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Effects of Thermal Treatment on Gas
Transport Through Porous

Silica Membranes

Tatsu Hirata, Shuichi Sato, and Kazukiyo Nagai

Department of Industrial Chemistry, Meiji University, Tama-ku,

Kawasaki, Japan

Abstract: The effects of thermal treatment from 1808C to 11508C on the gas transport

properties of porous silica membranes were systematically studied for various gases.

The permeance of all gases, except for CO2, has a maximum at 8008C. The CO2

permeance was constant from 1808C to 6008C and then decreased monotonically.

Membranes thermally treated at 11508C did not exhibit any gas permeation because

of pore collapse. The gas transport behavior follows a combination of Knudsen

diffusion and surface diffusion for all gases tested except for carbon dioxide. The per-

meation of carbon dioxide is strongly affected by capillary condensation. We propose a

new transport model composed of two components; that is, the Knudsen diffusion

factor, a, and the surface diffusion factor, b. A transition was observed for a and b

at around 800–9008C, which is close to the strain point of the membrane. This tran-

sition treatment temperature can be correlated with the changes in gas permeance.

The model allows qualitative evaluation of gas transport through porous membranes

regardless of their actual microporous structures.
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INTRODUCTION

Gas transport through porous membranes with an average pore diameter of

10 Å–50 Å is affected by both Knudsen diffusion and surface diffusion.

Capillary condensation can also occur for transport of condensable gases,

such as carbon dioxide. A number of models for gas transport through

porous membranes have been proposed by various groups (1–28). There

are two types of studies. The one assumes that the pore structure was

defined as an ideal tube-like structure in their gas transport theories

(1, 2, 4–14, 16, 18–20, 23, 25–27). The other one is that the evaluated

material was distorted and was completely different from the supposition

(2, 3, 9, 15, 17, 21, 22, 24, 28). However, with the rapid development of

visual analytical techniques, such as scanning electron microscopy (SEM),

transmission electron microscopy (TEM), and atomic force microscopy

(AFM), doubts have been raised about applying existing transport models.

In many cases, photo images of porous membranes reveal quite different struc-

tures from those proposed in the models. For example, these models assumed

that the pore structure was ideal tube-like. In this study, the effects of thermal

treatment on gas transport in porous silica membranes were systematically

investigated. We propose a simplified transport model that is valid for any

porous membrane regardless of its actual microporous structure.

EXPERIMENTAL

Pretreatment of a Porous Silica Membrane

The physical properties of tubular porous silica membranes used in this study

are summarized in Table 1 (29). The porous silica membrane studied

was Vycorw glass 7930 (Corning Inc., New York, USA, outside diameter

10.5 mm, inner diameter 8.0 mm). This membrane can readily absorb

organic compounds from the atmosphere. To remove these potential contami-

nants, the porous silica membranes were immersed into an aqueous 30 wt%

hydrogen peroxide solution (Junsei Chemical Co., Ltd., Tokyo, Japan). After

removing the membranes from the cleaning solution, they were thermally

treated at 1008C for 10 min. The membranes were then washed several times

with pure water, and afterward treated at 1808C under nitrogen for 1 h.

These membranes were used as control membranes and were stored under

vacuum prior to thermal treatment and permeation experiments.

Thermal Treatment of Control Porous Silica Membranes

Control membranes were thermally treated at 300, 500, 600, 700, 800, 900,

1000, and 11508C. Because the silica membranes have a small thermal
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expansion coefficient of 7.5 � 10278C, as noted in Table 1, a rapid thermal

change easily produced cracks in the membranes in our preliminary exper-

iments. Therefore, porous silica membranes were thermally treated using

the following procedure. Control membranes were placed in an electric

furnace (KDFs 70, Denken, Inc., Kyoto, Japan), and purged with nitrogen.

The treatment temperature in the furnace was increased from room tempera-

ture to a given treatment temperature at a heating rate of 2008C/h. Thereafter,

the treatment temperature was kept constant for 30 min and then it was

decreased from 11508C to 6008C at 5508C/h; from 6008C to 2008C and

from 2008C to room temperature at 408C/h. Thereafter, the shrinkage of

thermally treated membranes was determined geometrically.

