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To investigate the separation of a multicomponent mixture by means of a microporous glass membrane,
experiments in the separation of a ternary mixture composedof helium, oxygen and argon were performed with
cocurrent flow operation at 407 K. The pressure of the feed stream was 175 kPa and 216 kPa, while the pressure of
the permeate stream was maintained at atmospheric. The cut was made to vary by changes in feed-gas flow rate.
Theoretical analysis was madeon the basis of someassumptions. The agreement between theoretical values and
experimental data for both permeated and rejected gas composition was fairly good. In addition, the effect of
longitudinal mixing in both feed and permeate streams, and the usefulness and limitations of the model, were
studied.

Introduction
A number of studies2'4'5'9'10) of gas separation by

means of a microporous glass membranehave been
reported. Microporous glass membranes have great
advantages in chemical and thermal stabilities12'14'15*
as well as high permeability. Kameyamaet aLli8) have
demonstrated selective permeation and concentration
of hydrogen produced by the decomposition of hy-
drogen sulflde by means of a microporous glass
membraneat high temperatures. In a similar manner,
Shinji et al.16) separated hydrogen from a gas mixture
of cyclohexane, benzene and hydrogen. In membrane
applications to an actual gas separation system, we

often encounter the problem of predicting the per-
formance of a multicomponent system. There are,
however, few reports regarding multicomponent
gas separation by means of a microporous glass
membrane.

In this study, gas separation by permeation through
a microporous glass membranefor a ternary system
with cocurrent flow was performed. Experimental
data were comparedwith theoretical values on the
basis of some assumptions. Also, the influence of
gaseous mixing along the membrane on the sepa-
ration and the availability and limitations of the

assumptions are discussed.
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1. Experimental

1.1 Experimental apparatus
The experimental apparatus was the same as de-

scribed earlier.15) Cylindrical microporous glass was
used as a permeable membrane. The physical proper-
ties of the microporousglass membraneare indicated
in Table 1.
1.2 Pore diameter and gas permeability of micro-
porous glass
The pore-size distribution of the microporous glass
was measured by nitrogen desorption. It had a nar-
row pore-size distribution and a mean pore diameter
of4.0nm, as shown in Fig. 1. Permeabilities of gases
through the microporousglass membranewere mea-
sured. The pressure of the permeate stream was fixed
at atmospheric pressure, and the pressure of the feed
stream was made to vary from 120kPa to 220kPa in
order to obtain various pressure drops across the
membrane. Still, the observed permeability was pretty
much constant, as shown in Fig. 2. The gas per-

meabilities are indicated in Table 2. The permeabili-
ties are approximately proportional to the inverse of
the square root of their molecular weight according to
Knudsen's law.1147)
1.3 Experimental procedures
The separations were performed at 407 K. The feed

stream pressure was 175kPa and 216kPa, while the
permeate stream pressure was fixed at atmospheric
pressure. The flow rate of the outlet stream was
measured by a soap-film flowmeter. Analysis of the
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Table 1. Physical properties of microporous glass membrane
Membrane area 151 x lO~4m2

Thickness 1.4 mm
Outside diameter 19 mm
Void fraction 0.28

Meanpore diameter 4.0 nm

Fig. 1. Pore-size distribution of microporous glass by ni-
tropen rlesnrnttrm

trogen desorption

Fig. 2. Pressure effect on the gas permeability of micro-
porous glass.

Table 2. Gas permeabilities and feed composition

Permeability at 407 K Feed composition
[pmol/(s -m - Pa)] [-]

Helium 28.5 0.397

Oxygen 10. 1 0.304

Argon 9.20 0.299
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gas composition was performed by gas chromatog-
raphy. The feed-gas flow rate was obtained as the sum
of the reject and permeate flow rates. The feed-gas

flow rate was madeto vary in order to obtain various
cuts.
1.4 Experimental results

The separation experiments were made with a gas
mixture of helium, oxygen and argon. The feed gas
composition is indicated in Table 2. The experimental
results are shown in Figs. 3 and 4. The mole fractions
of helium, oxygen and argon on both the permeated
and the rejected streams, and the stage cut, are plotted
against the feed-gas flow rate.

2. Analysis

2.1 Assumptions

As shownin Fig. 1, microporous glass contains no
macropores, and the meanpore diameter is so small
that gas molecules do not collide with each other, but
only with the wall. Therefore, it may be assumed that
there is no interaction between the permeating com-
ponents. In the present experiments, the concen-
tration polarization6) is almost absent since gaseous

diffusion in the streams is muchlarger than gaseous
permeation through the membrane. The pressure
Ioss1'13'18) along the membrane in the permeation cell

is considered negligibly small in view of the relatively
low flow rates encountered in the permeation cell.

