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Abstract−−−−Amorphous silica membranes were deposited by thermal decomposition of tetraethoxysilane at 600-650oC
on a porous α-alumina tube with pore size of 110-180 nm or γ-alumina coated α-alumina tube with pore size of 6-8 nm.
The forced cross-flow through the porous wall of the support was very effective in plugging macropores. The mem-
branes formed on γ-alumina coated α-alumina tube showed H2 permeances much higher than the SiO2 membranes
formed on the α-alumina tube. This indicated that the γ-alumina film was effective in improving the H2 permeance and
H2/N2 selectivity. The permeation tests with CO2, N2, CH4, C3H8 and i-C4H10 showed that a very small number of
mesopores remained unplugged by the CVD. Permeation of hydrogen was explained by activated diffusion, and that
of the other gases by Knudsen diffusion through the unplugged pores. Thus, the total permeance was composed of per-
meances due to the activated and Knudsen diffusion mechanisms. The contribution of Knudsen diffusion pores de-
creased to 0.02 when the γ-alumina film was modified at 650oC until Pfe=50 Pa.
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INTRODUCTION

Among inorganic membranes developed to date, amorphous sil-
ica membranes are attractive for gas separation at elevated tempera-
tures because they are stable under crucial conditions where poly-
meric membranes cannot be applied. Gavalas and coworkers [1989]
first succeeded in plugging pores of a Vycor glass tube, having a pore
size of about 4 nm, with silica produced by a chemical vapor de-
position (CVD) method. The silica membranes exhibited an H2 per-
meance of the order of 10−7 mol·m−2·s−1·Pa−1 and a H2/N2 selectiv-
ity of 100-1000 at permeation temperatures of 400-600oC [Ioan-
nides et al., 1993; Tsapatsis et al., 1994; Kim et al., 1995]. Jiang et
al. [1995] improved the H2 permeance and H2/N2 selectivity to 4×
10−7 mol·m−2·s−1·Pa−1 and 1000 at 600oC, respectively, by introduc-
ing temporary carbon barriers in pores of the Vycor support tube.
To improve stability and permselectivity, deposition of silica in the
presence of O2 or O3 was studied [Ha et al., 1993; Nakao et al., 2000].
Wu et al. [1994] prepared a silica-modified membrane on a γ-alu-
mina support tube by a CVD method with TEOS and oxygen. Their
membrane exhibited an H2 permeance higher than 10−6 mol·m−2·s−1·
Pa−1 and a H2/N2 selectivity of 26 at 600oC. The sol-gel process was
also used for silica membrane preparation. Asaeda et al. [1993] coat-
ed an α-alumina porous tube with a fine silica sol and further mod-
ified it by CVD with TEOS. The CVD method was applied to plug
relatively large pores left on the sol-gel derived membrane. This
combined method was effective to raise the H2/N2 selectivity to 500-
1000 at 400-600oC. H2 permeance was above 10−7 mol·m−2·s−1·Pa−1.
However, the CVD-modified membrane was unstable in humid air,

although it was stable in dry gas. Multi-step pore modification te
nique using sol-gel and deposition method was often used to enh
the permselectivity [So et al., 1999; Jung et al., 1999]. de Lang
al. [1995a, b] prepared silica and silica-titania membranes by a
gel method, using a mesoporous γ-alumina support with a pore di-
ameter of 4-10 nm. Hydrogen permeance was higher than 10−6 mol·
m−2·s−1·Pa−1 at 200oC, but H2/N2 selectivity was of the order of ten
Recently, in sol-gel process, organic template approaches with
koxides and surfactants were utilized to create controlled mic
pores [Ramman et al., 1995; Kusakabe et al., 1999; Tsai et al., 2
These sol-gel techniques using organic templates were quite e
tive in controlling pore size. Morooka and coworkers [Morooka
al., 1995; Aoki et al., 1996] showed that the step coverage of
position was drastically improved by evacuating the reactant thro
the porous wall during CVD modification. This technique was es
cially effective in plugging the macropores of a support tube wh
possessed a wide pore-size distribution.

For practical application, current needs require high performa
membranes which possess a higher permeance and selectivity. 
permeance is normally enhanced through the sacrifice of select
a balance between permeance and selectivity is essential to ac
ing optimum performance. Requirements for high permselec
separation membrane include 1) thin and defect-free active la
2) negligible resistance through a support layer, and 3) mecha
and chemical stability. Therefore, it is expected that the presenc
an intermediate layer between the active layer and the support
improves both permeance and selectivity of the membrane. On
attractive candidates for the intermediate layer is a γ-alumina film.