Gas Permeation Measurements

The gas permeance of thermally treated porous silica membranes was deter-

mined by a constant volume-variable pressure method at 358C. The gases

employed in this study were hydrogen (H2), helium (He), methane (CH4),

nitrogen (N2), ethane (C2H6), oxygen (O2), carbon dioxide (CO2), and

propane (C3H8). The physical properties of these gases are summarized in

Table 2 (30–32). The upstream pressure was 20 cmHg, whereas the down-

stream pressure was maintained under vacuum. The permeance, Q [in

GPU ¼ 1026 cm3(STP)/(cm2s cmHg) ¼ 3.347 � 10210 mol/(m2 s Pa)] was

determined from Eq. (1)

Q ¼
dp

dt

273V

760ð273 þ TÞ

1

Sa

1

p1

ð1Þ

Table 1. Physical properties of a porous silica membrane (corning

code 7930)

Property Valuea

Outside diameter (mm) 10.5

Inner diameter (mm) 8.0

Composition 96% SiO2, �4% B2O3

Apparent density (g/cm3) 1.45–1.50

Internal pore volume (%) 28

Internal surface area (m2/g) 250

Average pore diameter (Å) 40

Water adsorption at saturation (wt%) 25

Strain point (8C) 890

Softening point (8C) 1530

Thermal expansion coefficient (8C) 7.5 � 1027

aReference (29).
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where dp/dt is the pressure increase in time at steady-state, V (cm3) is the

downstream volume, T (K) is the temperature, Sa (cm2) is the membrane

area, and p1 (cmHg) is the upstream pressure. The feed gas permeated from

the outside to the lumen of the tubular porous silica membranes. The exper-

iments were performed for at least three samples to confirm the reproducibility

of the results. The experimental uncertainty was less than 2% so that each

error bar was masked in the size of symbols in all figures in this study.

Pore and Surface Structure Analysis

The pore size and its distribution in the porous silica membranes were deter-

mined at 358C using a Nano–Perme Porometer (Model: TNF3WH110MSE,

Seika Co., Tokyo, Japan). The surface structure of porous silica membranes

was analyzed by AFM (Nanoscope multi-mode, Veeco Inc, Santa Barbara,

USA), at a tapping mode using a single crystal silicone probe. The AFM

images were displayed with resolutions of 512–256 nm.

RESULTS AND DISCUSSION

Porous Structures

Shelekhin et al. reported on the shrinkage of Vycorw-type porous silica

membranes (no information on the product code) (33). The shrinkage ratio

as a function of thermal treatment temperature is displayed in Fig. 1. Our

experimental results are consistent with those obtained by Shelekhin et al.;

Table 2. Physical properties of gases

Ma
Kinetic

diameterb Vc
a Tc

a rc
c
� 103

Gas (g/mol) (Å) (cm3/mol) (K) (g/cm3)

H2 2.02 2.89 65.0 33.3 31.6

He 4.00 2.60 57.3 5.19 69.6

CH4 16.0 3.80 98.6 191 162

N2 28.0 3.64 90.1 126 314

C2H6 30.1 4.00 146 305 205

O2 32.0 3.46 73.4 155 436

CO2 44.0 3.30 94.1 304 4661

C3H8 44.1 4.30 200 370 217

aReference (30).
bReference (31).
cReference (32).
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that is, shrinkage increases approximately exponentially as the treatment

temperature increases. At 11508C, the highest treatment temperature in this

study, the shrinkage was about 15%. In previous studies, boric acid was

liberated from the membrane surface from 600 to 9008C (34–39). Decompo-

sition and/or crosslinking of siloxane bonds and silanol groups might have

occurred by heat treatment at .10008C. This could explain the shrinkage

behavior shown in Fig. 1.

AFM images of the surfaces of the porous silica membranes thermally

treated at 1808C (i.e., control membranes), 10008C, and 11508C are shown

in Fig. 2. The shrinkage percentage was 0% at 1808C, 6.13% at 10008C,

and 14.7% at 11508C, as shown in Fig. 1. The surface structure around a

pore of thermally treated membranes at 1808C shows a heterogeneous pore

size with a structure formed by assembled nano-silica particles.

As the treatment temperature increases, nano-silica particles tend to melt

and the surface becomes smooth. Fig. 3 presents the average surface

roughness of the AFM images in Fig. 2 as a function of treatment temperature.

