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A modified gas-translation (GT) model based on a GT mechanism was successfully applied to the pore-size evaluation and
gas transport behavior analysis of microporous membranes with different pore-size distributions. Based on the gas permea-
tion results of three microporous membranes derived from different alkoxides, the effects of activation energy and the selec-
tion of a standard gas on the pore-size evaluation were discussed in a comparative study. The presence of nano-sized
defects had an important influence on the gas permeation performance of microporous membranes, depending largely on
the original pore size of the membrane in question. Moreover, the gas-separation effect of the pore-size distribution in a
silica membrane was theoretically studied and revealed a significant increase in gas permeance for relatively large gas spe-
cies but not for small ones. VC 2015 American Institute of Chemical Engineers AIChE J, 61: 2268–2279, 2015
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Introduction

Microporous inorganic membranes have attracted signifi-
cant interest for molecular separation in both gas and liquid
mixtures, because of their excellent hydrothermal stability
and high separation efficiency. The pore size of a micropo-
rous membrane plays a significant role in determining mem-
brane performance in various processes. Thus, the
characterization of the membrane pore size is of great impor-
tance for membrane development and applications. Although
a variety of effective methods have been developed to char-
acterize the pore sizes of powdered porous materials, only a
few techniques are presently available to evaluate the pore
sizes of microporous membranes. A well-known technique
that is used to measure the pore size of a membrane is perm-
porometry.1–3 This method measures the permeance of a
noncondensable gas as a function of the activity of conden-
sable gas that can block noncondensable gas permeation due
to the capillary condensation effect. Using the Kelvin equa-
tion, these gas permeation data can then be correlated with
the pore sizes of membranes. When using this method, how-

ever, reliable characterization generally requires membrane
pore sizes that range from 1 to 50 nm.4 For an evaluation of
a pore-size distribution that is smaller than 1 nm, the com-
monly used method is to measure the single-gas permeation
through the membrane at a high temperature with a series of
probe gases with different kinetic diameters. Judging from
the gas permeation cutoff against the molecular size of per-
meating gases, a possible range for the pore size of a micro-
porous membrane can be roughly determined.

For a quantitative evaluation of the pore size of micropo-
rous membranes in the subnano range, Lee et al.5 recently
proposed a simple and effective normalized Knudsen-based
permeance (NKP) method by modifying a GT model that
was developed by Xiao and Wei6 and Shelekhin et al.7 In
this method, NKP is defined as the ratio of experimentally
obtained gas permeance at a high temperature to the pre-
dicted gas permeance under a Knudsen diffusion mechanism
based on a standard gas. When a membrane is assumed to
consist of uniform cylindrical pores, and the difference in
the activation energy for gas permeation can reasonably be
ignored, NKP can be correlated with the gas kinetic diameter
and membrane pore size under a constant temperature.
Therefore, the pore size of a microporous membrane can be
obtained by fitting a set of NKP against the kinetic diameter
of the permeating gases. However, when the activation
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energy of gas permeation is relatively high, its effect on gas
permeation will be substantial, and, therefore, the NKP must
be modified in the NKP plot to ensure its accuracy. Yosh-
ioka et al.4 modified the NKP by considering the contribu-
tion of the effect of activation energy on gas permeation,
and showed improved estimation of the pore sizes of micro-
porous membranes. Previous studies have shown that the
NKP method is a reliable pore-size characterization tech-
nique, and has been successfully applied to a variety of zeo-
lite and silica membranes.4,5,8–10 However, for membranes
with typical bimodal or multimodal pore structures, these
current equations for correlating NKP with the membrane
pore size are not applicable and must be modified because of
the different pore structures.

In this study, three silica membranes were fabricated using
different alkoxides to further examine the validity of apply-
ing the modified GT model to the pore-size evaluation of
microporous membranes. The effects of the activation energy
of gas permeation and the selection of a standard gas on
pore-size determination were discussed in the NKP method.
Moreover, based on the modified GT model, theoretical anal-
ysis of the effect of membrane pore size on gas-separation
performance was performed. For membranes with bimodal
and multimodal pore structures, new equations were formu-
lated to correlate NKP with the membrane pore size, and
these were then used to theoretically study the effect of
defects and pore-size distribution on gas transport behaviors.

Theory

Gas transport through porous membranes can occur in var-
ious mechanisms, depending on the membrane structure,
operating conditions, and the properties of the permeating
molecules. For microporous membranes with a pore size
<2 nm, the pore diameter is usually smaller than the mean
free path of the permeating gas molecules, and therefore, the
gas molecules collide much more frequently with the pore
wall than with each other. The collisions between the mole-
cules themselves can be thought of as negligible. Gas perme-
ation through membranes in this manner is known as
Knudsen diffusion, and the gas permeance through a mem-
brane by this mechanism can be expressed as follows

PK;i5
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8

pMiRT
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In the ideal Knudsen diffusion, the effect of the interaction
between the diffusing gas and the pore wall is not involved
during membrane permeation. However, when the pore size is
small enough, the diffusion barrier imposed by the pore wall
becomes obvious. For this reason, a GT mechanism (called the
activated Knudsen diffusion mechanism) has been proposed for
non-adsorptive or weak-adsorptive gas diffusion in micropores.
It should be noted that, when the gas is adsorptive, to ensure
its diffusion still in the GT region, the presence of surface flow
in the pores must be avoided, and a relatively high permeation
temperature generally can be used to satisfy this purpose.