In this study, to develop a highly permselective membrane, a
rous α-alumina tube is coated with a mesoporous γ-alumina layer,
and the composite tube is used as the support. In addition, t
vestigate the effect of pore size and distribution of the suppor
permselectivity of the membrane formed on a porous support t



Gas Permeation Characteristics of Silica/Alumina Composite Membranes 323

 of
ular
 the
d at
rier.
per-

e of

,
f the
ifi-
 was
ugh
 was
s al-
ged
Pa,

 and
 reac-
-

ield
The
d

eth-
s, the
ows

e per-
es of
eate
eep

and
raph
tor.
we used a porous α-alumina support with macropores. Silica mem-
branes were then formed by CVD with TEOS on the α-alumina or
γ-alumina layer. During the membrane preparation, forced cross-
flow technique through the pores of the support was used. Gas per-
meation through the silica membrane was characterized by per-
meance test for hydrogen, carbon dioxide, nitrogen, methane, pro-
pane and i-butane. The permeation of these gases was analyzed by
activated and Knudsen diffusion mechanisms, and the gas perme-
ation kinetics was discussed.

EXPERIMENTAL

1. Porous Support Tube
A porous α-alumina tube supplied by NOK Corp. (Japan) was

used as the support. Fig. 1 shows the fractured section of the α-alu-
mina tube. The properties of the tube were as follows: outer di-
ameter, 2.5 mm; inner diameter, 1.9 mm; pore size, 110-180 nm;
and porosity, 0.42-0.55. The outer surface of the support tube other
than the central portion of 10-15 mm was glazed with a SiO2-BaO-
CaO sealant calcined at 1100oC.

The γ-alumina was prepared from a boehmite sol (γ-AlOOH)
prepared by the procedure of Yoldas [1975]: A boehmite sol was
formed at 80oC by adding aluminum isopropoxide (Al(iso-OC3H7)3,
Wako Chemical Co., Japan) in water. The concentration of alumi-
num in the sol was 0.6 mol·l−1. The suspension was then peptized
by adding an aqueous solution of nitric acid at the final concentra-
tion of Al/H+=10. The α-alumina support tube, the lower end of
which was closed, was dipped in the boehmite sol for 2 min and
the outside of the tube was coated. After dipping, the membrane
was dried overnight in air. It was then heated to 750oC at a rate of
60oC per hour. This dipping-drying-firing procedure was repeated
three times. Details of this procedure have been reported in a pre-
vious study [Kim et al., 2000].
2. Membrane Preparation

Fig. 2 shows a schematic diagram of the apparatus used for ther-
mal decomposition of TEOS with a forced cross-flow. The sup-

port tube of 200 mm length was coaxially fixed in a quartz tube
9.8 mm i.d. and 150 mm length and was placed in an electric tub
furnace. After the system was evacuated with a rotary pump,
silicon source, TEOS (Shin-Etsu Chemical Co.), was vaporize
40oC and introduced into the reactor shell side with a nitrogen car
The temperature of the reactor was increased to a reaction tem
ature, 600-650oC, at a rate of 15oC·min−1, and then maintained at
that temperature for the duration of the experiment. The flow rat
nitrogen was maintained at 3.4×10−3 mol·s−1, and the flow rate of
TEOS was 7.9×10−5 mol·s−1. During the membrane modification
the gases were continuously evacuated from the outside end o
support tube by using a rotary pump. In the initial stage of mod
cation, the pressure measured with a Pirani gauge at the exit
1.7-1.8kPa, and about 30% of the total gas flow was drawn thro
the porous tube wall to the outside. The remainder of the gas
directed from the reactor to the outside, where the pressure wa
ways atmospheric. When macropores of the support were plug
with SiO2, the pressure inside the tube was reduced to 10-100
which was denoted as Pfe. The value of Pfe was affected by the bal-
ance between nitrogen flow permeated through the membrane
evacuation flow and was dependent on the reactor system and
tants used. However, Pfe served as a practical indicator of the com
pleteness of pore plugging.
3. Membrane Characterization

Modified membranes were subjected to observation with a f
emission scanning electron microscope (SEM, Hitachi S-900). 
average pore size of the γ-alumina support tube was determine
with a BET unit (Micromatris, ASAP 2000).