Then the following assumptions were made.
(i) Permeability of each gas component is the

sameas that of the pure gas, and is independent of
pressure.

(ii) Concentration gradients in the permeation
direction are negligibly small.
(hi) Pressure drops of the feed and permeate gas
streams are negligibly small.

(iv) Plug flow exists in the feed and permeate
streams.
2.2 Cocurrent flow
The experimental results were comparedwith the
theoretical values on the basis of the assumptions
described above. The permeation cell is separated into
two sections by a microporous glass membrane.
Figure 5 is a schematic diagram of the permeation cell
in cocurrent flow. Taking total and component bal-

ances over the differential area dA, one can obtain the
following system of differential equations.

-dF=dG (1)

=dA % Qk(Phxk-Piykyd (2)
- d(XiF) = d(yiG) (3)

= dAQi(Phxi - Plyi)ld (4)
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Fig. 3. Separation of helium, oxygen and argon by a micro-
porous glass membrane. å¡, permeated He; O, rejected He;
A, permeated O2; V, rejected O2; A, permeated Ar; T,
rejected Ar; O, cut; , theoretical cocurrent flow; ,
theoretical perfect mixing.

Fig. 5. Schematic diagram of cocurrent permeation cell.

n
I **=1 (5)

fc=l

1 ^=1 (6)
fc=l

where F is the flow rate of the feed (high-pressure)
stream; G is the flow rate of the permeate (low-

pressure) stream; n is the number of components; Qt is
the permeability of component /; Ph and Pt are the

pressures on the feed side and the permeate side,
respectively; xt and yt are the mole fractions of
component / on the feed side and the permeate side,

respectively; and d is the membrane thickness.
Integration of Eqs. (1) and (3) from the inlet point

to an arbitrary point yields
VOL 18 NO. 6 1985

 Fig. 4. Separation of helium, oxygen and argon by a micro-
 porous glass membrane. D, permeated He; O, rejected He;
 A, permeated O2; V, rejected O2; A, permeated Ar; V,
 rejected Ar; O, cut;  , theoretical cocurrent flow;  ,
  theoretical perfect mixing.

         G=Ff-F       (7)

 yi=XfiFFfZx

/> A*° («=i»à"à"à",»-!) (8)

where Ff is the feed flow rate at the inlet; xfi is the
mole fraction of component /. At A=0, the mole

fraction yfi is obtained by a limiting process of the
l'Hospital rule as F->Ff.

  ,. W'V/.-'W , A=o (9)

     I e.(f.*,,- f,jvj
             fc=l
Equation (9) implies that over the first incremental

section the cell behaves as in perfect mixing. The mole
fractions on the permeate side at A=0 can be ob-
tained by solving the simultaneous equations, Eq. (9)
for all components. On dividing Eq. (9) by the

member of Eq. (9) for componentj, one obtains

    yfi _ Qi(PhXfi - Piyfi)   (10)
      y/j Qj(phxfj-piyfj)

Solving for yfj yields
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Substituting Eq. (ll) into Eq. (6) gives
xkQJQi

^ PxIPMJQD- ^ HxM
1, ^=0 (12)

Solution of Eq. (12) gives the value of the mole

fraction of component / in the permeate stream at
A=0. The mole fractions of the other components at
A=0 are calculated by the aid ofEqs. (ll) and (6).
Rearrangement of Eq. (2) yields

dF n
i r=- I &(fA-P,# (13)U/i k=l

Substitution of dF from Eq. (2) into Eq. (4), followed
by rearrangement, gives

~= -je^x,-P,yd/8-x, £ Qk(Phxk-Plyk)/s\ l

ditions actually exist. Longitudinal mixing3) in both
the feed and the permeate streams mayoccur to some
extent. The extreme situation of mixing is perfect
mixing. Theexperimental data were comparedwith
the theoretical values on the basis of perfect mixing.
The theoretical values were calculated as shown
below.

Figure 6 shows permeation for the perfect mixing
case. Mass conservation yields

xfi=(\-6)xoi+9ypi (i=l, à"à"å ,«) (17)

Taking component balance on the permeate side one
obtains

ypiFp = AtQi(PkXoi - PiyPi)IS (1 8)

On dividing Eq. (18) by the member ofEq. (18) with
i=j9 one obtains

(i=l,---,n-l) (14)

The value ofxn is obtained by Eq. (5). The stage cut 9
is defined as

e=^ (15)
Ff

where Fp is the flow rate of the permeate stream at the
outlet.

The theoretical values of the mole fractions at the
outlet, xol's and ypi's, and the cut 6 are obtained by
integration of the system differential equations, Eqs.
(13) and (14), in conjunction with Eqs. (5) to (8), and
Eqs. (ll) and (12). The calculation procedure is as
follows.