Gas permeance through a microporous membrane under a
GT mechanism can be expressed as follows6,7
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where the diffusion probability for component i, qi, is
described with a pre-exponential factor, qg,i, and with the

kinetic energy, Ep,i, that is required to overcome the diffu-
sion barrier, as shown in Eq. 3

qi5qg;iexp 2
Ep;i

RT

� �
(3)

qg,i is given by the product of the following terms:5 (1)
the ratio of the effective cross-sectional area of a pore for
the i-th component, Ae,i, to the physical cross-sectional pore
area of the pore, A0, and (2) the random factor 1/3 in a
three-dimensional space, as shown in Eq. 4

qg;i5
1

3

Ae;i

A0

(4)

The porosity of a membrane, e, is defined by the ratio of
the pore area on the membrane to the total membrane area.
When the membrane is assumed to have uniform cylindrical
pores, the porosity of the membrane, e, can be further
expressed as follows

e5
A0
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5
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(5)

After substituting qg,i, and e from Eqs. 4 and 5 into Eq. 2,
and when the pore diameter, dp, is taken as the effective dif-
fusion length, the GT model can be further denoted as
follows
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It should be noted that the effective diffusion length is not
equivalent to the pore size of the membrane if the pore size
is very small (e.g., <1 nm), because the effect of the actual
size of gas molecules on the diffusion length must be taken
into consideration under this circumstance. Therefore, when
the difference in the gas molecular size and the pore diame-
ter is quite small, the effective diffusion length, de, must be
expressed as de,i by Eq. 7 4,5

de;i5dp2dk;i (7)

Thus, the ratio of the effective diffusion area, Ae, to the
total membrane area, A0, can be expressed by Eq. 8

Ae;i

A0

5
dp2dk;i

� �2

dp
2

(8)

By taking the difference between the pore size and the

kinetic diameter of the permeating gas, dp2dk;i, instead of

the pore size, dp, as the effective diffusion length in the GT

model for gas permeation in the membrane, a modified GT

model is then obtained based on Eq. 2, as shown in Eq. 9

Pm-GT;i5
k0;iffiffiffiffiffiffiffiffiffiffiffiffi
MiRT
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RT
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where

k0;i5a dp2dk;i

� �3
(10)

and

a5

ffiffiffiffiffiffi
2p
p

Np

6sLAm

(11)

Note that when the dk,i 5 0 or together with Ep,i 5 0, The
modified GT model, Eq. 9, can essentially be converted into
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the GT model (Eq. 2) and ideal Knudsen diffusion model
(Eq. 1), respectively. For relatively weak-adsorptive gas
under the GT region, the apparent activation energy of gas
permeation, Ep,i, in Eq. 9 can be interpreted as the sum of
the activation energy of diffusion that is needed to overcome
the potential barrier and the adsorption energy under the
assumption of the homogeneous potential field inside the
pores.11 Ep,i> 0 and Ep,i< 0 indicates that one diffusion bar-
rier and interaction affinity is more dominative than the other
during the permeation process, respectively. When the con-
tribution of the exponential term is negligibly small, Eq. 9
can be rewritten in a simpler form as Eq. 12

Pm-GT;i �
k0;iffiffiffiffiffiffiffiffiffiffiffiffi
MiRT
p (12)

According to Eq. 9, the pre-exponential factor, k0;i, and
the activation energy of gas permeation, Ep,i, can be obtained
by fitting the gas permeation data against temperature. a is a
structural parameter, which is a constant for a specified
membrane regardless of the testing conditions or permeating
gases. Therefore, when Eq. 10 is transformed to the follow-
ing form ffiffiffiffiffiffiffi
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3
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The parameters between the cubic square root of the pre-
exponential factor, k

1=3
0;i , and the kinetic diameter of permeat-

ing molecules, dk,i, should follow a linear relationship, and
the slope and dk,i-intercept of this linear function are
2a1=3and dp, respectively. Consequently, from the plot of
k

1=3
0;i vs. dk;i, both the structural parameter, a, and the pore

size of the membrane, dp, can be effectively quantified.4

Based on the modified GT model, a NKP method has
been proposed for pore-size evaluation of microporous mem-
branes.5 NKP is defined by the ratio of an experimental
single-gas permeance to a theoretically predicted one that is
based on standard gas under a Knudsen diffusion mecha-
nism, as shown in Eq. 14

fNKP5
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r
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Therefore, when a membrane has a uniform pore size or
more generally has a monomodal pore-size distribution,
according to Eqs. 9 and 14, the NKP for the i-th component
through the membrane can be expressed as follows

fNKP;mono5
dp2dk;i
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RT
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When the difference in activation energy between the i-th
component and the standard gas for gas permeation through
the membrane is negligibly small, or when the gas permea-
tion test is performed at a high temperature, then NKP can
be further simplified as Eq. 16

fNKP;mono �
dp2dk;i

dp2dk;s

� �3

(16)

In Eq. 16, dk,i and dk,s are known parameters, and the
NKP can be easily calculated based on experimentally
obtained single-gas permeation data for the membrane.
Therefore, in addition to analyzing the plot of k

1=3
0;i against

the dk,i in Eq. 13, the membrane pore size, dp, can also be
readily obtained by fitting the NKP against the kinetic diam-
eter, dk,i, in a nonlinear manner for different permeating

gases with Eq. 16 for a membrane consisting of a monomo-
dal pore structure.