Gas permeation experiments were performed at 30-600oC by
using single-component hydrogen, carbon dioxide, nitrogen, m
ane, propane and i-butane. With these permeation test result
pore structure of silica membrane was characterized. Fig. 3 sh
details of the test unit. Argon was used as the sweep gas on th
meate side, and ambient pressure was maintained on both sid
the membrane. The partial pressure of the feed gas on the perm
side was maintained at less than 2000 Pa by dilution with the sw
gas. The flow rate was measured with a soap-film flow meter, 
gas compositions were analyzed by using a gas chromatog
(Hewlette Packard, HP5890-II) with a thermal conductivity detec

Fig. 1. Fractured surface of a porous αααα-alumina support tube.

Fig. 2. Experimental apparatus for membrane modification by
CVD with forced cross-flow.
a. MFC f. Alumina support tube
b. TEOS g. Electric furnace
c. Water bath h. Quartz tube reactor
d. Pirani gauge i. Soap film flow meter
e. Ribbon heater j. Vacuum pump
Korean J. Chem. Eng.(Vol. 18, No. 3)
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The sensitivity for nitrogen was of the order of 10−11 mol·m−2·s−1·Pa−1.
Permeance to the i-component, Fi [mol·m−2·s−1·Pa−1] is defined as;

Fi=Qi/[2πrm lm(Pf,i−Pp,i)]=Ji/∆Pi (1)

where Qi is the permeation rate of the i-component, rm is the outer
membrane radius, lm is the membrane length, Pf,i and Pp,i are the par-
tial pressure of the i-component in the feed (shell) and permeate sides,
respectively, and Ji is the permeation flux of the i-component. (Pf,i−

Fig. 3. Details of gas permeation test unit.

Fig. 5. Pore size distribution of γγγγ-alumina coated αααα-alumina tube.

Pp,i) is the logarithmically averaged value of the partial pressure 
ference along the tube length. The selectivity of i-component t
component is given as Fi /Fj.
May, 2001

Fig. 4. Scanning electron micrograph of γγγγ-alumina membrane.
(a) top surface, (b) fractured section
Fig. 6. Fractured surface of silica membranes formed on (a) αααα-
alumina tube and (b) γγγγ-alumina coated αααα-alumina tube.
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RESULTS AND DISCUSSION

1. Membrane Morphology
Fig. 4 shows the top surface and fractured section of the γ-alu-

mina coated α-alumina tube. The thickness of the γ-alumina layer
was 1.0-1.5µm, and the top surface was smooth and defect free.
The average pore size of the γ-alumina coated α-alumina support
tube was determined with a BET unit and was about 6-8 nm in di-
ameter as shown in Fig. 5. Fig. 6 shows the fractured sections of
silica membranes formed in pores of (a) α-alumina tube and (b) the
γ-alumina film coated on the α-alumina tube. The CVD was car-
ried out until the evacuation pressure reached 30 Pa. In a high re-
solution view, we found that the silica-modified layer was extended
to a depth of 1.0µm and 200 nm for Fig. 6(a) and (b), respectively.
The silica film formed on the γ-alumina layer was thinner and
smoother than that of α-alumina support. The top surface of the
membranes was quite smooth and showed no pinholes. Silica was
actually deposited in the macropores of the α-alumina support or
the mesopores of the γ-alumina film coated on the α-alumina sup-
port. However, the silica top layer thickness was not greatly affected
by the final evacuation pressure, Pfe, for the same support. The thick-
ness of the silica layer formed in the γ-alumina layer is decided by
competition between reaction and infiltration in the pores. When
the reaction rate increases, silica will be deposited in pores near the
surface. However, an excessive increase in reaction temperature
may cause heterogeneous nucleation in the gas phase, resulting in
the formation of defects. A computer simulation by Morooka et al.
[1995] describes the mechanism of pore plugging and the role of
convective cross-flow in the CVD process using the aid of evacua-
tion. The forced cross-flow through the porous wall of the support
was very effective in plugging macropores. The final evacuation
pressure was an important factor for the quality of membranes pre-
pared although it was also dependent on the apparatus used and other
experimental conditions.
2. Gas Permeance

Fig. 7 shows H2, N2 and CO2 permeances of γ-alumina coated α-
alumina support. Each gas permeance was slightly decreased with

permeation temperature, and the selectivity of H2/N2 and N2/CO2

was 3.6-3.8 and 1.2-1.5, respectively. These selectivities are c
to the values estimated from the Knudsen diffusion mechani
H2/N2=3.74 and N2/CO2=1.25 [Noble and Stern, 1995].

