The Time Lag for the Diffusion of
Gas Mixtures
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The diffusion of a gas mixture of several components through a polymer
membrane is considered. An expression is obtained for the time lag L
assuming that the component flows are non-interacting and that the com-
ponent diffusion and solubility coefficients are not functions of concentration.
Measurements were made with a krypton—neon mixture and a silicone rubber
membrane and good agreement obtained with the theoretical expressions.
To establish the steady state of flow in a smgle component system requires
a time of ~3L. For mixture diffusion it is shown that thts criterion is not
usually valid.

THE solubilities of the rare gases in polymers are so small that for permea-
tion of a mixture of such gases through a polymer membrane the component
flows can be treated as non-interacting. The permeability constant P for
the mixture is then simply related to the component permeabilities P’. It
is also of interest to consider the time lag L for a system of N components
of which the flows are non-interacting and the diffusion coefficients are
constants. It is assumed that Henry’s law is obeyed for each component.
Following Daynes® and Barrer® the solution of the diffusion equation for the
i** component with the initial and boundary conditions:

Ci=0,0<x<,t=0

C=C, x=0,1>0
C~0, x=1,1>0
is DC, IC,[ . T 12 (=1 rem
0-2C-Ti1+3 25 o (- D)) @

Q, is the amount of component i which has passed through unit area of the
membrane of thickness / in time ¢ and D; is the diffusion constant of the
component. For a mixture of N components the total amount Q which has
permeated is

N
0= EIQ‘ ¥))
and for t —> oo the linear steady state relation
Q=(¢/DIDC,~(1/6)3C; 3)

is obtained. The intercept of the straight line on the time axis gives the
time lag L,
L=(/6)2 C;/Z DL, =F[6D )]
so that
D=3 DC;[/3C, (%)
The time lag L may also be expressed in terms of the time lags L; of the
pure components,
' L=3C{/Z(C}/Ly ()
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The steady state permeability is given by*

! (dQ) _3DC, IPp @
t-y o0

T E\d) T T3 I

where p, is the partial pressure of the i component in the perfect gas
mixture and P; is the permeability coefficient of the i"® component. When
Henry’s law is obeyed for each component then C,=o-p; and the solubility

coefficient for the mixture is
o=3C}/Zp=3op|Zp ®)

For a mixture of fixed composition it follows that P, D, L and o are
independent of the total ingoing pressure 3 p; and are constant. As for
diffusion of a single component the relation P=Do is valid provided the
composition of the mixture is kept constant.

To test equations (5) and (7) measurements were made at several tempera-
tures with binary mixtures of krypton' and neon® using conventional
permeation apparatus’. The membrane of thickness 106 (cm) was a
polyphenylmethylsiloxane ‘rubber (5-4 per cent phenyl content) lightly
cured with 2,4-dichlorobenzoyl peroxide. Two gas mixtures were used for
which the mole ratios of neon to krypton, n,/n;, were 1-01 and 2-73. The
permeation rates of the components were not sufficiently large to cause any
significant change in the composition of the ingoing gas phase by perm-
selective fractionation during the relatively short period of a permeation
experiment.

For both the pure components and the mixtures the diffusion coefficient
was obtained from the relation D="FP/6L and the solubility coefficient from

P=Do. The relationships D=D, exp (—Ep/RT) and o=0, exp (—AH®/

Table 1. Values of P, D and o for Kr(1) and Ne(2)

3 3
K PX10Y (M) DX 10 (cmisec™l) o X 108 ( om - Stp )
cm?. cmHg . sec cm?® . cmHg
) 2) ) 2 4)) 2)
3432 2:56 0-955 0'5 161 46 0-59
3332 2:38 0821 0-49 1-46 49 0-56
3232 221 0-700 0-43 131 51 054
3132 2:05 0-587 0-38 116 54 051

Table 2. P and D (measured values) and P* and D* (calculated values) for mixtures
of Kr(1) and Ne(2)

mole ratio ny/n,=1-01

°K PX 107 P* X107 DX10° D* X 10
3432 1-86 1-75 65 _ 67
3332 1-70 1-60 58 59
3232 1-51 1-45 51 52
3132 1-37 1-32 45 45

mole ratio ny/n, =273
3432 1-44 1-38 84 83
3332 1-28 124 74 72
3232 1-14 1-01 65 63
3132 1-00 0-98 56 54
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RT) were obeyed for all systems with D, and .o, effectively independent of
the temperature over the range investigated. Smoothed values of P, D and
o for the pure gases are given in Table I. In Table 2 experimental values
of P and D for the mixtures are compared with corresponding values cal-
culated from equations (7), (5) and (8) using the results for the pure
components. Values of E;, Dy and AH® for both the pure components and
the mixtures are given in Table 3.