To clarify the calculation of pore size based on NKP, Eq.
16 is converted into the following form using the cubic root
in the equation

f 1=3
NKP;mono

� dp

dp2dk;s
2

dk;i

dp2dk;s
(17)

Equation 17 shows a linear relationship between the cubic
root of NKP and the gas kinetic diameter, dk,i. Therefore, the
membrane pore size can be obtained from the dk,i-intercept
by fitting the cubic root of NKP with the gas kinetic diame-
ter in a linear style instead.

In reality, porous membranes with a bimodal pore struc-
ture are also very common. For example, defective zeolite
membranes consist of two types of pores: intracrystalline
and intercrystalline. Therefore, the NKP method used for
pore-size calculation should be modified for those mem-
branes with a bimodal pore structure. When a membrane has
two types of pores, with sizes dp,1 and dp,2, and the corre-
sponding number-based pore fractions f1 and f2, respectively,
the total gas permeance of the i-th component through the
membrane, Pi,bi, can be expressed as the sum of the values
for the gas permeance Pi,1 and Pi,2 through the pores dp,1

and dp,2, respectively, as follows

Pi;bi5Pi;11Pi;2 (18)

According to Eq. 9, the values for gas permeance, Pi,1 and
Pi,2, through the pores with sizes dp,1 and dp,2, respectively,
can be described. Therefore, the total permeance through the
entire pores for the i-th component can be further expressed
as Eq. 19
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Equation 19 clearly shows how the gas permeation per-
formance of a membrane with a bimodal pore structure is
significantly affected by the size and concentration of both
types of pores in the membrane, this correlation between the
gas permeation properties and pore characteristics would be
helpful in understanding how the second type of pore exerts
influence on the gas transport behaviors of membranes.

When either the absolute values of the activation energies
for gas permeation through both types of pores are very
small or the gas permeation is carried out at a high tempera-
ture, the exponential terms in Eq. 19 would be negligible.
When the same membrane thickness and tortuosity is
assumed for two types of pores, Eq. 19 can be simplified as
Eq. 20

Pi;bi �
Np

6sAmL

ffiffiffiffiffiffiffiffiffiffiffiffi
2p

MiRT

r
f1 dp;12dk;i

� �3
1f2 dp;22dk;i

� �3
� �

(20)

Based on Eq. 14, the NKP of the i-th component for a
membrane with a bimodal pore structure can be expressed as
follows

fNKP;bi �
f1 dp;12dk;i

� �3
1f2 dp;22dk;i

� �3

f1 dp;12dk;s

� �3
1f2 dp;22dk;s

� �3
(21)

Moreover, for a bimodal pore structure
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f2512f1 (22)

Therefore, the expression of NKP in Eq. 21 can be trans-
formed to the following form

fNKP;bi �
12f2ð Þ dp;12dk;i

� �3
1f2 dp;22dk;i

� �3

12f2ð Þ dp;12dk;s

� �3
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� �3
(23)

As with the aforementioned discussion, when a membrane
consists of a multimodal pore structure, the gas permeance
and NKP can be expressed as follows
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When either the activation energies are negligible or the
gas permeation is performed under a high temperature, the
gas permeance and NKP can be expressed as Eqs. 25 and
26, respectively
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r X
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 !
(25)

fNKP;multi �

X
m
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X
m
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Experimental

Materials

Bis(triethoxysilyl)ethane (BTESE) and 1,1,3,3-tetraethoxy-
1,3-dimethyldisiloxane (TEDMDS) were purchased from
Gelest. Ethanol, tetraethoxysilane, hydrochloric acid, and
acetic acid were supplied by Sigma-Aldrich. Hexaethoxydisi-
loxane (HEDS) was synthesized according to a previously
reported procedure.12

Membrane preparation

Various silica sols were prepared by acid-catalyzed hydro-
lysis and polymerization of BTESE, TEDMDS, and HEDS

in a water and ethanol mixture via sol-gel processing, as
reported previously.5,12,13 A porous a-alumina tube (NOK,
Japan) (outer diameter: 3.0 mm; pore size: 100 nm) was
used as a support for membrane preparation. First, a SiO2–
ZrO2 intermediate layer was deposited onto the support,
resulting in a smooth surface and a pore size reduced to sev-
eral nanometers. The separation layer was fabricated by coat-
ing the silica sols onto the intermediate layer, with
subsequent calcination at 350–550�C under either a N2 or an
air atmosphere. The above procedure for the deposition of a
silica layer was repeated twice to form a continuous separa-
tion layer.