Fig. 8 shows permeances of silica membranes formed on α-alu-
mina support tube at Pfe=15-100 Pa. The membranes prepared
Pfe=50 and 100 Pa showed that H2 permeance was 2-5×10−8 mol·
m−2·s−1·Pa−1 and the H2/N2 selectivity was low as 4-7. The H2 and
N2 permeances were nearly independent of the permeation tem
ature of 30-600oC. For the membranes prepared at Pfe=15-30 Pa,
however, the H2 permeance was increased with the permeation te
perature and H2/N2 selectivity of membrane of Pfe=30 Pa was in-
creased to 35 at 600oC. This indicates that hydrogen is permeat
mainly by activated diffusion mechanism. The N2 permeances of

Fig. 7. Permeances of γγγγ-alumina coated αααα-alumina tube.

Fig. 8. Permeances of silica membranes formed on αααα-alumina tube.
Open keys, hydrogen; closed keys, nitrogen.

Fig. 9. Permeances of silica membranes formed on γγγγ-alumina
coated αααα-alumina tube. Open keys, hydrogen; closed keys,
nitrogen.
Korean J. Chem. Eng.(Vol. 18, No. 3)
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membranes of Pfe=15 and 20 Pa were lower than detection limit,
10−11 mol·m−2·s−1·Pa−1.

Fig. 9 shows single-component H2 and N2 permeances through
the silica membranes formed in the mesopores of the γ-alumina film
at Pfe=15, 30 and 50 Pa. Hydrogen permeance increased with in-
creasing permeation temperature and reached 4×10−7 mol·m−2·s−1·
Pa−1 at 600oC for the membrane prepared with Pfe=50 Pa. The nitro-
gen permeance slightly decreased with increasing permeation tem-
perature, and H2/N2 selectivity was larger than 150 at 600oC. The
hydrogen permeances of the membranes formed on the γ-alumina
coated α-alumina tube were one or two orders higher than those
formed on the α-alumina tube. Thus, the γ-alumina layer drasti-
cally improved the permeance of the membrane without sacrific-
ing selectivity. The hydrogen permeance of the membranes pre-
pared on the γ-alumina film was equivalent to that of Asaeda et al.
[9] and de Lange et al. [10]. Both of these groups prepared mem-
branes by the sol-gel process, repeating the dip-coating. The result
indicates that the CVD method is capable of providing H2 per-
meances as high as the sol-gel method when the CVD membrane
is formed on the γ-alumina layer. Generally, the CVD method is
much easier than the sol-gel method because the former needs no
repeated coating process after the substrate is prepared.

The relationships between H2 permeance and H2/N2 selectivity
of silica membranes modified by CVD are summarized in Fig. 10.
The data were obtained at permeation temperature of 600oC. Gen-
erally, hydrogen selectivity to nitrogen tends to decrease with in-
creasing of hydrogen permeance. In practical application, high se-
lectivity is advantageous to reducing feed loss and recompression
cost, but high permeance is also necessary to get commercially sat-
isfactory production rates. That is, both high selectivity and high
permeance are equally important. In this research, the H2 permeance
and H2/N2 selectivity were improved simultaneously by introduc-
ing a γ-alumina film as intermediate layer and controlling micro-
pores of silica membrane through evacuating reactant during CVD
modification. The performance of membrane obtained in this study
was better than that of other membranes in the applicability.

Fig. 11 shows the permeances to gases as a function of their
lecular kinetic diameters, which are cited from the literature [Bre
1974]. According to the support of the membrane, the gas perm
lectivity is quite different. This indicates that the properties of t
underlying support affect the performance of the top selective 
croporous membrane. When a silica membrane was prepared w
Pfe value lower than 50Pa, large pores were fundamentally plug
Molecules larger than hydrogen leaked through a small numbe
mesopores, which were left unplugged in the membrane. In the 
of silica membrane formed on γ-alumina layer, H2, CO2 and N2 are
separated by molecular sieve effect, and N2, CH4, C3H8 and i-C4H10

are permeated by Knudsen diffusion mechanism, with lighter 
permeating preferentially. In the case of silica membrane form
on α-alumina support, on the other hand, the gases are sepa
by molecular size and the molecular sieve mechanism is domin
Since gases larger than CH4 were not detected, no mesopores e
isted in the membrane. At low temperature, CO2 permeance is
enhanced by surface diffusion. The low H2 permselectivity implies
that the silica membrane formed on α-alumina support possesse
larger micropores than those of the silica membrane formed oγ-
alumina layer, and the number of micropores is smaller. From th
permeance data, the gas permeation kinetics in CVD-derived s
membranes is analyzed.
3. Permeation Kinetics

