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NOTES

Helium Separation by Cellulose Acetate Membranes

The mechanism of permeation of gases through porous polymeric membranes at high
pressures is of interest for the recovery of gases such as helium from natural gas. In
highly shrunk porous cellulose acetate membranes the pore diameters! are of the order
of 10A. At ordinary pressures the mean free paths of most gases are much larger than
such pore diameters and thus the permeation would seem to follow Knudsen’s law of
molecular effusion. However, since the length of the pores are considerably greater than
their diameters the flow of a gas through such barriers does not follow the simple equa-
tion of orifice diffusion except at such pressures where the mass flow is so small that the
equilibrium Maxwell distribution is undisturbed due to the flow through the orifice.

We have measured the pure gas permeabilities of helium, nitrogen and methane
through a cellulose acetate membrane at pressures up to 70 atm. The experimental
method has been described.?

The volume rate of permeation » of a gas of molecular weight M measured at 7' abso~
lute temperature at a pressure P is, on the basis of Knudsen orifice flow, given by

v = (01/p2) AN RT /22M

where p1 and p; are the densities at pressures P; and Ps, 4 is the area of the film, P, is
the pressure on the high-pressure side at temperature 7. Thus for an ideal gas

v = (/N M)P./Py)

where

k= AN RT/2x

so that in Knudsen flow the measured permeabilities should be linear in P,/P; and the
slope of the straight lines obtained should be in inverse proportion to the square roots of
their molecular weights.

A plot of v versus P;/P; is shown in Figure 1. Here v is measured at ambient tempera-
ture (23-25°C). It will be seen that for D/X 2> 0.1 (points beyond those indicated by the
arrows), where D is pore diameter and A is the mean free path, the graph is not linear,
and observed permeabilities are much higher than Knudsen values even for helium.
However, the ratio of the slopes for different gases obtained by extrapolating the D/A < .1
region closely correspond to the Knudsen relationships.

The departure from Knudsen flow at D/A > 0.1 has been discussed by Liepmann®
as a function of Reynolds number. However, in our range of Reynolds number (0.05-
1.6) the departure from Knudsen flow should not exceed by 10-129, if one has an orifice
length /orifice diameter K 1.0, a condition definitely not satisfied in membrane perme-
ation.

The theory of solubility according to Henry’s law followed by Fick’s law diffusion has
been widely accepted to govern gas permeation in polymers.*—8 In this theory one would
expect permeation to be linearly proportional to the applied pressure differential. The
observed permeation is found to exceed this significantly in the case of our data.

For a compressible fluid and small pressure differentials Poiseuille flow is given by’

v = K (P* — Py?)
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Fig. 1. Deviation from Knudsen flow in membrane permeation.

where K is a constant. If P, = 1 and P,/P: > 1,

-x(5)
v = P
A plot of log v versus log P;/P; shown in Figure 2 is a straight line but the slopes of these
lines are always less than 2.0. Let us recall that for true Knudsen flow the slope should
be 1.0. Thus the experimental value of 1.3-1.5 indicates a flow intermediate between
the two regions. The flow also exceeds the Euler limit of Liepmann,® evidently due to
appreciable “lip thickness’’ of the orifice.

A number of experiments was done on helium separation in mixtures of methane,
helium, and also natural gas samples as a function of pressure. The analysis of the
permeant was done by gas chromatography. A 13X, 14-30 mesh molecular sieve column
gave sufficient resolution and excellent detection limits for helium when operated at 40°C
using argon as the carrier gas and a thermal conductivity-type cell detector. The natural
gas contained about 0.05% helium and 2.09, nitrogen. The synthetic mixtures con-~
tained no more than 1.8 per cent helium. All compositions are in terms of volume per
cent. In all cases the product rates corresponded closely to that for pure methane.
Table I gives the permeability constant A, for the pure gases expressed in the usual units
of cm?® (STP) em/cm?sec (cm of Hg). The film thickness was taken as 0.254,% and the
area of the film was 9.6 cm?. The o's are the separation factors obtained by dividing A,
for a pair of gases. The experimental separation factors ap.m, agreed satisfactorily
with those based on the pure gas permeabilities, at all but low pressures where due to
the low permeation rates the errors may be significant.

The present method will give a product rate of about 190 I, (ambient)/hr-ft? with
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Fig. 2. Effect of pressure ratio on gas permeation.

TABLE 1
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Permeability Constants 4, for Gases on a Cellulose Acetate Membrane

Pressure em3 (STP) em
Py, Ay X 10,  em? sec(em of Hg)

1b/in.? CH, He N, OtHe-N; @He_CH; pon,
100 1.27 2.69 0.95 2.83 2.10 1.78
300 1.64 2.91 1.16 2.53 1.78 1.58
500 2.09 3.32 1.40 2.37 1.59 1.52
700 2.49 3.54 1.65 2.14 1.42 1.41
1000 3.11 3.90 1.96 1.99 1.25 1.30

ape_ca, = 1.35 as compared with 3.6 1. (ambient)/hr-ft? and age—ca, = 7.5 by Stern
et al.* at 900 psig but different operating temperatures. Owing to its high product rate
the present method is expected to be useful for upgrading pre-enriched natural gas.

We are grateful to Dr. I. E. Puddington for initiating this work. Our thanks are also
due to Lucien Pageau for his assistance.

Issued as N. R. C. No. 10754,



1068 JOURNAL OF APPLIED POLYMER SCIENCE VOL. 13 (1969)

References

1. E. Glueckauf, Proc. First International Symposium on Water Desalination, Washing-
ton, D.C., 1965, U. 8. Dept. Interior, Office of Saline Water, Washington, D.C,, Vol. I,
p. 143.

2. 8. Sourirajan, Nature, 199, 590 (1963).

3. H. W. Liepmann, J. Fluid. Mech., 10, 65 (1961).

4, 8. A. Stern, T. F. Sinclair, P. J. Gareis, N. P. Vahldieck, and P. H. Mohr, Ind.
Eng. Chem., 57, No. 2, 49 (1965).

5. N. N. Li, R. B. Long, and E. J. Henley, Ind. Eng. Chem., 57, No. 3, 18 (1965).

6. N. N. Liand E. J. Henley, AICKE J., 10, 666 (1964).

7. R. E. Treybal, Mass Transfer Operations, McGraw-Hill, New York, 1968, pp.
86-87.

8. R. L. Riley, J. O. Gardner, and U. Merten, Science, 143, 801 (1964).

J. P. AGRaAWAL

S. SoURIRATAN

Applied Chemistry Division
National Research Council
Ottawa, Canada

Received November 18, 1968