Single-gas permeation measurements

Gas permeation through the membranes was performed at
50–300�C using single components of He, H2, Ar, CH4,
C3H8, and SF6 with pressures on the feed and permeant sides
fixed at 200 and 100 kPa. Prior to the measurements, all
membranes were treated in a He flow overnight at 200�C to
remove the adsorbed water in the membrane pores. The gas
flows that permeated the membranes were measured using a
bubble flow meter (Horiba, Japan). A schematic representa-
tion of the experimental setup for gas permeation was shown
in a previous study.5

Results and Discussion

Pore-size evaluation of microporous membranes

Figure 1 shows the temperature dependence of gas perme-
ance for BTESE-, TEDMDS-, and HEDS-derived silica
membranes. Almost all the values for gas permeance through
the membranes were only slightly temperature-dependent.
This shows that the interaction between the gas molecules
and the pore walls of membranes was not very strong, thus,
the absolute values of the activation energies for gas permea-
tion in these membranes should be small. For clarity, the
activation energies and pre-exponential factors for gas per-
meation through the membranes were calculated by regress-
ing the temperature dependence of gas permeance with
Eq. 9, and the obtained results are listed in Table 1. The acti-
vation energies for gas permeation in BTESE- and HEDS-
derived silica membranes ranged from 22 to 3 kJ mol21, and

Figure 1. Temperature dependence of gas permeance for (a) BTESE-, (b) TEDMDS-, and (c) HEDS-derived silica
membranes.

Symbols are experimental; curves are calculated using Eq. 9. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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gas permeation in TEDMDS-derived silica membrane also
showed relatively low values that ranged from 1 to 5 kJ
mol21. Prior to the analysis of membrane pore size using the
NKP method, it is important to estimate the activation ener-
gies for gas permeation, because a relatively small difference
in the activation energies among the permeating gases enables
the simple evaluation of membrane pore size using the NKP
method, according to Eq. 15. Moreover, the values of the pre-
exponential factors obtained in the fitting also are crucial,
because these are the key parameters required for the evalua-
tion of the membrane pore size in the plot of k

1=3
0;i against the

kinetic diameter.
As derived from the modified GT model, both the plots of

k
1=3
0;i and f

1=3
NKP against the kinetic diameter of a permeating

gas could be used to analyze the pore sizes of microporous
membranes. By comparing the basic Eqs. 13 and 17, pore
size could be more precisely estimated using the k

1=3
0;i plot

rather than the f
1=3
NKP plot, as the f

1=3
NKP plot did not take into

consideration the effect of activation energy on NKP. How-
ever, the NKP method required much less experimental data
to estimate membrane pore size, which made its application
much simpler and more convenient than that of the k

1=3
0;i plot.

When using the NKP method, to increase the accuracy of
the pore-size calculation, the fitting of the experimentally
obtained data with the gas kinetic diameter is usually per-
formed across a wide range under a limiting condition of
dk,s< dk,i< dp. Therefore, He, which has the smallest molec-

ular size, was generally used as the standard gas in previous
studies.4,5,8–10 Considering the small molecular size, H2

would be another good candidate for the standard gas in the
NKP method. Therefore, to gain insight into the effects of
the activation energy and the standard gas on pore-size eval-
uation, three membranes were analyzed using He- and H2-
standard-gas-based f

1=3
NKP plots together with k

1=3
0;i plots for a

comparative study.
Figures 2 and 3 show the plots of f

1=3
NKP and k

1=3
0;i , respec-

tively, against the kinetic diameter for an evaluation of the
pore sizes of three silica membranes, and the results are
summarized in Table 2. Pore sizes obtained by fitting the
experimental data with Eq. 17 for all permeating gases were
0.650, 0.655, and 0.557 nm for BTESE-, TEDMDS-, and
HEDS-derived silica membranes, respectively, in the He-
standard-gas-based f

1=3
NKP plot (Solid lines in Figure 2a), while

the H2-standard-gas-based f
1=3
NKP plot indicated that the corre-

sponding membranes had slightly smaller pore sizes of
0.611, 0.633, and 0.554 nm (Solid lines in Figure 2b),
respectively. These small differences in the pore-size estima-
tion could be ascribed to the activation energy of H2 being
smaller than that of He in these membranes, which, accord-
ing to Eq. 15, reduced the effect of activation energy on the
NKP. These similar pore sizes suggest that H2 could be used
as an alternative standard gas when plotting the f

1=3
NKP against

kinetic diameter for pore-size evaluation. Furthermore, the
calculated pore sizes approximate those obtained from the

Table 1. Pre-Exponential Factors (k0,i) and Activation Energies (Ep,i) for Gas Permeation Through BTESE-, TEDMDS-, and

HEDS-Derived Silica Membranes

Gas
Kinetic Diameter

BTESE TEDMDS HEDS

dk,i (nm) k0,i 3 104 (2) Ep,i (kJ mol21) k0,i 3 104 (2) Ep,i (kJ mol21) k0,i 3 104 (2) Ep,i (kJ mol21)

He 0.26 9.46 3.39 3.08 4.46 4.55 3.07
H2 0.289 6.91 1.70 2.65 3.75 2.83 1.55
Ar 0.346 3.64 0.69 – – – –
N2 0.364 2.44 0.21 0.70 1.33 0.31 21.05
C3H8 0.43 0.24 24.18 – – 0.03 20.30
SF6 0.55 – – 0.02 2.21 0.006 21.29

Figure 2. Relationships between f
1=3
NKP and the gas kinetic diameter for BTESE-, TEDMDS-, and HEDS-derived silica

membranes using (a) He and (b) H2 as the standard gas.