In a porous inorganic membranes, the gas transport is often
plained by activated diffusion, Knudsen diffusion and Poiseuille flo
[Lange et al., 1995a; Way et al., 1992]. In the case of silica me
brane formed on γ-alumina layer with mesopores, there are few ma
ropores of Poiseuille flow regime. Therefore, in Fig. 11, permea
through the silica membrane formed on γ-alumina layer is domi-
nated by both activated and Knudsen diffusion mechanisms. T
total permeance, FT, can be expressed as;

FT=FA+FK (2)

Fig. 10. Relationships between H2 permeance and H2/N2 selectiv-
ity of silica membranes prepared by CVD.
a� Gavalas group d� Sea et al.
b� Wu et al. e� Hwang et al.
c� Morooka group f� this study

Fig. 11. Permeances as a function of kinetic diameters in silica
membranes formed on (a) γγγγ-alumina coated αααα-alumina
and (b) αααα-alumina tube.
May, 2001
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where FA and FK are the permeances due to activated diffusion and
Knudsen diffusion, respectively.

The activated diffusion prevails when the pore size of the mem-
brane is close to molecular dimensions and increases with increas-
ing permeation temperature.

FA=CAexp[−EA/(RT)] (3)

where CA is the coefficient related to the amorphous structure of
the membrane, and EA is the apparent activation energy for acti-
vated diffusion. When the pore size is between the small and large
molecules, the permeation is performed by the molecular sieving
mechanism. The pore size is usually distributed, however, and the
strictness of the molecular sieving mechanism is lost. The term of
activated diffusion mechanism in this research indicates the separa-
tion mode where the membrane at least partially differentiates mo-
lecules by their sizes.

Permeance due to the Knudsen diffusion mechanism is expressed
as

FK=2ενrp/(3τRTL) (4)

with average molecular velocity, ν=(8RT/πM)0.5. Permeance is then
given by

FK=CK(MT)−0.5 (5)

where CK is the coefficient related to porosity and tortuosity of the
pores.

Permeances to gases except hydrogen and carbon dioxide are
plotted against (MT)−0.5 in Fig. 12. The slopes of lines connecting
data obtained for each permeant at different permeation tempera-
tures are smaller than the slope of the straight line which coincides
with the origin. This indicates that these gases are principally tran-
sported by the Knudsen diffusion mechanism but that the activated
diffusion mechanism works to some extent. CK was obtained from
the slope of the straight solid line in Fig. 12, and FK for hydrogen
was calculated from Eq. (5). The FA for hydrogen was then calcu-
lated by subtracting FK from FT. As shown in Fig. 13, the activation
energy for hydrogen permeance by activated diffusion was deter-

mined from an Arrhenius plot of FT to be 9.8 kJ·mol−1, while that
of the total hydrogen permeance, FA, was 11.9 kJ·mol−1. The silica
membrane formed on α-alumina support showed an activation e
ergy of 9.5 kJ·mol−1 for total hydrogen permeance. The values 
the activation energy were slightly lower than the reported ones
high performance silica membranes [Kim et al., 1995; Jiang et
1995; Lange et al., 1995; Shelekhin et al., 1995]. Table 1 showT,
FA, FK and EA for hydrogen. The ratio of the permeance due to 
Knudsen diffusion to the total hydrogen permeance, FK/FT, decreased
with a permeation temperature, and the contribution of the Kn
sen diffusion to the total permeance was about 2% at a perme
temperature of 400oC.

Permeance through a membrane with a thickness L is give

FT=Deff/(RTL) (6)

where L is the membrane thickness. Deff is the effective diffusivity
of permeate in the membrane and includes the adsorption eq

Fig. 12. Relationships between permeances and (MT)−−−−0.5 for gases
larger than carbon dioxide in silica membrane formed on
γγγγ-alumina layer at Pfe=50 Pa.