Table 3. Values of E;, D, and AH?

Gas Ey (kcal mole™) D, (cm? sec™Y) AHP (kcal mole~?)
Kr 27 00027 —1-05
Ne 24 0-0049 1113
Kr : Ne (1:01) 2:6 0-0030 —033
Kr : Ne (2:73) 28 0-0050 —030

The agreement between calculated and experimental values of P and D
for the mixtures is within the limits of the experimental error so that the
fluxes of neon and krypton can be considered to be virtually non-interacting.
From equations (5) and (6) it is clear that the temperature dependence of
both D and o for mixtures is more complex than that for pure components.
However, for the neon—krypton mixtures of this investigation any departure
from linearity in the plots of log D and log o versus.1/T was not sufficiently
marked to be detected within the accuracy of the measurements.

Finally it is of interest to compare the time taken to establish the steady
state of flow for a mixture with that for a pure component. For single
component diffusion the term

ol | -1y n2 2
) YE LA 29

of equation (1) has the values of —(0-01 and —0-001 for ¢/L =292 and 43
respectively. Thus to establish a steady state of flow so as to yield a time
lag with an error of less than one per cent would require a time greater than
2-92 L% For mixture diffusion the corresponding term is a=2X.C"04/3C";.
Values of ¢/L for which o= —0-01 were calculated for a binary mixture as
a function of the fraction F;=C7/3C; for several values of the ratio
K =D,/D; and are shown in Table 4. For the binary mixture ¢/L is always
greater than 2-92 and passes through a maximum located at relatively high
mole fractions of the component with the larger value of D. For example,
for K =100, the maximum value of ¢/L is ~ 155 at F;,=0-80. On the other
hand the value of L for this composition will be close to the smaller value
of the pure component time lags, namely 1-24 L,. For the neon-krypton
mixtures K ~ 3 with F;=0-1 and 0-2 so that the departure from single com-
ponent behaviour is not marked as was also observed experinientally.

Calculations were also made of the time required to establish a steady
state of flow in which P is within one per cent of its equilibrium value
(t — 00). The flux (dQ/df) follows from equations (2) and (1) and for
single component diffusion the term

N o
B=- 32— . I I DC/(~1y+ex
DiC' i=1 n=1
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is —0-01 for t/L=3-21 (cf. 2:92 for = —0-01). Thus for pure component
diffusion the steady state flux is established within one per cent of its value
(dQ/dt), ., after a time of 3:21 L. Values of ¢/L for binary mixtures with

= —0-01 are also given in Table 4 and its variation with composition is

Table 4. Variation of t/L with composition of mixture for a=—0-01 and 8= —0-01
(in parentheses)

Composition /L
F, K=2 K=5 K=10 K=100 K=500
00 2:92 (3:21) 2-92 (3-21) 2-92 (3-21) 292 (321 292 (32D
01 341 (3-40) 399 (4-12) 542 (5-24) 31-08 (18-46) 1451 (38-51)
02 3-34 (3-56) 5-00 (4+89) 778 (6:85) 57-82 (25-57) 2802 27'19)
03 351 (3-69) 594 (5°53) 9-99 (8-13) 82:85 (27-98) 4067 (1-39)
04 365 379 677 (6:03) 11:98 (907 1058~ (26:29) 522:6 (150)
0's 3-76 (3-84) 748 (636) 13-72 (9'64) 1260 (20-41) 624'8  (1-76)
0'6 3-80 (3-82) 802 (649 15-09 (976 1425 (964 7085  (2:04)
07 377 (372 830 (633) 1594 (9-27) 1533 @91 7649 (2:33)
08 363 (3-55) 814 (571 15-88 (7-81) 1554 (287 7752 (2°62)
09 335 (3-33) 697 @31) 13-79 (4'55) 1366 (302 6823 (291
10 2:92 32D 2:92 (3-21) 2:92 (3-21) 292 (2D 292 (321)

illustrated more clearly in Figure 1. Particularly for the higher D,/ D, ratios,
the values of t/L for o= —0-01 are generally larger than for f= —0-01
md1cat1ng that usually it takes longer to establish a steady state of flow so
as to give L within one per cent of its equilibrium value than to give P
within one per cent of its equilibrium value. It can also be shown that for
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Figure 1—Variation of t/L (8= —001) with
composition for a binary mixture with different
K values
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the binary mixture 292 (3-21) L, <<t << 2-92(3-21) L, so that the time to
establish the steady state such that either L or P is within one per cent of
its equilibrium value is not longer than the corresponding time for the
component with the largest time lag. In general it is clear that for mixture
diffusion the criterion that the steady state of flow is established after a time
~ 3L is not usually valid.
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