Symbols are experimental; curves were calculated using Eq. 17. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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plot of k
1=3
0;i (Solid lines in Figure 3) (0.512, 0.611, and

0.539 nm for BTESE-, TEDMDS-, and HEDS-derived silica
membranes, respectively), which are thought to be theoreti-
cally accurate as the activation energy has no adverse effects
on the pore-size calculation, indicating that the simple evalu-
ation of membrane pore sizes based on the plot of f

1=3
NKP

against the gas kinetic diameter is applicable when the small
activation energies for gas permeation are ignored.

It should be noted that, compared with the BTESE- and
TEDMDS-derived silica membranes, relatively large devia-
tions were observed between the experimentally obtained
data and the theoretical lines in the plots for both f

1=3
NKP (Fig-

ure 2) and k
1=3
0;i (Figure 3) for the HEDS-derived silica mem-

brane. When the permeation data of SF6 was not considered
in the fitting, an obviously different theoretical line (dotted
lines in Figures 2 and 3) was obtained for the HEDS-derived
silica membrane in the plots of f

1=3
NKP and k

1=3
0;i that showed a

very good correlation with the experimental data except for
SF6. Theoretically, if a membrane has a uniform pore size, a
linear relationship between the f

1=3
NKP and the kinetic diameter

should follow for all permeating gases, as observed for
BTESE- and TEDMDS-derived silica membranes. The devi-
ation of SF6 indicated the presence of a rather broad pore-
size distribution in the HEDS-derived silica membrane. For
the HEDS-derived silica membrane, the experimentally
obtained values of f

1=3
NKP and k

1=3
0;i for SF6 were much higher

than the theoretically predicted ones (dotted lines in Figures
2 and 3), indicating additional permeation through the mem-
brane. This could be ascribed to the presence of a few pin-
holes in the HEDS-derived silica membrane. From the dk,i-
intercept in the f

1=3
NKP or k

1=3
0;i plots, it can be concluded that

the HEDS-derived silica membrane was composed of a mas-
sive number of pores around 0.459 nm and a few pinholes
that were larger than SF6 (0.55 nm). Obviously, SF6 permea-
tion through the membrane mainly occurred in the pinholes,
because the molecular size of SF6 was too large to permeate
the 0.459 nm pores in the membrane. Conversely, the
smaller gases, such as He, H2, N2, and C3H8, were supposed
to mainly permeate the pores that were approximately
0.459 nm, and the effect of the pinholes on their permeation
was thought to be negligible, because of a very limited num-
ber of pinholes, as confirmed by a very good linear correla-
tion between the experimentally obtained data and the
theoretical lines for the gases that were smaller than SF6.
Previously, similar multiple theoretical lines were also
reported for a DDR zeolite membrane when fitting different
groups of permeating gases by Yoshioka et al.,4 and the
cause of the multiple theoretical lines was ascribed to the
presence of intercrystalline pores in the DDR-type zeolite
membrane. Obviously, the study on the f

1=3
NKP and k

1=3
0;i plots

provides a novel and effective route to gain new insights
into the microstructures and gas permeation characteristics of
microporous membranes. It should be noted that, in this
work, the use of the f

1=3
NKP plot instead of the previously

reported4,5,8–10 fNKP plot against the gas kinetic diameter
allowed us to obtain both the pore size and details about the
pore structures and gas permeation of the membranes.

Gas transport behaviors of microporous membranes
with a uniform pore size

Considerable effort has been devoted to the application of
microporous membranes for gas separation, particularly for
some important processes such as CO2/CH4 and O2/N2 separa-
tions. However, the effective separation of these gas pairs by
porous membranes is challenging, because the difference in
their molecular sizes is small (CO2: 0.33 nm, CH4: 0.38 nm,
O2: 0.34 nm, N2: 0.364), and the membrane pore size is diffi-
cult to control in such a narrow range. Theoretically, when a
membrane has a uniform pore size that is between the molec-
ular sizes of the gas pairs of CO2/CH4 or O2/N2, it means no
CH4 and N2 permeation through the membrane for CO2/CH4

and O2/N2 separations, respectively, and infinite selectivity
can be obtained under this circumstance. However, when the
membrane pore size is larger than the molecular sizes of both
permeating gases, the gas pairs can simultaneously permeate
through the membrane. Obviously, to effectively separate the
gas mixtures, the pore size of the membrane must be con-
trolled to within a reasonable range. However, the quantitative
effect of membrane pore size on gas-separation performance
has not yet been clarified. For a membrane with a uniform
pore size, according to Eq. 9, the ideal selectivity of the i-th
to the j-th component, ai=j, can be expressed as the single per-
meance ratio, as follows14

ai=j;mono5

ffiffiffiffiffiffi
Mj

Mi

r
dp2dk;i

� �3

dp2dk;j

� �3
exp 2

Ep;i2Ep;j

RT

� �
(27)

For a specified separation system operated at a constant
temperature, Eq. 27 clearly shows that the ideal selectivity

Figure 3. Relationships between k
1=3
0;i and the gas

kinetic diameter for BTESE-, TEDMDS-, and
HEDS-derived silica membranes.

