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PERMEATION OF GASES IN
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nterest in and applications of inorganic membranes have

been growing exponentially for the last fifteen years."

Inorganic membranes can be classified into two catego-
ries: dense and porous. Dense membranes are dominated by
palladium and its alloys (metal membranes) and solid elec-
trolyte membranes (commonly, simple or complex oxides or
oxide-solid solutions). Porous membranes are made of ox-
ides, carbon, glass, metals, zeolites, etc. The most unusual
commercial porous ceramic membranes have an asymmetric
structure consisting of a support layer (generally, alpha-
alumina) with large pores and a separation layer made of a
different material (gamma-alumina, zirconia, silica, etc.) that
controls the permeation flux.

The industrial development of inorganic membranes started
in the 1940s with the purification of nuclear fuels. This
process is based on the separation of U*F/U**F, by Knudsen
diffusion. Knudsen diffusion occurs when the mean-free-
path of the gas molecules is much larger than the average
pore dimensions of a porous material through which the
molecules diffuse, and permeate will be enriched in the
molecule of the lower molecular weight.

In this short article, we will describe an easy experiment
that helps to understand the transport through ceramic mem-
branes when Knudsen diffusion occurs.

THEORY

In general, transport through porous ceramic membranes
can be related to the pore diameter, dp, according to IUPAC
definitions:"? macropores with dp > 50 nm, where basically
viscous flow (in this case, no separation of mixtures is pos-
sible) and Knudsen diffusion occur; mesopores with dp be-
tween 2 and 50 nm, where Knudsen diffusion and multilayer
diffusion/capillary condensation take place; and micropores

with dp < 2 nm, where molecular sieving effects can be
expected. Surface-multilayer diffusion and capillary con-
densation are achieved when the permeating molecule pref-
erentially absorbs on the membrane pores or condenses within
the pores due to capillary forces, respectively. Both trans-
port mechanisms, which allow the separation of mixtures
with very high selectivities, are especially important at
relatively low temperatures and with small pores,
mesopores, and even micropores.

When permeances through mesoporous membranes are
studied for permanent gas or vapors at low relative pres-
sures, the transport mechanism is controlled by the Knudsen
diffusion. Sometimes laminar flow (viscous flow at laminar
regime) can appear if the membrane has defects of macropore
size, decreasing the separation power of the membrane. Con-
sidering both the laminar and Knudsen flow contributions,
the transport equation can be written as
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where

F_ total permeance [mol/(m* s Pa)]
F. is the Knudsen contribution
F factor that multiplied by P gives the laminar contribution
to the total permeance
average pressure across the membrane [Pa]
porosity of the membrane
pore radius [m]
membrane thickness [m]
tortuosity of the medium
gas constant [8.314 m*Pa/(mol K)]
absolute temperature [K]
viscosity of the gas [Pa s]
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A plot of F; vs. P allows one to estimate the relative contri-
butions of both transport mechanisms: the higher the slope
of such a plot, the higher the laminar contribution and vice
versa. On the other hand, for a certain membrane material, if
the laminar contribution is not important, or P=0, it is pos-
sible to calculate the Knudsen separation factor for two
gases, A and B, by using the first term of Eq. (1)
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Since Knudsen diffusion occurs when the mean-free-path
of the molecules (A) is much larger than the mean pore
radius (r) of the membrane, the Knudsen number, defined by

the equation
K= A _l6p [nRT 3)
r 57mP\2M

is a convenient dimensionless group to quickly estimate if
Knudsen diffusion will likely be the dominant transport
mechanism. When Kn>1, the molecules collide with the
pore wall much more often than with each other.

EXPERIMENTAL

The membrane used was a commercial ceramic tube 10
cm long and 0.7 cm i.d. purchased at SCT (Société des
Céramiques Techniques, a subsidiary of US Filter). The
ceramic tube had an asymmetric structure consisting of a
support layer of o-alumina and an inner layer of y-
alumina with 5-nm diameter pores. The ends of the mem-
brane were non-permeable, restricting the permeation area
to a length of 5 cm.

