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Separation of gas mixtures in unsteady-state conditions
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The prospects for the application of unsteady-state boundary conditions at the membrane inlet for
increasing the selectivity of gas separation are discussed in this paper. The phenomena occurring upon
passage of a concentration pulse and two-gas-component penetrant concentration waves through the
membrane have been investigated. It has been shown that pulsed supply of the mixture to be separated at
the membrane inlet increases the separation coefficients by a factor of several orders owing to differences
in the diffusion coefficients of the gas mixture components in the membrane. Sinusoidal boundary
conditions at the membrane inlet allow filtration of the amplitude of the total output oscillations from the
signal of the component with a low diffusion coefficient (in this case the membrane acts as a frequency
filter), which can be employed for increasing the selectivity of the sensors. The proposed techniques are
exemplified by separation of the He/CO, gas mixture on a polymeric polyvinyltrimethylsilane (PVTMS)
membrane.

Introduction

At present, the membrane separation of gas mixtures is performed exclusively in steady-state
conditions. The effectiveness of the gas separation process in this case is determined mainly by the
transport characteristics of the membrane material.

The purpose of the present communication is to consider the prospects for application of
unsteady-state boundary conditions for experiments (a pulsed version of the permeability method and
the method of concentration waves) on membrane separation of gas mixtures. Theoretical aspects of
the method are considered. Experimental testing of the method is exemplified by the separation of the
He/CO; mixture in the process of diffusion across polyvinyltrimethylsilane (PVTMS) films.

Theoretical considerations
Separation of gas mixtures under pulsed conditions

When a pulsed version of the permeability method is employed, the square concentration pulse is
sent to the membrane inlet and the pulse distortions occurring in the diffusion process are measured
[1,2]. If the square pulse duration is 4¢, the time dependence of the gas flux at the membrane outlet is
expressed by the equation:
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The dependence of the exiting pulse amplitude on its time duration is given in Fig. 1. It is seen that
the membrane productivity decreases with decreasing time duration.
In the case of short pulse (At—0), we have:

J(t) =2JwAIZ(— 1) n*n’u exp(—nznzu) 3)
n=l1
The time of reaching the curve maximum J,, is:
ta=1°/(10.9D) 4)
The flux in the maximum is:
Jn=5.922AtDJ.,/I° (5)

Compared with the traditional versions of the permeability method, the pulsed version requires less
time for the experiment and allows higher resolving power and dynamics [ 3 |.
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F: Fig. 1. Dependence of the exiting flux amplitude on time
duration Az of the square pulse of the gas concentration at
0.8 4 the membrane inlet. (-) Theoretical curve; (O)
experimental data on CO, diffusion in PVTMS at carrier
- A gas velocity 0.32 cm’/sec; (A ) experimental data on CO,
’ D diffusion in PVTMS at carrier gas velocity 1.61 cm®/sec;
T (+ ) experimental data on He diffusion in PVTMS at
041 carrier gas velocity 1.61 cm’/sec.

02+ Let us consider the passage of a square
concentration pulse consisting of a binary gas
5 v o mixture through the membrane. In this case the
0 05 fo 45 20 25 30 35 membrane acts as a chromatographic column. At the
at/5, membrane outlet, separation of the mixture
components takes place. Figure 2 shows, as an example, the results for two-component (A and B) gas
mixture (50:50) concentration pulses of various time durations through the polymeric membrane. Let
the permeability coefficients of gases A and B in the membrane be equal, Po=Pp (under steady-state
conditions no separation of the mixture components occurs). Diffusion coefficients of these gases in
the polymer are different: (Do= 10 Dg) A is ten times more able to diffuse. Figure 2 shows that, at short
times, component A is the main species present, at average times a mixture of components, and at long
times, component B predominates. Figure 2 also shows that the peak resolution decreases with
increasing pulse time duration. Thus the resolving power of the membrane cell can be controlled by
selecting the pulse duration and adjusting the time intervals within which the choice of the output gas
enriched with "fast" or "slow" gas mixture components is performed.
It is obvious that in the case of unsteady-state boundary conditions at the membrane inlet the
classical selectivity coefficient is unacceptable.
For quantitative description of the membrane separation process under pulsed conditions, we
introduce the term of differential unsteady-state selectivity coefficient:
X(O=IA(OIB(1) =T acF Al JBF B=Y K (6)
Fi=fi(u)-a. fi(u-DAt/I%)
where Y= oaDa/(osDg) is the steady-state selectivity coefficient, Ky=F4/ Fj is the selectivity
parameter, and y(#)=K,x- is the differential unsteady-state selectivity coefficient.