The average roughness is about 5 nm and is constant from 1808C to 10008C, as

expected from the AFM images in Fig. 2. The roughness at 11508C had the

largest value of 22 nm. As shown in Fig. 2, the surface of membranes

heated to 11508C became smooth, indicating melt sintering of the particles.

This result indicates that a distinct structural change occurred between

10008C and 11508C. As discussed next, gases did not permeate through

membranes thermally treated at 11508C.

Figure 1. Dependence of the shrinkage of Vycorw-type porous silica membranes on

the treatment temperature. This work (†); Shelekhin et al. (33) (W).
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Fig. 4 presents the pore size distribution in the porous silica membranes

thermally treated at 1808C, 8008C, and 9008C. The pore size distribution

of all membranes varies from 0.5 nm to 5.0 nm. The average pore diameter

is 26 Å for membranes treated at 1808C and 23 Å for those treated at 800

and 9008C. The strain point of porous silica membranes is 8908C, as noted

in Table 1 (29). On the basis of the results presented in Fig. 3, the pore

size is slightly reduced around this treatment temperature by assembling

Figure 2. AFM images of the surface of the porous silica membranes thermally

treated at 1808C (control), 10008C, and 11508C.
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(or shrinking) of nano-particles, which leads to an increase in the surface

density.

Gas Transport

There are abundant experimental data in the literature regarding gas

permeance or permeability through porous Vycorw glass. For example,

Figure 3. Dependence of the surface roughness of the porous silica membranes on

treatment temperature.

Figure 4. Pore size distribution in the porous silica membranes thermally treated at

1808C (†), 8008C (A), and 9008C (S).
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there are more than 50 publications by the literature search result of

SciFinderw. Previously, several studies reported the gas permeation properties

of tubular-type Vycorw membranes (2, 10, 22, 28, 33, 40). The permeability of

Vycor glass is strongly influenced by the pretreatment and/or preservation

methods. Among various publications, the gas transport experiments in only

(2) and (22) were performed at the same conditions of ours. Hence, we

compared our data with those in only (2) and (22). Table 3 summarizes the

permeance at 358C of our control membrane (i.e., thermally-treated at

1808C) with some data from the literature. The permeance varies from

180 GPU for H2 to 51 GPU for O2. The data of our control membrane for

H2, He, CH4, N2, O2, and CO2 are in good agreement with the data reported

by Hwang and Kammermeyer and Fernandes and Gavalas (2, 22).

The gas permeances for the non-condensable gases (i.e., H2, He, N2, and

O2) at 358C in the porous silica membrane thermally treated from 1808C to

11508C are shown in Fig. 5a. Figure 5b presents the gas permeance at 358C
of the same membranes to condensable gases (i.e., C2H6, CO2 and C3H8)

and to a permanent gas (CH4). Regardless of the treatment temperature,

except for 11508C, the ranking of the gas permeance is H2 . He . C3H8 .

CH4 . C2H6 . CO2 . N2 . O2. Membranes thermally treated at 11508C
did not show any measurable gas permeation, indicating collapse of the pores.

To elucidate the effects of thermal treatment, changes in permeance as a

function of treatment temperature can be described by

QT8C

Q1808C
ð2Þ

where QT8C is the permeance for membranes treated at a specific temperature

and Q1808C is the permeance of the control membrane. The QT8C/Q1808C values

as a function of the treatment temperature for non-condensable gases and con-

densable gases are shown in Fig. 6a and 6b. The permeance ratio of non-

condensable gases decreases slightly with increasing treatment temperature

up to 6008C and then increases up to 8008C. At higher treatment temperature

Table 3. Gas permeance at 358C through control membranes

Permeance (GPU)

Author H2 He CH4 N2 C2H6 O2 CO2 C3H8

Hirata et al. 180 130 76 54 72 51 68 79

S.T. Hwang and

K. Kammermeyera
193 136 — 57 — 53 65 —

Fernandes and

Gavalasb
181 — 72 55 — — — —

aThese values at 358C were estimated from the figures in reference (2).
bThese values at 358C were estimated from the figures in reference (22).
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it decreased significantly for all gases except for CO2. The ratio of CO2 does

not show a maximum at 8008C but rather decreases monotonically above

6008C. In fact, this reason was not clear. According to Rhim and Hwang,

this behavior is explained as capillary condensation (9). They proposed six

Figure 5. Permeance at 358C of (a) non-condesable gases and (b) condensable gases

