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Operational Model for Evaluating the Permeation of Mixed Gas
Through Poly(dimethylsiloxane) Membrane®
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Abstract An operational model is developed to evaluate and predict the permeation performance of mixed gas
through poly(dimethylsiloxane) (PDMS) membranes by combining the ideal gas permeation model with the ex-
perimental analysis of the mixed gas transport character. This model is tested using the binary and ternary mixed
gas with various compositions through the PDMS membranes, and the predicted data of the permeation flux and the
compositions of the permeated gas are in good agreement with the experimental ones, which indicates that the op-
erational model is applicable for the evaluation of the permeation performance of mixed gas through PDMS mem-

branes.
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1 INTRODUCTION

Measurement and analysis of gas permeability in
polymeric membranes is an essential element in
proper design and selection of operating conditions for
gas separation systems''!. In the permeation of gas
mixture through membranes, one component exhibits
different transport parameters from the pure state ow-
ing to the presence of other components with different
characters. Therefore, using the permeation data of
pure gas to evaluate the separation performance of gas
mixture may lead to erroneous results, particularly in
the case of condensable components or one compo-
nent interacting with the polymer matrix*. Extensive
studies regarding the difference in permeation behav-
ior between the components in the pure state and that
in the mixed state have been made in literatures! "%,
Of them, the coupling effect including solution cou-
pling and diffusion coupling is thought to be an im-

. s [2,6.89]
portant factor responsible for the deviation , and
the deviation is more prominent in glassy membranes
than in rubbery membranes'"**!. In addition, the plas-
ticization effect greatly influences the transport proc-
ess, particularly in the case of the mixtures containing
some components such as carbon dioxide and organic
vapors. These condensable penetrants interact strongly
with membrane matrix, which results in the swelling
of matrix and the enhancement of the permeabil-
ity[9_“]. Moreover, under some operation modes, the
concentration polarization has significant influence on
the permselectivity at the lower feed flowrate!'>.

To acquire a better understanding of permeation
behavior in mixed state and to achieve ideal separation
efficiency, it is necessary to establish a practical model
to guide the estimation of the separation capability
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under conditions beyond the available experimental
ones. However, to the extent of our knowledge, there
are scarce models applied to predict practical per-
formance of membranes in terms of the controllable
parameters, such as ]pressure, temperature, efc. Et-
touney and Majeed!! developed permeability func-
tions to describe the permeation behavior for pure and
mixtures of N,, O,, CH4 and CO, through polysulfone
and silicone rubber membranes, in which the perme-
ability of one component is expressed as a linear rela-
tionship of the partial pressure of the species. Prab-
hakar et al!"*! established a self-consistent model to
describe the dependence of gas and vapor permeabil-
ity on concentration and temperature in rubber poly-
mers, by which the variation of the propane perme-
ability with the permeate pressure was accurately pre-
dicted. Conesa et al.'"¥ derived a mathematical model
on the basis of mass balance to calculate the composi-
tion of penetrants as a function of the different ex-
perimental parameters by investigating the transport of
H,-N; binary gas mixture across ceramic membranes.

The objective of this work was to develop an op-
erational model to evaluate the separation perform-
ance of a given membrane-based gas separation sys-
tem, and further optimize the membrane system de-
sign. In this study, poly(dimethylsiloxane) (PDMS)
was chosen as the model polymer because it is used
commercially as a gas separation membrane material.
The permeation flux and the permeated gas composi-
tion through PDMS membrane was investigated at
various operation conditions using binary and ternary
gas mixtures of O,, N, and CO, with various compo-
sitions, and the experimental data were compared with
the predicted values by the operational model.