It is clear that, at Az > and t—>w, K,—>1 and y(f)= ¥, i.e. at longer time durations of the
concentration pulse at the inlet, the unsteady-state selectivity coefficient turns into the steady-state one.
It is important to stress that ., is defined by the ratio of the permeability coefficients Pa=0c,Da and Pp
=opDg. while the K, parameter is defined by the diffusion coefficients alone. Therefore, even when
PA=Pg, i.e. when the separation of gases is impossible under steady-state conditions, the separation of




the mixture (if DA=DB) proceeds quite efficiently under unsteady-state conditions.

Fig. 2. Separation of two-component gas
mixture under pulsed conditions, (a)
Concentration pulse length A=0.157,3; (b)
concentration pulse length A=0.407;; (c)
experimental data for He/CO, gas mixture
diffusion.

Figure 3 shows the dependence of the
selectivity parameter K, on the pulse
time duration and the time for selection
of gases at the outlet from the
membrane. A possibility of selectivity
parameter inversion in the course of the
experiment is obvious. It is seen that, at
long time durations of the pulse and
short measurement times, K, >>1 (i.e.
the outcoming flux is enriched with the
"fast" component), while at short pulses
and long diffusion times, K, <<l and the
mixture is enriched in the component
with the smaller diffusion coefficient.

Thus it follows that the pulsed version

of the permeability method allows the
separation of gas mixtures which fail to
be separated under steady-state
conditions, with the wvalues of
selectivity constants being very high.
Unfortunately, increasing selectivity leads to a decrease in membrane productivity. For this reason, in
real conditions one should choose such magnitudes of pulse time duration and such times of
component selection as would provide a compromise between productivity and selectivity [4 ].
We consider it reasonable to recommend the proposed method mostly for the application as separating
membranes covering sensors, because increased selectivity results, rather than for industrial separation
of gases. First of all, the membrane-sensor system requires very high selectivity factors, whereas a
decrease in productivity is of less importance, since the sensor sensitivity is quite high.
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Passage of concentration waves of gas mixtures

The method of concentration waves is based on study of the passage of harmonic oscillations of the
penetrant concentration through the membrane. For example, if at the membrane inlet the gas
concentration changes according to the sinusoidal law:

C= (;0 [1+sin(wr)] (7)

then at the membrane outlet the sinusoidal oscillation occurs at the same frequency, although with
smaller amplitude and having suffered a phase shift (Fig. 4).

Under unsteady-state conditions, the flux changes at the membrane outlet according to the
expression [5 ]:
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Fig. 3. Dependence of the selectivity parameter K, on

pulse duration A¢f and measurement time ¢ (Pa=Pg, Da =
10Dp).
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Periodic oscillations occur with respect to the level:

At long times, the steady-state condition is attained
and is maintained with periodicity:
Ji=Asin(ot+ ) (10)
where the amplitude A4 is given by:

(DC,S/1)1-/w/D)
2[sinh2 (IW)+ sin? (lm)]l/z

the phase shift ¢ is given by:
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A=

cos(z)sinh(z)—sin(z)cosh(z)

@ =arcsin
\/ 2[sinh2 (z)+ sin? (z)}

and z=[®/2D

At high w: [Jo/2D >n/2 and ¢=~INw/2D -n/4, at low w: g=wl*/(6D).