Figure 1 shows the permeation system. The membrane
was sealed in a stainless-steel module by silicone o-rings,
and the pressure at the feed site (or retentate) was measured
by a pressure transducer. At the permeate side, the perme-
ation flux was measured using a bubble flowmeter and,
finally, an electric furnace allowed modification of the mem-
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A very simple system can be used
with a commercial ceramic membrane of
y-alumina to measure permeances of single
gases (e.g., N, and He) at several total
pressures and temperatures.
e ]
brane temperature. The permeate side was open to the atmo-
sphere, and permeate pressure was always the atmospheric
one. The permeance F in mol/(m’s Pa) was calculated as
a9 (4)
AAP
where
Q molar flux [mol/s]
A permeation area referred to the internal side of the ceramic
tube (1.1x10°m?)
AP pressure drop [bar] between retentate and permeate sides

RESULTS AND DISCUSSION

The variation of He and N, single-gas permeances vs. the
total pressure (calculated as [P, + P,]/2, where P, and P, are
the pressures at the permeate and retentate sides, respec-
tively) through an alumina membrane was studied at 298
and 473K. Figure 2 shows that the He permeances at 298 and
473K did not change with total pressure, and the same can
be stated for the N, permeances (Figure 3), at least in the
pressure range tested, which means that the viscous con-
tribution is not important, and in the equation (Eq. 1) that
governs transport through the membrane, the second term
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Figure 1. Experimental system.

Nitrogen

59




(Foy) can be neglected.

The Knudsen number calculated using Eq. (3) for He and
N, in the temperature and pressure ranges tested is 44-124
and 14-30, respectively (it decreases with increasing pres-
sure and decreasing temperature), i.e., in this case, this num-
ber is always higher than one, which means (as seen above)
that Knudsen diffusion will dominate over viscous flow.
Moreover, permeances decreased with increasing tempera-
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Figure 2. He permeance as a function of total pressure
at 298 and 473 K.
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Figure 3. N, permeance as a function of total pressure
at 298 and 473K.

TABLE 1
He and N, permeances and o, ,, at 298 and 473 K

Permeance
Temperature [mol/(m’sPa)] OHe/N,
[K] He N, Theoretical ~ Experimental
298 37.2x10° 15.3x10°  2.65 243
473 17.2x10° 6.81x10°  2.65 2.53
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ture, as expected after analyzing Eq. (1). Table 1 lists the
averages of N, and He permeances. From these permeances,
the experimental separation factor oy, can be calculated

as the ratio of He and N, permeances. The o/, is 2.43 at
298K and 2.53 at 473, converging with increasing tempera-
ture to the theoretical value of 2.65 calculated by using Eq.
(2). Probably, N, absorbs weakly, but stronger than He at
low temperature, contributing to the total N, flux. This con-
tribution will decrease at higher temperature, increasing the
separation factor slightly.

Finally, the ratio of pure gas permeances is also known as
the ideal separation factor, and very often ideal separation
factors do not allow extrapolation to mixtures. To carry out
separation of mixtures of compounds with selectivities higher
than those of Knudsen, microporous membranes (silica, zeo-
lite, carbon) can be employed. Zeolite membranes have re-
cently received increasing attention (because of their great
potential for use in industrial applications, especially under
high temperature conditions) and have been used for gas or
liquid-phase separations of non-adsorbing compounds,"' or-
ganic/organic,' permanent gas/vapor,” and water or polar
molecules/organic'® mixtures. Although molecular sieving
is mainly invoked to justify the separation of permanent gas
mixtures with significant differences in their molecular size,
the majority of separations using zeolite membranes can be
explained in terms of surface diffusion and, sometimes,
capillary condensation.

CONCLUSIONS

A very simple system can be used with a commercial
ceramic membrane of Y-alumina to measure permeances of
single gases (e.g., N, and He) at several total pressures and
temperatures. The experiment gives the student a complete
and easy analysis of the permeation measurements in terms
of Knudsen transport.
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