** To whom correspondence should be addressed. E-mail: segz@nju.edu.cn
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2 BASIC PRINCIPLES AND ASSUMPTIONS

In general, the transport behavior of gas through
dense polymer membrane is typically described by the
solution-diffusion model. In other words, the perme-
ability is determined by the solubility and the diffusiv-
ity of the gas in the membranes'"”\. For ideal permea-
tion of binary mixture through membranes where
there are no interactions between the gases, as well as
no gas-polymer special interactions because of the
presence of the second gas, the permeation parameters
of the ideal gas mixture could be calculated as fol-

lows6-161.
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where p;, D; and S; are permeability coefficient, diffu-
sivity coefficient and solubility coefficient of the ith
gas in the polymer, respectively; / is the thickness of
the membrane; AP; is the partial pressure difference of
the ith gas through the membrane; V; is the volume of
the ith gas; ¢ is the permeation time and 4 is the mem-
brane area; Q; is the steady-state total permeation flux
of the mixed gases; Q; is the steady-state permeation
flux of the ith component, and the subscripts 1 and 2
denote component gases, respectively; Pr and P, are
the feed pressure and the permeate pressure, respec-
tively; X; and Y; are the molar fractions of the ith
component in the feed and permeated gases, respec-
tively.

As mentioned above, because of the existence of
coupling effect, plasticization effect and concentration
polarization during the transport process of mixed gas
through membranes, the permeability of one compo-
nent in mixed gas is different from that in pure gas
state, and the permeability also varies with the opera-
tion conditions'®!. This makes the determination of
the actual permeability and further evaluating of the
separation efficiency difficult. Therefore, an attempt is
made to establish a model to evaluate the actual sepa-
ration performance using the operational parameters.

In the case of binary gas mixture transport
through membrane, when the operation parameters
such as temperature and permeate pressure are con-
stant, the total permeation flux Q; and the molar frac-
tion Y; of one component in the permeated gas are
considered to be the function of feed pressure and
composition,

0 =F(R.X,) (6)
Y, =G(R,X,) (7)

As already known, the total flux is linearly dependent
on the pressure difference'"'®!. When X; 1s invariable,
the total flux O, can be expressed as follows,

O =F(R,X)=K-(K-F) ®)

It is also well known that the molar fraction Y; of
one component in permeated gas has nonlinear rela-
tionship with the pressure difference. Here it is as-
sumed that the relationship between the Y; and pres-
sure could be expressed as exponential dependence on

the basis of the nonlinear trend in literaturesm’lg],

N
K=G(1%,Xi)=M~(Pf_P"] ©)

0
where M and N are constants, Py is the standard pres-
sure.

Based on Eq.(4), the permeation flux Q; of ith
component could be expressed as below,

K-M ;
0 = I (B -P)""'=®-(B-PB)" (10
0
where
K-M
= (11)
PON
Y =N+l (12)

By constructing the curves of Q; and Y; with P as
variable, the parameters of M, N and K can be ob-
tained by fitting O and Y; to Py, respectively, then the
values of @ and ¥ can be calculated. In the same way,
the corresponding values of @ and ¥ can be obtained
for various X;. Thereby, @ and ¥ can be considered as
the function of X,

D =¢4(X;) 13)
¥ =y(X;) (14)
By constructing the curves of @ and ¥ with the X; as
variable, the expressions of ¢(X;) and w(X,) can

be obtained by fitting @ and ¥ to X..
Then the expressions of actual Q,, O; and Y; can
be deduced as below:

O =p(X)(B -P)'™  (=12)  (15)
O, =Z¢(X)(B -B)'Y (=12)  (16)
O _ $X)EB-B)
O TH(X,)(B-B)'

Based on Eqs.(2) and (15), the actual permeability p;
of the ith component in the mixed gas was deduced.

1$(X,)(B; — B

(=12) (17)

; = (18)
HXNR - R
R EATT R S
3 EXPERIMENTAL
3.1 Materials
Poly (dimethylsiboxane) with an average
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molecular weight of 5000 was provided by Shanghai
Synthetic Resin Company, China and used without
any further purification. N-heptane solvent, tetraethyl
orthosilicate (TAOS) curing agent and dibutyltin di-
laurate (DBTDL) catalyst were obtained from Shang-
hai Chemical Agents Company, China. Cellulose ace-
tate (CA) porous membrane was purchased from the
Shanghai Xinya Purification Company, China. Nitro-
gen, oxygen and carbon dioxide used in the permea-
tion experiments with a purity of over 99% were pur-
chased from Nanjing Tongguang Special Gas Com-
pany, China.