As compared with the classical version of the permeability method, the method of concentration
waves exhibits additional degrees of freedom: the time of output towards the periodical steady-state
condition, the equilibrium position, the oscillation amplitude and the phase shift [6, 7]. An additional
degree of freedom results from the possibility of performing the experiment at various frequencies.
Figure 5 exemplifies frequency characteristics (amplitude and phase) of the membrane at various
values of the diffusion coefficient. It is seen that, with an increase of frequency, w, the amplitude of the
outcoming wave decreases (the lower the value of D, the faster the drop of the amplitude), while the
phase shift passes through a minimum (with further increase of frequency, oscillation takes place).
Thus, the membrane can be considered as a filter of low frequencies, and the greater the diffusion
coefficient, the wider is the band of filtration.

The concentration waves diminish with an increase of frequency. However, the concentration waves
exhibit all the properties of waves, in particular interference and diffraction. These effects are

determined by the wavelength A =27n/2D/® . The wavelength and, consequently, the conditions of
diffraction can be changed by varying the oscillation frequency.

Now we consider the passage of the concentration wave through the membrane, where the wave
consists of a mixture of two gases, A and B.

At the membrane inlet:



C,= Cg’o [1+sin(ot)} €, = C;’O [1+sin(wz)] (11)

g ¢ Fig. 4. Passage of the concentration wave
i - through the membrane. (1) Change in gas
f""{ <IN concentration at the membrane inlet; (2)

’f ‘\ P '{.f"r \ [\\ f change in penetrant flux at the membrane
/ A ;
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. \ outlet.
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/ "-., \_." Then the flux at the membrane outlet is:
—t— ) Jr=JatJB (12)
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7 after the periodical steady-state condition
Y is attained, and the oscillation amplitude

f 2 is:

Br=Bsin(wi+¢s) +Bg sin(wt +¢p) =Bapsin(wt +éa)  (13)
where B, = B> + B2 +2B, B, cos(b, — )
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= where Ba, B and @a, ¢ are estimated by eqn. (10).
08+
4 Fig. 5. Frequency characteristics of the membrane at
Ay 06- various values of D//°: (a) amplitude-frequency
g characteristics; (b) phase-frequency characteristics.
No. 1 2 3 4 5
0.2 . D/F 126 251 398 631 100
e S % T T35 Figure 6 illustrates the amplitude-frequency
@, Rad/sec] characteristic of the membrane for the mixture of
gases A and B at various values of Da/Dg (ratio of the
(bl mixture at the membrane inlet A/B = 50:50).
Calculations were performed for P,=P; (separation
of the gases under steady-state conditions does not
0 1 occur). It is seen that the oscillation amplitude of the
gas mixture at the membrane outlet at decreasing
¢ wave frequency (0—0, Bap/Ba—2) will be
determined by both components of gas mixture. With
4 the frequency w increasing, the dependent Bap(®)/Ba
{ passes through a minimum, and at ®—, Bap/Ba—>1.
o The minimum point on the curve of the dependence
2 0 " g e " 30 of Bap(®)/Bs on w is due to the fact that the phase

to. [Rod/gec] . L
2 shift between the output oscillations of components A

and B: A= ‘(I) A ¢B‘ — 1/ 2, results in a decrease of the total value of the output oscillation amplitude.
At sufficiently high frequency o, amplitude By for the component with the lower diffusion coefficient

is small and the total amplitude of the output oscillations, By, is determined mainly by the amplitude for
the mixture component with a higher diffusion coefficient.
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0 ' Fig. 6. Dependence of the normalized amplitude, Bap/Ba, of the
- concentration wave which passed through the membrane at
.1'05 D, f 1 frequency o, and the ratios of the diffusion coefficients of the gas
ﬁ: mixture components Ds/Dg (PA=PB, and the gas mixture
composition at the membrane inlets A:B = 50:50).
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Fig. 7. Passage of the concentration wave of a mixture of two gases through the membrane at various
frequencies: (a) oscillation frequency @=5 (Pa=Pg, Da= 10 Dg); (b) ®=060 (P»=Pg, Da=10 Dg); (c) experimental
data on the He/CO, mixture at oscillation frequency ©=0.628 (rad/sec).