through porous silica membranes as a function of treatment temperature. Gases; hydro-

gen (S), helium (V), methane (W), nitrogen (A), ethane (4), oxygen (O), carbon diox-

ide (B), and propane (†).
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flow models for capillary condensation from Eq. (10). In this study, among the

gases tested, only the CO2 transport was good agreement with the six flow

models (i.e., F2 model). This is probably because the density of condensate,

rc of CO2 is much higher than the other gases, as noted in Table 2. To

Figure 6. Permeance ratio, Q (T8C)/Q (1808C), at 358C of thermally treated porous

silica membranes for (a) non-condensable gases and (b) condensable gases. Gases:

hydrogen (S), helium (V), methane (W), nitrogen (A), ethane (4), oxygen (O), carbon

dioxide (B), and propane (†). Q (1808C): gas permeance at 358C of membranes

thermally treated at 1808C (control membranes). Q (T8C): gas permeance at 358C of

membranes thermally-treated at 300, 500, 600, 700, 800, 900, 1000, and 11508C.
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understand this phenomenon, the further research is necessary. In this article,

we have used the date except for carbon dioxide for the analysis of the

transport.

The gas permeance of porous membranes is often presented as a function

of the penetrant kinetic diameter to elucidate their size sieving ability. Fig. 7

presents the gas permeance at 358C of porous silica membranes thermally

treated at 8008C (i.e., maximum permeance ratios in Fig. 6) and 10008C
(i.e., lowest permeance ratios in Fig. 6a and 6b) with the control membrane

(i.e., thermally-pretreated at 1808C). The permeance for all gases tested can

not simply be correlated with the gas molecular size. This result indicates

that, regardless of the treatment temperature, the gas transport of silica

membranes does not follow the size sieving effect typically observed in

other porous membranes.

Gas Transport Model

The gas permeance, Q, through a porous membrane can be described as the

sum of Qg, the Knudsen diffusion contribution, and Qs, the surface diffusion

contribution (10, 13):

Q ¼ Qg þ Qs ð3Þ

Figure 7. Permeance at 358C of various gases through porous silica membranes as a

function of the gas kinetic diameter. Treatment temperatures: 1808C (4), 8008C (†),

and 10008C (V).
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Qg is given by

Qg ¼
SG1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pMRT
p ð4Þ

where S (cm2) is the macroscopic cross-sectional area of a microporous medium,

G1 is a geometric factor correlated to porosity and tortuosity, M (g/mol) is the

molecular weight of the gas, R (erg/(K g mol)) is the gas constant, and T (K)

is the temperature. The Knudsen diffusion gas permeance, Qg, is independent

of gas pressure.

Qs can be expressed as

Qs ¼
FsL

SDp
¼

RTrapp

CRSt2

x2

p
ð5Þ

where Fs is the flow rate, Dp (cmHg) is the pressure difference, x is the amount

adsorbed (g mol/g) L (cm) is the thickness of the porous medium, rapp
(g/cm3) is the apparent density of a porous material, CR is the resistance

coefficient, and t is the tortuosity.

Eq. (3) can be transformed to Eq. (6) (2, 3, 10).

Q
ffiffiffiffiffiffiffiffi

MT
p

¼ Aþ BTeD=T ¼ Aþ aðVc

ffiffiffiffiffi

Tc
p

Þ
b

ð6Þ

where A (cm3(STP)K0.5/(cm2 s cmHg mol)) is the Knudsen diffusion constant,

B (g mol/(cm3 K0.5)) is the surface diffusion coefficient, and D (K) is the inter-

action factor of gas molecules. These three parameters are defined as

A ¼
G1
ffiffiffiffiffiffiffiffiffi

2pR
p ð7Þ

D ¼
11 � 12

k
ð8Þ

B ¼
G2
ffiffiffiffiffiffiffiffiffi

2pR
p

k

2pMnynz
ð9Þ

where G1 is a geometric factor related to the pore size, porosity, and tortuosity,

G2 is a geometric factor related to the density and porosity, M (g/mol) is the

molecular mass of a molecule, 11 is the minimum potential energy for an

adsorbed molecule, 12 is the activation energy of surface diffusion for an

adsorbed molecule, k is the Boltzmann constant (¼1.38 � 10210 erg/K), ny
is the frequency of a harmonic oscillator in y-directional motion, and nz is

the frequency of a harmonic oscillator in z-directional motion.

