asymmetric shape: they con-
sist of a cylindrical channel 50 nm in diameter and
11.5 pm in length and a narrower channel 30 nm in
diameter and 0.5 pm in length. In type 2 membranes,
the pores are symmetric: they are cylindrical channels
50 nm in diameter and 12 pm in length (Table 1). The
preparation and composition of the membranes were
described earlier [13].

For simpler calculations, we will assume that an
asymmetric pore of a membrane consists of two cylin-
drical channels whose radii are equal to the pore radii
in the two membrane layers (Fig. 1). The interaction of
molecules with the pore surface inside the channel will
be described in terms of the white noise model [9],
according to which the distribution of molecules over
the angles of their takeoff from the pore surface, ®(0),
is given by the expression

2
©) = \/g exp(-A0)
T erfCIA)

(D
where A is the interaction parameter in the white noise
model and 0 is the takeoff angle of the molecule with
respect to the normal to the surface.

Number Pore diameter in
Membrane of pores per Membrane Pore diameter in the second laver Thickness of the | Thickness of the
square thickness, pm | the first layer, nm m YeL | first layer, um | second layer, pm
centimeter
MA-30/50 2% 10° 12 30 50 0.5 11.5
MS-50/50 9x 108 12 50 50 0.5 11.5
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Fig. 1. Calculating the conductance coefficient of a channel with a rough surface: schematic of an asymmetric pore.

At A < 1, the distribution is spatially isotropic, cor-
responding to the diffusion model of the molecules—
surface interaction (total accommodation) in the 2D
channel approximation. After being sorbed by the sur-
face, the molecule departs from it at a random angle
(all directions are equiprobable). At A > 1, the range
of takeoff angles is limited.

For calculating the flux density Jin the channel, we
will use the following Fick’s first law based relation-
ship written in terms of the gradient of the number of
collisions between the molecules and the surface [14]:

choll (2)

where D is the conductance coefficient, N, is the
number of collisions between the molecules and the
inner surface of the pore, and x is the coordinate along
the channel.

The channel conductance coefficient D can be cal-
culated by integrating, over the entire inner surface
area of the pore, the number of molecules dN that
depart from a unit area d.S'at an angle 0' with respect to
the normal to the channel surface and pass through a
unit area dS of the pore cross section .S (Fig. 1) [10].
The computational formula for the conductance coef-
ficient is

J=D

+_ 2Rcos® +Rtany N
X
D =2R J.(,O COS(pd(p J. r dr J‘ mdx, (3)
—Rtany

2
where R is the pore radius, » and ¢ are the coordinates
of the unit area dS'in the polar coordinate system orig-
inating at point 0 and lying in the plane Z (Fig. 1), and
v is the maximum angle of the takeoff of the molecule
from the inner surface of the pore [10] for the angle
distribution approximated by Eq. (1).

The number of collisions between the molecules
and the surface per unit time, Ny, in the case of dis-

tribution function (1) can be determined via the pro-
cedure described in our earlier publication [10] under
the assumption that the molecule concentration inside
the membrane is a linear function of the coordinate.
The dependence of the number of collisions in the
channel on the interaction parameter in the white
noise model can be written as

T[/2

Neoi = n(xXV,) = n(x)V, j @(0) cos 0d0

4)
= n(x)V, J\/ZCXP( o )cos 0do,
erf

where # is the volume concentratlon of gas molecules
in the pore, (V)) is the projection of the mean molecule

velocity on the Yaxis, V;, = y/8RT/nM), is the mean
thermal velocity of the molecules, R is the gas con-
stant, 7 is absolute temperature, and M is the molar
weight of the gas.

In the case of the isotropic molecule takeoff angle
distribution, the number of molecules—surface colli-
sions changes smoothly on passing from one mem-
brane layer to the other, showing no abrupt jump. In
the case of an anisotropic molecule takeoff angle dis-
tribution, there may be jumps in the number of colli-
sions at the boundary between the membrane layers
(Fig. 2) and at the membrane entrance and exit. Here,
a jump should be understood as a sharp change in the
number of collisions between the molecules and mem-
brane pore surface over a length that is on the order of
the molecule free path length. It is clear from Fig. 2
that such a jump can be the cause of the experimen-
tally observed anomalous anisotropy of permeability.
The ratio between the numbers of collisions at the
interlayer boundary at points separated by a few free
path lengths across the boundary will be designated .
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Fig. 2. Sharp changes in the surface concentrations at the membrane layer boundaries for different pressure gradient directions.

The balance equations for the system considered
can be represented as expressions (5) and (6).

7 = DiWegii = Neaw)
I, ’

. Q)
J = DZ(NCOIIZ — NcollZ)’
l
where D, and D, are the conductance coefficients for
the two different membrane layers; N, and Ny, are
the numbers of collisions between the molecules and a
unit area near the membrane entrance and exit,

respectively, per units time; N, and N ::)112 are the
numbers of collisions between the gas molecules and a
unit area of the surface for membrane layers 1 and 2,
respectively, near the interlayer boundary per unit
time; and /, and /, are the thicknesses of layers 1 and 2.

1
NV _ZHIVT =J,

inzVT - Ny (V) =, (6)

Ny W) = NIV = J,
where n, and n, are the volume concentrations of mol-
ecules in the environment at the membrane entrance
and exit, respectively, both related to the external pres-
sure; (V,,) and (V,) are the projections of the mean
velocity of the molecules on the X axis in the first and
second layers of the channel, respectively; N, and N,

Table 2. Interaction parameters for the track membranes

are the concentrations of the molecules flying toward
the membrane exit and entrance near the membrane

entrance and exit, respectively; and N ,* and N 2* are
the concentrations of the molecules flying toward the
membrane exit and entrance near the interlayer
boundary in the right and left parts of the membrane,
respectively. The relationship between N and N, at
different points of the channel is determined by an
integral similar to expression (3).