3.2 Membrane preparation

PDMS was dissolved in n-heptane to give a 5%
(by mass) solution, in which the TAOS and DBTDL
were added with mass ratio of 5:1. The ready casting
solution was cast on the surface of CA porous mem-
brane which was previously put on the surface of wa-
ter in a basin, and the solvent was evaporated at am-
bient temperature for 6 hours. Then the initial PDMS
film with support membrane was extracted from the
basin and put into a vacuum oven at 60°C for 6 hours
to complete the cross-linking. As shown in Fig.1, the
thickness of the PDMS skin layer was approximately
14 microns and the support layer was a microporous
structure, and generally, the effect of the support layer
on the gas transport across membranes is negligible.

(a) Whole cross-section (b) Local enlargement at the interface
Figure 1 SEM micrograph of the PDMS
composite membrane

3.3 Permeation measurements

A laboratory-scale gas permeation set-up is
shown in Fig.2. The permeation properties of gases
across the prepared PDMS membranes were deter-
mined by the constant pressure/variable volume
method. The PDMS membranes were fixed into a
membrane cell to offer an effective membrane area of
64cm’. The feed gas with various compositions was
obtained by matching the pure gas in a match cell. The
feed gas pressure was adjusted by the pressure regu-
lator-6 and retentate valve-10 together, and the perme-
ate pressure was atmospheric. The temperature was

maintained at 25°C using a temperature control system.

The same PDMS composite membrane was used for
all permeation measurements. The flowrate of feed
and permeate gas were measured by soap-film bubble
rotameters and flowmeters was as the volume flux in
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the calculation without being converted into standard
volume. The ratio of permeate flow rate to feed flow
rate was always less than 0.5%. Under these condi-
tions, the retentate composition was essentially equal
to the feed composition and concentration polarization
effects were negligible.

retentate

atmosphere

Figure 2 Schematic diagram of experimental setup
1—gas cylinder; 2—flowrate regulator; 3—four-way valve;
4—cleaner; 5S—match gas cell; 6—pressure regulator;

7, 13—flowmeter; 8—pressure gauge; 9—temperature control
system; 10, 17—valve; 11—membrane cell;

12, 14, 16—three-way valve; 15—GC system

The compositions of feed and permeated gases
were determined by Agilent 6890N gas chromato-
graph (GC) equipped with a thermal conductivity de-
tector (TCD). The GC column was 2m long with
0.32cm inside diameter having TDX-01 as fixing
phase, which was provided by Lanzhou Institute of
Chemistry and Physics, China. The GC temperature
profile was 70°C (oven), 70°C (injector), 180°C (de-
tector). The compositions were measured quickly and
accurately with the help of the attached GC chemsta-
tion.

The permeation data used in the article were the
average values of the measurements under the same
condition and the experimental error was estimated to
be about +5%.

4 RESULTS AND DISCUSSION
4.1 Permeation of binary gas mixture

It is shown in Fig.3 that the permeation fluxes of
0,-N;, CO;,-N; and 0,-CO; binary gas mixtures vary
with the feed pressure and the feed molar composition.
The total flux of binary mixed gas increases with the
increase of feed pressure and the increase in the per-
centage of the faster gas in the feed. And in the same
proportion, the total flux of gas mixture containing
faster gas (CO,) is more than that containing slower
ones (N;) with O, as an example. The fitted curves in
Fig.3 show that the fluxes are linearly dependent on
the feed pressure.

The variations of the molar fraction of one com-
ponent in the permeated gas with the feed pressure
and the feed composition are shown in Fig.4. With the
increase of feed pressure, the molar fraction of O, in
the permeated gas ascends for O,-N, mixed gas and
descends for O,-CO, mixed gases. However, the
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Figure 3 Variation of the permeation flux with the feed
pressure and the feed molar composition

molar fractions of N, in the permeated gas descend for
both O,-N; and N,-CO; mixed gas, and CO; is just the
reverse. The variation indicates that the higher per-
meable component (CO, to O, or O, to N,) dominates
the permeation process”. And the increase of feed

pressure is favorable to the enrichment of faster com-
ponent in the permeated gases. The fitted curves in the
Fig.4 indicate that there is exponential relationship
between the molar fraction of one component in the
permeated gas and the feed pressure.
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Figure 4 Variation of the permeated gas composition with
the feed pressure and the feed molar composition
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Table 1 Fitting parameters for binary gas mixtures