The capillary condensation pressure, pl, can be estimated by the Kelvin

equation (13, 20)

rcRT

M
ln

pl

p0

¼ �
2s cos u

r
ð10Þ
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where p0 (cmHg) is the saturated vapor pressure for a planar interface, rc
(g/cm3) is the density of the condensate, s (dyn/cm) is the interfacial

tension, u is the contact angle, and r (cm) is the radius of a cylindrical

capillary. The contact angle between a porous silica membrane and each

gas is approximately zero.

The gas permeation data in Fig. 5 are analyzed using an existing transport

model based on Eq. (6). Because G1 in Eq. (7) is unknown, the three adjustable

parameters (i.e, A, D, and B) were simply determined from curve fitting in

Fig. 5.

The A value (i.e., Knudsen diffusion coefficient) and D and B values (i.e,

surface diffusion coefficients) are plotted as a function of treatment tempera-

ture in Figs. 8–10, respectively. In Fig. 8, the A value is constant from 1808C
to 8008C. However, at higher treatment temperatures, the A value dropped sig-

nificantly. For membranes treated at 11508C the A value becomes zero

because gas permeation through the membranes decreased to zero. As

shown in Fig. 6, the gas permeance exhibited the same treatment temperature

dependence behavior. This result indicates that Knudsen diffusion contributes

to the total gas transport through the silica membranes.

As the treatment temperature increased up to 10008C, the D value

increased exponentially, as shown in Fig. 9. On the other hand, the B value

decreases exponentially, as shown in Fig. 10. The D and B values were zero

at 11508C, because there was no measurable gas permeation through the

membranes. An increase in D is probably due to an increase in minimum

potential energy for an adsorbed molecule, 11 and/or a decrease in the

Figure 8. Parameter A in Eq. (6) and parameter a in Eq. (11) as a function of treat-

ment temperature.
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activation energy of surface diffusion for an adsorbed molecule, based on

Eq. (8). A decrease in the B value would result from an increase in the

frequency of a harmonic oscillator in the y-directional motion, ny and in the

z-directional motion nz.

Figure 9. Parameter D of porous silica membranes as a function of treatment

temperature.

Figure 10. Parameter B of porous silica membranes as a function of treatment

temperature.
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For the D and B values, no transition was observed in contrast to the

A value. This result suggests that Knudsen diffusion dominates gas transport

through these porous silica membranes.

In this study, we propose a new transport model, that is, Eq. (11),

composed of only two simplified parameters a (cm3(STP)K0.5/
(cm2 s cmHg mol)) and b (g mol/(cm3 K0.5)), which are independent of real

geometric pore structures

Q
ffiffiffiffiffiffiffiffi

MT
p

¼ aebðVc

ffiffiffiffi

Tc
p

Þ ð11Þ

where a is the Knudsen diffusion factor and b is the surface diffusion factor.

These two parameters can be used for the relative evaluation of gas transport

in porous membranes.

Both Eqs. 6 and 11 contributed to surface diffusion and Knudsen

diffusion. The parameters in Eq. (6) with three parameters were values for

the absolute comparison between surface diffusion and Knudsen diffusion.

The other hands, the two parameters in Eq. (11) were values for the relative

comparison between surface diffusion and Knudsen diffusion. Therefore,

Eq. (11) was not simply equal to Eq. (6). As previously described, Eq. (11)

was also proposed to evaluate distorted materials. Fig. 11 presents Q(MT)0.5

for the control membrane as a function of Vc(Tc)
0.5. The a is the intercept

of the straight line and is related to the pore size, tortuosity, and porosity

for Knudsen diffusion. The values of porosity and tortuosity are not

Figure 11. Q(MT)0.5 as a function of Vc(Tc)
0.5 for porous silica membranes

thermally-treated at 1808C. The line represents the best fit to the data except for carbon

dioxide. The permeance data are from Fig. 5.
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necessary to determine a. The b value is determined from the slope of the line

and is related to the apparent surface density of the membrane for surface

diffusion. Like a, the surface density value is not required to determine b.