Symbols are experimental; curves were calculated using

Eq. 13. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table 2. Calculated Pore Sizes for BTESE-, TEDMDS-, and

HEDS-Derived Silica Membranes

Membrane

Calculated Pore Size, dp (nm)

f
1=3
NKP plot (He) f

1=3
NKP plot (H2) k

1=3
0;i plot

BTESE 0.650 0.611 0.512
TEDMDS 0.655 0.633 0.611
HEDS 0.557

0.492a
0.554
0.480a

0.539
0.459a

aPore sizes calculated without consideration of SF6 permeation for the
HEDS-derived silica membrane.
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for a membrane is affected by both the pore size of the
membrane and the differences in the activation energies for
gas permeation. This result indicates that, in the GT region,
in addition to pore-size control, increasing the affinity of
membrane matrix to CO2 is another feasible route toward
improving membrane selectivity, particularly under a rela-
tively low operating temperature. Much effort has been
made to develop new membrane materials with a high affin-
ity to CO2 for enhanced CO2 separation.15,16

When either the difference in the activation energies for
gas permeation is small or membrane separation is operated
at a high temperature, the effect of the exponential term in
Eq. 27 on the membrane selectivity becomes insignificant,
and, thus, the ideal selectivity of the membrane can be
approximately expressed using Eq. 28

ai=j;mono �
ffiffiffiffiffiffi
Mj

Mi

r
dp2dk;i

� �3

dp2dk;j

� �3
(28)

Equation 28 shows that the ideal selectivity is dependent
only on the pore size of the membrane for a given separation
system under high temperatures, and it decreases with
increases in the pore size when the kinetic diameter of the i-
th component is smaller in the separation system. This indi-
cates that the preparation of membranes with a controllable
size is much more important for gas separation at high tem-
peratures. Furthermore, according to Eq. 28, the ideal selec-
tivity of a membrane can be predicted for a binary
separation system when the pore size of a membrane is
already known. Figure 4 shows the predicted and experimen-
tal ideal selectivities of CO2/CH4 and O2/CH4 as a function
of membrane pore size. The predicted curves show that the
selectivities of CO2/CH4 and O2/N2 decreased rapidly with
increases in membrane pore size and finally approximated
Knudsen selectivity, which suggests that the membrane
selectivity was very sensitive to pore size. The
reported9,17–29 experimental selectivities of various micropo-
rous membranes that were obtained at temperatures above
100�C (�30�C for FAU-type zeolite membranes) against
their pore sizes are also plotted in Figure 4. Both the experi-

mental results and the theoretical curves showed an accepta-
ble degree of CO2/CH4 and O2/N2 separation, although the
effect of activation energy for gas permeation and the pres-
ence of defects in the membrane could lead to some devia-
tions. This confirms that Eq. 28 is effective when calculating
the optimal membrane pore size for target selectivity. For
example, to obtain CO2/CH4 and O2/N2 selectivities of more
than 100 and 30, respectively, at a high temperature, mem-
brane pore sizes smaller than 0.391 and 0.375 nm, respec-
tively, are preferable. The application of Eq. 28 can also be
extended to other separation systems, either for the selection
of a membrane with an appropriate pore size to fulfill a
specified separation task or to predict separation performance
for a membrane with a given pore size.

Gas transport behaviors of defective microporous
membranes

It is well known that the existence of defects in mem-
branes may significantly affect the membrane performance,
even though the concentration may be small and the size
may be in the nanometer range. To gain insight into the
effect of nano-sized defects on a membrane performance,
two theoretical membranes, M-1 and M-2, were selected for
a comparative study. Note that, M-1 and M-2 represent typi-
cal silica and MFI zeolite membranes, which have intrinsic
pore sizes of 0.34 and 0.55 nm, respectively. The defect con-
centration in the membranes was defined by the ratio of the
numbers of defective pores to total pores for gas permeation.
For simplification, the defects in both membranes were
assumed to be 1 nm uniform pores. Therefore, the defective
membranes could be thought of as ideal bimodal pore struc-
tures. Figure 5 shows the effect of defect concentration on
the gas permeance through membranes M-1 and M-2 as a
function of the kinetic diameter of the permeating gas. All
values for gas permeance in Figure 5 were theoretically cal-
culated at a high temperature using Eq. 20, and then were
further normalized by the He permeance through the corre-
sponding membrane without defects (f2 5 0). As the defect
concentration increased in the membranes, gas permeance

Figure 4. Experimental and calculated (a) CO2/CH4 and (b) O2/N2 ideal selectivities for microporous membranes
with different pore sizes.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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through both membranes gradually increased while mem-
brane selectivity decreased. This phenomenon was much
more remarkable for M-1, which had a smaller original pore
size of 0.34 nm. For example, when both membranes had
defective pores of 1 nm with a concentration of 1023, the
gas permeance, particularly for gas molecules larger than
CO2, were obviously increased for M-1, and this led to a
drastic decrease in the membrane selectivity for M-1. How-
ever, M-2 had a medium pore size of 0.55 nm, and all per-
meance values were approximately unchanged, resulting in a
selectivity that was comparable to a membrane with no
defects. These results show that the presence of nano-sized
defects can more easily deteriorate the gas-separation per-
formance for a membrane with a smaller pore size. As the
original membrane pore size was decreased, the percentage
of gas that would permeate the original pores was less, while

the percentage of gas permeation occurred in the defects
became more, resulting in a loss in membrane selectivity.