Average error of the model prediction, %

C t 0
emponen * F 4 Total flux Molar fraction
1 0, 149.57 0.16 0.23 1.1 341 377
N, 57.85 14.03 0.41 0.62 ' '
) 0, 105.07 24.6 0.99 0.28 79 672
CO, 626.89 55.52 0.05 0.98 ' ’
3 N, 55.28 4.81 0.87 0.02 519 707
CO, 477.85 29.73 0.01 1.29 ' '
The fitted curves of flux and composition illus- 400
trated in Figs.3—4 give the best-fitting parameters of A
@ and ¥, By constructing the curves of the @ and ¥
with X; as variable, the expressions of #(X,) and T 300F S
w(X;) are fitted as below, TE 2
X)) =X, +f (=1.2) (19) g 2001 A
w(X)=7X;+6 (=12) (20) =)
then S, 100F
X465, .
O, = (X, + B)F =BT (i=12) (1) R
X490, . | L
O =X, + B)(F — BV (i=12) (22) . o o Y
(o X, + B)F BT o
Y, = GX+3) (=1,2) (23) (a) O 0,-N,; A 0,-CO,; — calculated values
(X, + BB = B) T 200

composition were used to verify the permeation func-

o (=1,2) 24) 4
p i X Pf _ Y Pp s
1 1 300 -
The fitted parameters a, f, y and ¢ are the con- 8 A
stants for a certain binary gas and their values are :
200 )
tions at the same feed pressure of 0.5MPa. Figs.5—6

listed in Table 1.
A series of binary mixed gas with different feed
100 F /
show the comparison of the calculated results (plotted
as curves) with the experimental data (plotted as s s s s

OX 10*, em®-cm™+s™!

points). It is obvious that the calculated results are in 0 02 04 06 08 10
good agreement with experimental data, and the cor- Xeo,

responding average errors of the model prediction are (b) O N;-COy; A 0,-COy; — calculated values
listed in Table 1. Fig.5 also reveals the dependence of 160

the permeation flux of binary gas mixtures on the feed

m}

compositions, and the flux rises with the increase in
the percentage of the faster gas (CO; to O, and O to IRt
N,) in the feed mixture. Fig.6 shows the variation in
the molar fractions of components in the permeated :

. . . ~ 80F
gases with their percentages in the feed gases. The
molar fraction of the faster components in permeated Y

5

Q><104 cm’+cm

gas is higher than that in the feed gas, and the reverse
is found for the slower components, which indicates
that the faster gas is dominant in the permeation com-

petition'). 0 . . ! !

Figure 7 illustrates the variation of the permeabil- 045 055 065 075 08 095
ity coefficient of O, with the composition of binary X,
mixture. It proves that the permeability coefficient of (¢) O COy-Ny; A 0p-Ny; — calculated values

Figure 5 Variation of the permeation flux with the feed

one component in mixture is not invariable, and it de- molar composition at the feed pressure of 0.5MPa

pends on the character of the other component.
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4.2 Application of the model to ternary gas mix-
ture

To wverify the application of the operational
model deduced from binary gas mixture, the model
was extended to the ternary gas mixture for test. For
the ternary gas mixture, there also exists complex ef-
fect among penetrants, and the others influence the
permeation behavior of one component together. On
the basis of the expression of the model in binary gas
mixtures, the corresponding permeation functions of
ternary gas mixture have the following expressions,

O = (o, X; + BB —F)7™) (=1.2.3) (29)

O, =3(a X, + BB — B)HH) (i=1,2,3) (26)

y o (X + B)5 — Pt
L@ X+ BB —%)(7")("*"’7‘)

I
X,B - Y[,

where subscript 1, 2, 3 denote the species, a, f, y and 0
are the constants for a certain ternary gas. In the case
of the ternary gas mixture, respective permeation be-
havior could be strengthened or weakened owing to
the complex interactions among the components. And
from the corresponding experimental data of binary
gas mixtures, the influence from the others can be
evaluated approximately. To simplify the calculation,
it is assumed that the values of a, f5, y and ¢ are deter-
mined by the geometry mean of the values of two
corresponding binary mixtures listed in Table 1, and
the calculated values of four constants are given in
Table 2.