Figure 7 illustrates the dependences of the emergent flux at the membrane outlet of the gas mixture
components for which the permeability coefficients in the membrane are equal and the diffusion
coefficients differ by a factor of 10 (D = 10Dg). It is seen that, when the frequency increases from 5 to



60 rad/sec, the oscillation amplitude for the

2 4 component with lower D drops abruptly, whereas
s /_ / for the component with a higher D the amplitude
(LEZLRLEL L LA L LI, decreases negligibly.

Fig. 8. Diagram of the experimental apparatus for
separation of gas mixtures under unsteady-state
! TG TTTTTTITT conditions.
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changing the frequency of the input oscillations of
the concentration wave. The diagram of the
apparatus used for the experiments is given in Fig.
8. The polymeric membrane (5) separates the
diffusion cell (1) into two parts: the reservoir (2)
and the collector (3). The carrier gas is supplied
into the reservoir and the collector. At certain
intervals the carrier gas is replaced by the gas mixture according to a signal from the computer (7)
turning the switched valve (6). The flux of the penetrant at the membrane outlet is detected by
katharometer (4) and is stored in the computer memory. The diffusion cell is placed in an air thermostat
with the temperature maintained within + 1°C. The membrane surface area is 28.3 cm’. Both the
reservoir and collector volume are equal to 0.5 cm’.

Results and discussion

Experimental verification of the proposed techniques was carried out with the use of
polyvinyltrimethylsilane (PVTMS) film (/=147um) as a membrane. The chemical structure of PVTMS
is

-[-CHy-CH-],
|

CH;— Si—CH;
|
CH,

The investigation was performed on a He/CO, gas mixture comprising 47% He and 53% CO,. The
main transport parameters of He and CO, in PVTMS are given in Table 1.

As may be seen from Table 1, the permeability coefficients of He and CO; are approximately equal,
while the diffusion coefficients differ 74-fold.

Measurement technique
The katharometer exhibits a non-uniform sensitivity in detecting He and CO,. For this reason, in our
experiments we measured separately the output signal of He and the output signal of CO, under various
boundary conditions at the membrane inlet. Helium was initially used as a carrier gas, and the CO,
output signal was recorded after the He/CO, mixture passed through the membrane. The output signal
of He was recorded after the substitution of the carrier gas for C0,. The dependences of the flux
velocity on time obtained in the experiment were normalized as to the penetrant flux under steady-state

conditions:
s =20

J,

100

where J¢(i) is the flux of the i-th component at the outlet from the membrane, and J,, is the steady-state



flux of the {-th component at the outlet of the membrane.

TABLE 1 Transport parameters of He and CO; in polyvinyltrimethylsilane

Gas Permeability®  Diffusion coeff.”
He 1.8:10°° 370-10”
CO;  1.910" 5.0-10”

“P,cm’-cm/(cm’-sec cmHg).”D, cm?/sec.

Separation by the pulse method

Concentration pulses of penetrant (He/CO;) with time duration Ar=5, 10, 15, 30, 60 or 120 sec in the
case of CO, and At= 1, 3, 5 or 10 sec in the case of He were applied at the inlet to the membrane cell.
The velocity of the carrier gas in the collector and reservoir was equal to 0.32 cm’/sec. The dependence
of the CO; output signal amplitude on the time duration of the pulse under these conditions is given in
Fig. 1. It can be seen that the experimental data are located below the theoretical curve, apparently due
to apparatus inertia (non-ideal gas flows in the collector and reservoir, e.g. deviations from plug flow)
as well as to pulse dilution in passing over the membrane. It should be noted that the apparatus inertia
distorts the kinetic curves of He much more than those of CO,. With increasing velocity of the gas flux
in the collector and the reservoir the sluggishness of the system decreases and the correlation between
theory and experiment becomes better. With a further increase in velocity of the fluxes the detector
sensitivity dropped abruptly. For this reason all the experiments were performed at a gas flux velocity
of 1.61 cm’/sec.