Fig. 13. Arrhenius plots of hydrogen permeances, FT and FA.

Table 1. Contribution of activated diffusion and Knudsen diffu-
sion mechanisms for hydrogen permeation in silica mem-
brane formed on γγγγ-alumina coated αααα-alumina tube (Pfe=
50 Pa)

Permeance×108 [mol·m−2·s−1·Pa−1]
EA [kJ·mol−1]

30oC 200oC 400oC

FT 3.8 19.1 33.8 9.8
FA 2.6 18.0 33.2 11.9
FK 1.2 0.99 0.81 -
FK/FT 0.32 0.05 0.02 -

Table 2. Effective diffusivity of silica membrane prepared by CVD

Deff×1012 [m2·s−1]

H2 CO2 CH4 i-C4H10

30oC 19 6.6 1.9 1.6
200oC 150 8.6 3.3 1.7
400oC 380 8.9 5.6 1.8
Korean J. Chem. Eng.(Vol. 18, No. 3)
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rium coefficient of the permeate, K. Thus, the term corresponds to
D[(1−ε)/ε]ρK as defined by de Lange et al. [1995a] where D is
the micropore diffusivity, and ε and ρ are the porosity and density
of the membrane, respectively. Bakker et al. [1996] indicated that
the effect of adsorption on diffusivity in an MFI-type zeolite was
negligible at permeation temperatures higher than 200oC for spe-
cies less adsorptive than n-C4H10 and i-C4H10. Table 2 shows effec-
tive diffusivities calculated for the silica membrane formed on γ-
alumina coated α-alumina tube, whose thickness is assumed as 200
nm. The diffusivities calculated in the present study are smaller than
those reported by de Lange et al. [1995a] for sol-gel derived silica
membranes. Their values are of the order of 10−10 m2·s−1 for H2 and
10−11 m2·s−1 for CO2, CH4 and i-C4H10 at 25oC. Thus the permeation
properties of micropores are dependent on processes by which mem-
branes are produced.

CONCLUSION

Amorphous silica was deposited by thermal decomposition of
TEOS at 600-650oC on a porous α-alumina tube or γ-alumina film
coated on the α-alumina tube. The forced cross-flow through the
porous wall of the support was very effective in plugging macro-
pores or mesopores. The membrane formed on the γ-alumina film
showed an H2 permeance much higher than that of the membrane
formed on the α-alumina tube, retaining a high H2 selectivity. The
γ-alumina film was thus effective in improving the H2 permeance
and H2/N2 selectivity. The results show that the quality of underly-
ing support and stick control of micropores is significant to prepare
highly permselective membrane. Permeation tests with CO2, N2,
CH4, C3H8 and i-C4H10 showed that a small number of mesopores ex-
isted after the CVD modification. Permeation of hydrogen was ex-
plained by activated diffusion, and that of the other gases by Knud-
sen diffusion. Thus, the total permeance was comprised of per-
meances due to the activated and Knudsen diffusion mechanisms.
The contribution of Knudsen diffusion to the total hydrogen per-
meance decreased to 0.02 at a permeation temperature of 400oC.

NOMENCLATURE

CA : coefficient defined by Eq. (3)
CK : coefficient defined by Eq. (5)
Deff : effective diffusivity [m2·s−1]
EA : activation energy for activated diffusion [J·mol−1]
FA : permeance due to activated diffusion [mol·m−2·s−1·Pa−1]
FK : permeance due to Knudsen diffusion [mol·m−2·s−1·Pa−1]
FT : total permeance [mol·m−2·s−1·Pa−1]
Ji : permeation flux of the i-component [mol·m−2·s−1]
K : adsorption equilibrium coefficient
L : thickness of silica membrane [m]
lm : membrane length [m]
M : molar mass of permeate [kg·mol−1]
Pf : partial pressure in the feed side [Pa]
Pp : partial pressure in the permeate side [Pa]
Pfe : final evacuation pressure [Pa]
Qi : permeation rate of the i-component [mol·s−1]
R : gas constant [J·mol−1·K−1]
rm : outer membrane radius [m]

rp : pore radius [m]
T : permeation temperature [K]

Greek Letters
ε : porosity
ρ density of membrane [kg·m−3]
τ : tortuosity
ν : average velocity of molecules [m·s−1]
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