We have assumed that a is equal to the Knudsen diffusion coefficient A in

Eq. (6), and b is related to both the surface diffusion coefficient B and the inter-

action factor D. The contribution of the surface diffusion decreases, as a gas

molecule becomes smaller. Hence, the contribution of the Knudsen diffusion

increases in the total transport. When Vc ! 0 and Tc ! 0, the contribution

of the surface diffusion is minimized; that is, Q(MT)0.5 ¼ A in Eq. (6), and

Q(MT)0.5 ¼ a in Eq. (11) Therefore a is equal to A. The a values are

plotted in Fig. 8 with the A values. The a should be equal to the A with the

same units. The A values are, however, a little bit higher than the a values

for treatment temperatures up to 10008C. This variation is probably due to

the curve fitting uncertainties with multiple parameters. As is evident from

this figure, both a and A show the same temperature dependence behavior.

The a and A values are constant from 1808C to 8008C. Furthermore, as the

treatment temperature increases, the a and A values decrease significantly.

Both values are zero at 11508C because there was no measurable gas per-

meation through the membranes at this treatment temperature. In Fig. 6, the

gas permeance showed the same treatment temperature dependence

behavior. Because a is a Knudsen diffusion factor and even if the geometric

structures of the membranes change, it does not influence the permeance

from 1808C to 8008C.

Figures 12 and 13 present the b value of the control membrane as a

function of the parameters D and B, respectively. The b .Vc
.Tc

0.5 values

Figure 12. b .Vc
. Tc

0.5 of porous silica membranes as a function of D.
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increase exponentially with increasing D values. On the other hand, it

decreases exponentially with increasing B values, for all gases except

carbon dioxide. The b correlates to both D and B. Therefore, we assume the

parameter b relates to surface diffusion. The same trend appears for other

silica membranes thermally treated between 3008C and 10008C.

Figure 14 presents b values as a function of treatment temperature. As the

treatment temperature increases to 9008C, the b value increases exponentially

and then decreases quickly with increasing treatment temperature. The

b value is zero at 11508C. This indicates that the effect of surface diffusion

on transport increases with increasing treatment temperature up to 9008C.

The AFM images in Fig. 2 indicated that the unevenness surface structure

became smoother with increasing treatment temperature. The change of the

surface smoothness probably caused an increase in b. The inside pores

would be shrank and blocked significantly from 9008C. Therefore, b

decreased quickly with increasing treatment temperature from 9008C.

Hence, Knudsen diffusion and surface diffusion can occur simul-

taneously. Based on Fig. 6, surface diffusion probably contributes more to

the total transport for membranes treated at 8008C compared to Knudsen

diffusion.

Based on the analysis provided by Eq. (11), a transition was observed for

the a and b values around 800–9008C, which is close to the strain point. This

transition treatment temperature can be correlated to changes in the gas

permeance, as shown in Fig. 5. In this regard, Eq. (11) is effective to

Figure 13. b .Vc
. Tc

0.5 of porous silica membranes as a function of B.
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evaluate the treatment temperature dependence on gas transport in porous

membranes, regardless of their exact geometric properties, such as the pore

size, tortuosity, and porosity.

CONCLUSIONS

The effects of thermal treatment from 1808C to 11508C on gas transport prop-

erties of porous silica membranes were systematically studied for hydrogen,

helium, methane, nitrogen, ethane, oxygen, carbon dioxide, and propane.

The permeance of non-condensable gases decreases slightly with increasing

treatment temperature up to 6008C and then increases up to 8008C. Thereafter,

the permeance decreases significantly. The same trend is observed for conden-

sable gases, except for CO2. The permeation ratio of CO2 does not show a

maximum at 8008C and instead decreases regularly above 6008C.

Membranes thermally treated at 11508C did not show any gas permeation

because of pore collapse. Gas transport behavior in the silica membranes

follows a combination of Knudsen diffusion and surface diffusion for all

gases tested, except for carbon dioxide. The carbon dioxide transport is

strongly affected by capillary condensation. We have proposed a new

transport model in Eq. (11) composed of two factors; that is, the Knudsen

diffusion factor, a, and the surface diffusion factor, b. A transition was

observed for a and b at around 800–9008C, which is close to the strain

Figure 14. Parameter b of porous silica membranes as a function of treatment

temperature.
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point of the membrane. This transition treatment temperature can be corre-

lated with the observed change in the gas permeance. The model allows the

relative evaluation of gas transport properties of porous membranes regardless

of their actual microporous structures.
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