In order to verify the permeation function, a se-
ries of permeation experiments of O,, N, and CO,
ternary mixtures with various feed compositions were
carried out under the same condition as binary gas
mixture. Comparison of calculated values and ex-
perimental data in Figs.8—9 reveals that there is a
good agreement between them and the average errors
of the model prediction are listed in Table 2. There-
fore, it is proven that the assumption about the model
parameters, a, B, y and J, are correct and the permea-
tion model is applicable to the ternary mixtures.

Figures 8 and 9 also show the effect of the feed
pressure on the flux and the permeated gas composi-
tions of ternary mixed gas. With the increase of
the feed pressure, the total flux rises, and the molar
fractions of the slower components O, and N, in

(=123) (27)

D; (=1,2,3) (28)

Table 2 Fitting parameters for ternary mixtures

Average error of model prediction, %

Component a g y 0 -
Total flux Molar fraction
0, 125.36 1.98 0.48 0.55
N, 56.55 8.21 0.60 0.11 9.26 8.46
CO, 547.32 40.63 0.02 1.12
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O 0y; O Ny; A CO,; — calculated values

Table 3 The variation of the permeated gas composition with feed gases at the feed pressure of 0.5 MPa

Feed molar fraction, %

Experimental data, %

Calculated results, %

0O, N, CO, 0O, N, CO, 0O, N, CO,
7.5 32.8 59.7 3.0 8.0 89.0 2.8 73 89.9
10.9 46.7 42.4 6.0 14.5 79.5 5.9 13.2 80.9
15.3 62.1 22.7 13.0 30.3 56.6 13.6 273 59.1
17.7 70.5 11.6 20.8 49.4 29.8 21.9 45.6 324
19.1 78.3 2.6 30.1 55.5 14.4 324 54.8 12.8

permeated gas descend and that of the faster gas CO,
ascends. Table 3 illustrates the dependence of the per-
meated gas composition on the feed composition of
ternary gases at constant feed pressure of 0.5MPa.
With the variation in the proportion of three species in
feed gas, the molar fraction of N, in permeated gas is
always lower than that in feed gas and the reverse is
found for CO,. However, the variation in the molar
fraction of O, in permeated gas is uncertain, which
depends on the proportion of the much slower gas N,

October, 2006

and the faster gas CO,. When the effect of N, on the
transport of O, exceeds the effect of CO,, then O, is
enriched in the permeated gas and has a higher molar
fraction than that in feed gas.

The above experimental results indicate that the
operational model established in this study could be
used to predict the flux and the permeated gas compo-
sition of one gas mixture through PDMS membranes
at some operation conditions accurately and quickly,
and further to evaluate the separation capacity of a
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membrane system and provide data for the design of
gas membrane separation system efficiently.

5 CONCLUSIONS

An operational model is presented to evaluate
and predict quantitatively the permeation flux and the
permeated gas composition of mixed gas though
PDMS membranes by combining the ideal gas per-
meation model with the experimental analysis of the
mixed gas transport character. The permeation behav-
iors of binary and ternary mixtures of O,, N, and CO,
through PDMS membrane were investigated at vari-
ous operation conditions, and the calculated values of
the operational model show good agreement with the
experimental results. In addition, the model is estab-
lished mainly based on two adjustable operation pa-
rameters, i.e., feed pressure and feed gas composition.
Therefore, it is more convenient to acquire the data of
the flux and the permeated gas composition, which are
the two most important indexes to evaluate the separa-
tion capability of the membrane-based gas separation
systems. Although the model is presented on the basis
of the permeation behaviors of O,, N, and CO,
through the PDMS membrane, the research method
can be employed to study the transport properties of
other gas membrane-separation systems macroscopi-
cally.

NOMENCLATURE
membrane area, cm’
diffusivity coefficient, cm>s~
thickness of membrane, cm
pressure, MPa
pressure difference, MPa
standard pressure
permeability coefficient, em’-cmrem s “MPa !
permeation flux, cmem 2s”!
solubility constant, cm*cm *-MPa ™"
permeation time interval, s
volume of permeation gas, cm’
molar fraction of feed gas
molar fraction of permeated gas
bscripts

feed

component

permeated

1

XN T LN 3RY oA

c ~

S

o o~
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