Figure 6 shows the effect of defect concentration on He-
standard-gas-based fNKP as a function of kinetic diameter for
membranes M-1 and M-2. Compared with the fNKP plot for
M-1 and M-2 with f 5 0, when both membranes had a low
defect concentration, such as f 5 0.001 or 0.01, the theoreti-
cal curves changed significantly for M-1, while there was
only a slight change for M-2. This result again confirms that
the presence of defects exerts a very important influence on
the gas permeation properties of a membrane with a small
pore size, although the concentration is small. With a further
increase in the defect concentration in both membranes, the
change in theoretical curves was no longer obvious for M-1,
indicating that defective pores dominated the membrane per-
formance. Conversely, the theoretical curves still showed

Figure 5. Kinetic diameter dependence of gas permeance for microporous membranes (a) M-1 (dp,1 5 0.34 nm) and
(b) M-2 (dp,1 5 0.55 nm) with different defect concentrations (dp,2 5 1 nm).

Curves were calculated using Eq. 20. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Effect of defect concentration (dp,2 5 1 nm) on He-standard-gas-based fNKP as a function of kinetic
diameter for membranes (a) M-1 (dp,1 5 0.34 nm) and (b) M-2 (dp,1 5 0.55 nm).

Curves were calculated using Eq. 21. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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some obvious changes for M-2, suggesting that both the
original and the defective pores in M-2 had an important
effect on the gas permeation properties. The evolution of the
fNKP plots for M-1 and M-2 with different defect concentra-
tions further shows that the effect of the defects on gas per-
meation properties largely depended on the original pore
sizes of the membranes.

According to Eq. 20, the ideal selectivity of i-th to j-th
components through a membrane with a bimodal pore struc-
ture can be denoted as follows

ai=j;bi �
ffiffiffiffiffiffi
Mj

Mi

r
12f2ð Þ dp;12dk;i

� �3
1f2 dp;22dk;i

� �3

12f2ð Þ dp;12dk;j

� �3
1f2 dp;22dk;j

� �3
(29)

Note that, when the f2 5 0 or 1, which corresponds to a
membrane with a monomodal pore structure, Eq. 29 can be
finally converted to Eq. 28, which is used to describe the
ideal selectivity for a membrane with a monomodal pore
structure. Figures 7a, b show the effect of the presence of
1 nm defective pores in membranes M-1 and M-2 on their
gas-separation performance. As membranes M-1 and M-2
have a small pore size of 0.34 nm and a medium pore size
of 0.55 nm, respectively, M-1 was studied for H2 separation,
while M-2 was used for the separation of relatively larger
gas molecules, such as CO2, N2, and n-C4H10 (0.43 nm) sep-
aration from CH4, SF6, and i-C4H10 (0.5 nm), respectively.
Among the separation systems studied, H2/N2, H2/C3H8, and
N2/SF6 separation through the corresponding membrane
without the presence of defective pores should theoretically
have an infinite degree of selectivity, because N2, C3H8, and
SF6 are impermeable. With increases in the defect concentra-
tion of a membrane, the ideal selectivities of H2/N2 and H2/
C3H8 for M-1 initially decreased rapidly due to the enhanced
permeation of N2 and C3H8, and then the ideal selectivities
remained approximately at the Knudsen values when the
defects concentration was larger than 1023, because the gas
permeation was then dominated by the 1 nm defective pores.
Conversely, a small defect concentration would have almost
no effect on the H2/CO2 selectivity, as the permeation of
CO2 still mainly occurs in the 0.34 nm pores in M-1 due to

a significantly large number of pores that are larger than the
size of CO2. When the defect concentration was increased
from �1026 to 1023, defective pores in M-1 had an obvious
impact on the CO2 permeation in M-1, resulting in a
decrease in H2/CO2 selectivity. With further increases in the
defect concentration, there were almost no changes in the
H2/CO2 selectivities, which remained at approximately the
Knudsen value, because most of the H2 and CO2 permeated
through the defects rather than through the original pores
under a high defect concentration. For CO2/CH4 and n-
C4H10/i-C4H10 separation by membrane M-2 with an original
pore size of 0.55 nm, the selectivities were quite low even at
an extremely small defect concentration, because all gases
easily permeated the membrane owing to the relatively large
membrane pore size. The separation of a N2/SF6 mixture by
membrane M-2 was much more efficient, and the N2/SF6

selectivities decreased remarkably as the concentration of
defective pores increased, for reasons similar to those
described for the H2/N2 and H2/C3H8 separations by mem-
brane M-1. Eliminating the defective pores is a well-known
key to obtaining an excellent molecular sieving effect for
microporous membranes, and the above discussion clearly
demonstrates this challenge in the preparation of high-
performance gas-separation membranes for use at high
temperatures.