(1) AtA=0, thevalueofyfiis obtained bysolving
Eq. (12). Then, the values ofyffs (J^i, n) are calcu-
lated by use of Eq. (ll), and the value ofyfn is

obtained by the relation of Eq. (6).
(2) FromA=0 to A=At, integration ofEqs. (13)

and (14) are carried out with initial conditions
F=Ff, Xi=xfi, yi=yfi (i=l,'-,n)

at A=0 (16)

The values of G and y/s at each point are calculated
by Eqs. (7), (8) and (6).
(3) At A=At, the values ofxoi's, yp/s and Fp are

derived, then the cut 9 is calculated by Eq. (15).
The theoretical values on the basis of cocurrent

flow are shown in Figs. 3 and 4 by solid lines. It can be
seen from Figs. 3 and 4 that the theoretical values
agree well with the experimental data.
3. Discussion

3.1 Effect of longitudinal mixing
The theoretical values were derived on the basis

that there was plug flow on both sides of the mem-
brane. It is, of course, improbable that such con-

488

Qi(PkXoi - P, yPi)
yPj Qj(Phxoj-P,yPJ)

(19)

Eliminating xoi and xoj by the aid of Eq. (17) and
solving for ypj yields
>"-T+»-m$i£iw» °"t") <20)

where y is the pressure ratio, defined as

rh

On substituting Eq. (20) into Eq. (6), we obtain
XfkQJQi

tfx (y+ e-y0){{QJQd- 1} +(Vjv)

(21)

1 (22)

The solution of Eq. (22) gives the theoretical value of
ypi. The material balance over the overall membrane
surface area leads to

0Ff=At t Qk(Phxok-Piypk)/5 (23)
The solution procedure for perfect mixing is to make
a guess of the value of 0, then calculate ypi's and xo/s
(/=1,à"à"à",«) by Eqs. (22), (20), (6) and (17), and

check ifyp/s and xoi's satisfy Eq. (23). If not, a new
guess must be made and the procedure repeated till
Eq. (23) is satisfied.

The theoretical values with the assumption of
perfect mixing are shown in Figs. 3 and 4 with dashed
lines. There is little difference between the theoretical
values for the cocurrent and perfect mixing cases. It
may be said that the effect of longitudinal mixing is
very small in the present experiments.
It is found that the difference between the theoreti-

cal values for cocurrent flow and perfect mixing in
Fig. 4 is larger than that in Fig. 3. This caused by the
difference in operating pressures. It is noted that the
magnitude of the difference between the flow patterns
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Fig. 6. Schematic diagram of perfect-mixing permeation
cell.

depends on the operating conditions: feed compo-
sition, operation pressure, stage cut, etc.
3.2 Usefulness and limitations of the model
Under given operational conditions, the validity of
assumption (i) depends on the nature of the gas-
membrane system, while the validity of assumptions
(ii)-(iv) depends on the cell geometry. Assumption (i)
may also be valid for nonporous polymetric mem-
branes of very dilute systems and the mixed per-
meation of gases with low critical temperatures, such
as the permanent gases.
C onclusion
Separations of ternary.gas mixture by permeation
through a microporousglass membranewith cocur-
rent flow were performed. Theoretical values were
calculated on the basis of some assumptions. There
was good agreement between experimental and
theoretical values. The effect of longitudinal mixing in
both feed and permeate streams was studied. In the
present experiments, the mixing effect on the sepa-
ration was very small. The calculation method
presented in this paper is applicable to prediction
of multicomponent gas separation by permeation
through microporous glass and other permeation
systems where the pure gas theory (assumption (i))
is valid.

Nomenclature

A = membranearea [m2]

At = total membranearea [m2]
F = flow rate of feed stream [mol/s]
Ff = flow rate of feed stream at inlet [mol/s]
Fo = flow rate of feed stream at outlet [mol/s]
Fp = flow rate of permeate stream at outlet [mol/s]
G = flow rate of permeate stream [mol/s]
n = numberof components [-]

Ph - pressure of feed stream [Pa]
Pl = pressure of permeate stream [Pa]

Q = gas permeability [pmol/(s à"mà"Pa)]

x = mole fraction of gas component in feed
stream [-]

xf = mole fraction of gas component in feed stream
at inlet [-]

x0 = mole fraction of gas component in feed stream
at outlet [-]

y = mole fraction of gas componentin permeate
stream [-]

yf = mole fraction of gas component in permeate
stream at A=0 [-]

yp = mole fraction of gas component in permeate
stream at outlet [-]

y = pressure ratio, Pi/Ph [-]

d - thickness of membrane [m]
9 = stage cut, Fp/Ff [-]

{Subscripts)
ij9 k = component indication
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