The separating power of the PVTMS membrane when the He/CO, mixture concentration pulse is
applied at the inlet is illustrated in Fig. 2 (c). One of the plots depicts the He and CO; outlet signals
upon application of concentration pulses of 10 sec duration. As seen from the figure, the separation of
the He/ CO, mixture proceeds with sufficient
efficiency.

1, DT

Fig. 9. Amplitude-frequency characteristics for the
He/CO, mixture in the PVTMS membrane, (A)
Experimental results with respect to diffusion of C0,; (0)
experimental results with respect to diffusion of He; (1)
theoretical amplitude-frequency characteristic for C0, in
PVTMS; 2) theoretical amplitude-frequency
characteristic for He in PVTMS.
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Sinusoidal inlet boundary conditions

0.2 For technical reasons, the creation of
concentration waves at the membrane inlet is

i difficult.  Therefore, to  investigate  the

0 1 3 3 71 p an'lplitude'-frequency characteristics of the He/CO,
W, [Rad/8] mixture in PVTMS, we employed as boundary

conditions continuous concentration pulses (square

wave oscillations) occurring at equal intervals. The flow velocities of the carrier gas and the penetrant

were equal to 1.61cm’/sec. As with the case of pulsed application of the penetrant concentration, the

output signals of He and CO, were recorded separately. The frequencies @ (rad/sec) used in the

experiments were equal to 0.026, 0.052, 0.105,0.209 and 0.628 for CO, and 0.628,1.57 and 3.14 for
He.

The amplitude-frequency characteristics for He and CO, are given in Fig. 9. At a frequency above



~(.77 rad/sec the oscillation amplitude Bco, < 1% of the maximum value, while the amplitude of the
output oscillations of He, By, is equal to ®90%. Figure 7 illustrates the dependence of the input and
output signals of the He/CO, gas mixture on time, with the frequency of the inlet oscillations @ being
equal to 0.628 rad/sec. It is seen that under these conditions the detector records only the signal coming
from He.

Conclusion

In the present work we have made an effort to consider some aspects of applying unsteady-state
boundary conditions at the membrane inlet. The application of unsteady-state boundary conditions
provides active control over the processes of gas transfer into the membrane. It has been shown that it
also allows a considerable increase in the coefficient (by a factor of several orders) of separation of
He/CO, gas mixtures in a non-selective polyvinyltrimethyl-silane membrane under unsteady-state
boundary conditions.

The application of unsteady-state boundary conditions at the membrane outlet also offers prospects
for membrane technology, since it allows a signif icant increase in the selectivity of the gas separation
process with only a small decrease of its productivity.

The application of unsteady-state boundary conditions at the outlet of the membrane will be
considered in future communications.

List of symbols

A amplitude of oscillations for single gas

B; amplitude of oscillations for i-th component of gas mixture

Br total amplitude of oscillations

Cy, Cp concentration of A and B gases at the inlet of the membrane

Co concentration of penetrant at the membrane inlet

D diffusion coefficient

D; diffusion coefficient of i-th gas component

/ membrane thickness

Ja, JB transmembrane fluxes of components A and B

Jams JBoo steady-state transmembrane fluxes of components A and B

I maximum penetrant flux

Jw steady-state diffusion flux

K, selectivity parameter

p partial pressure

P; permeability coefficient of i-th gas component

At impulse duration

t time

S membrane area

o solubility coefficient

o; solubility of i-th gas component

@ phase shift

0] frequency of oscillation concentration at the membrane input

Koo steady-state selectivity coefficient

x(%) differential unsteady-state selectivity coefficient

T, time-lag

T time-lag for diffusion of B component of gas mixture
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