It was assumed in the calculations that the system is
at thermal equilibrium. In the determination of the
number of molecules—surface collisions and flow
velocities, we did not take into account the shift of the

distribution function under the action of the pressure
k %k

gradient. Since the Ncolll’ NcollZ’ Nc01117 Ncoll27 Nl’ N2,
N 1* ,and N 2* values were to be determined only for
internal points of the channel, they were calculated at
a distance on the order of the molecule free path
length from the layer boundaries. Using the set of
equations (6), it is possible to calculate the jump of the
number of molecules—surface collisions () near the
interlayer boundary.

The set of equations (5) leads to the following
expression for the flux across a bilayer membrane with
anisotropic scattering on the channel walls:

J = DIDZ(NCOIUX — Ncollz). (7)
LDy, + 1, Dy

An analysis of Eq. (7) demonstrated that, if the

interaction in the smooth channel takes place accord-

Number Pore diameter
Membrane | of pores per square | . Interaction parameter He N, CO,
. in the layer, nm
centimeter
MA-30/50 2% 10° 50 A, 3.85 3.47 2.45
30 A, 12.95 12.85 20.9
MS-50/50 9 x 108 50 A 3.85 3.48 3.35
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Fig. 3. Experimental and theoretical dependences of the
gas flux on pressure in the track membrane MA-30/50 with
asymmetric pores: (a) helium, (b) nitrogen, and (c) carbon
dioxide; (/) forward flow and (2) reverse flow. The lines
with points represent experimental data, and the lines
without points represent calculated data.

ing to the diffusion model (4 — 0), the set of equations
(5)—(7) degenerates into the known equations of the
flow resistance model for a bilayer membrane [15].

KRYUKOV et al.

In order to compare the results of the calculations
with experimental data, it is necessary to determine
the parameters of the interaction of the molecules with
the rough inner surface of the membrane pore (4). The
parameters 4, and A, (Table 2) for the substrate and
nanoporous layer, respectively, can be determined
using the set of equations

exp exp _ ptheor / theor

Jforward/‘]reverse - ']forward (Al’ A2) Jreverse (Ala A2)s
exp __ gtheor

Jforward - Jforward(Al, AZ):

: th th .
where the functions Jygpgq aNd Jevere are determined

from relationships (3)—(6). The functions J¢ 5.4

®)

and

J o . are the experimental values of the density of the
flux through the membrane.

The parameters A for the membranes MA-30/50
and MS-50/50 are listed in Table 2. Compare the
interaction parameters for the monolayer membrane
MS-50/50, which were calculated in an earlier work
[8], to those calculated here for MA-30/50 (Table 2).
The interaction parameters for MS-50/50 are Ay, =

3.85 for helium, Ay, = 3.48 for nitrogen, and Acq, =
3.35 for carbon dioxide [8]. Clearly, in the case of
helium and nitrogen, these parameters for the two
membranes are nearly equal. The difference between
the values obtained for carbon dioxide is due to the fact
that the model suggested here disregards the effects of
the viscous component of the flow and surface diffu-
sion.

Figure 3 presents experimental data and the data
calculated using the above model for the track mem-
brane MA-30/50. Clearly, the above interaction
parameters enabled us to calculate anisotropic gas
transport data with a high accuracy, at least for weakly
sorbable gases, for which the effect of the surface flux
is negligible.

Note that the experimental curves plotted in Fig. 4
are positioned relative to one another in an anomalous
way. For the free molecular flow regime, the reduced
permeability curves for different gases in the coordi-
nates of Fig. 4 must coincide [16]. (Reduced perme-
ability is the flux divided by the pressure drop and mul-
tiplied by the square root of the molar mass.) Accord-
ing to the literature [16], surface diffusion increases
the reduced flux relative to the helium flux. At the
same time, surface diffusion has only a weak effect on
the nitrogen flux and may exert a considerable effect
on the carbon dioxide flux. Therefore the curve for
CO, must lie above the curve for helium and the curve
for nitrogen must occupy an intermediate position.
The observed anomalous arrangement of the curves is
likely due to the specific interaction of the gas mole-
cules with the pore walls.

Calculations demonstrated that, as the interaction
parameter A is increased, the number of molecule—
surface collisions increases. This can increase the rate
of catalytic reactions in membrane reactors with a
developed inner pore surface. This finding confirms
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Fig. 4. Experimental and theoretical dependences of
reduced permeability on pressure in the track membrane
MA-30/50 with asymmetric pores: (/) helium (forward
flow), (2) helium (reverse flow), (3) nitrogen (forward
flow), (4) nitrogen (reverse flow), (5) CO, (forward flow),
and (6) CO, reverse flow. The lines with points represent
experimental data, and the lines without points represent
calculated data.

the earlier hypothesis that the rate of a catalytic reac-
tion can be increased by using a porous system in
which asymmetric gas transport takes place [7].

Thus, we have developed a model for anisotropic
gas transport calculations for asymmetric nanoporous
membranes. Under conditions of diffusive interaction
in a smooth channel (A — 0), this model degenerates
into the known flow resistance model for a bilayer
membrane. A good agreement between the calculated
and experimental data has been attained. This corrob-
orates the hypothesis that the transport asymmetry is
due to the specific interaction between the molecules
and the pore walls.
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