Figure 8 shows the effect of membrane defects on H2/SF6

separation for membranes M-1 and M-2. The H2/SF6 selec-
tivities of both membranes decreased rapidly with increases
in the defects concentration, and then gradually approached
Knudsen selectivity. However, with a defect concentration
lower than 1023, membrane M-2 showed a H2/SF6 selectiv-
ity that was approximately two orders of magnitude higher
than that of membrane M-1. This is because membrane M-2
had a larger pore size of 0.55 nm that allowed a much higher
degree of H2 permeation flux, while the permeation of SF6

only occurred in the membrane defects. This result illustrates
how a larger membrane pore size helps to increase the mem-
brane selectivity for binary gas separation, when the larger
gas component permeates only through the membrane
defects.

Figure 7. Effect of defect concentration (dp,2 5 1 nm) on gas-separation performance for membranes (a) M-1
(dp,1 5 0.34 nm) and (b) M-2 (dp,1 5 0.55 nm).

Curves were calculated using Eq. 29. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Gas transport behaviors of microporous membranes
with a pore-size distribution

Unlike high-quality zeolite membranes with an extremely
uniform pore size, amorphous silica membranes have a rela-
tively broad pore-size distribution. A previous simulation
study30 had demonstrated that the pore size of a silica mem-
brane could range from 0 to several angstroms, as shown in
Figure 9. Because considerable pores in the silica network
were too small to allow gas permeation, pore sizes smaller
than the kinetic diameter of He (0.26 nm) were thus not con-
sidered in the following calculation. To study the pore-size
distribution on the fNKP plot and gas permeation properties,
the mean pore size of a silica membrane was defined in Eq.
30 based on equal pore area and pore numbers

dp;mean5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
m

Np;md2
p;mX

m

Np;m

vuuuut (30)

According to Eq. 30, an ideal silica membrane (denoted as
M-3) was assumed to have an entirely uniform pore size that
is identical to the mean pore size of a theoretical silica mem-
brane (denoted as M-4) with a pore-size distribution shown
in Figure 9 for the following study.

Figure 10 shows the relationships between He-standard-
gas-based fNKP and the gas kinetic diameter for membranes
M-3 and M-4, based on Eqs. 16 and 26, respectively. The
theoretical curves for membranes M-3 and M-4 were similar,
indicating the mean pore size of M-4 was very close to that
of M-3. When the kinetic diameter of the permeating gas
was smaller than 0.32 nm, the values of fNKP for M-3 were
only slightly higher than those for M-4, showing that the
pore-size distribution in the membrane had only a slight
affect on the gas permeation properties for small gas mole-
cules. However, when the kinetic diameter of the permeating
gas was larger than 0.32 nm, the values of fNKP for M-4
with a pore-size distribution became slightly larger than
those for M-3 with uniform pores, and the differences in the

values of fNKP seemed more obvious as the kinetic diameter
of the permeating gases was increased. This demonstrates
that the pore-size distribution in a silica membrane has a
more significant affect on the gas permeation performance of
larger gas molecules.

Figure 11 shows the kinetic diameter dependence of gas
permeance for the membranes M-3 and M-4. The values for
gas permeance were obtained using Eqs. 12 and 25 and were
then normalized by the He permeance through the corre-
sponding membrane. The small permeating gases, such as
He, H2, and Ar, showed almost the same dimensionless per-
meance for both M-3 and M-4 regardless of the pore-size
distribution in the membranes. Therefore, both membranes
showed almost the same selectivities for the separation of

Figure 8. Effect of defect concentration (dp,2 5 1 nm)
on the H2/SF6 separation for membranes M-1
(dp,1 5 0.34 nm) and M-2 (dp,1 5 0.55 nm).

Curves were calculated using Eq. 29. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 9. Pore-size distribution of a microporous silica
membrane.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Relationships between He-standard-gas-
based fNKP and the gas kinetic diameter
for membranes M-3 and M-4.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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small gas pairs. However, the values for gas permeance of
relatively larger gas molecules, such as CO2, N2, CH4, and
C3H8, were obviously higher for M-4, and this trend was
much more remarkable as the kinetic diameter of the perme-
ating gas increased, resulting in decreased membrane selec-
tivity for large gas molecules. This gas permeation result is
consistent with that reflected by the fNKP plot in Figure 10.
Because the large gas molecules mainly permeated the large
pores in a membrane, the difference in the gas permeation
properties between M-3 and M-4 could be ascribed mainly
to the relatively large pores in the pore-size distribution,
although the number of the large pores was small. Obvi-
ously, when membrane selectivity is taken into considera-
tion, a silica membrane with a relatively uniform pore size is
preferable for gas separations, particularly for the separation
from the relatively large gas molecules.

Conclusions

A modified GT model was applied to pore-size evaluation
and to the study of the gas transport behaviors of micropo-
rous membranes. The plots for f

1=3
NKP and k

1=3
0;i , as a function

of the kinetic diameter of permeating gas, were used to ana-
lyze the pore sizes of microporous membranes and were
compared based on the gas permeation data of three silica
membranes that were derived from different alkoxides. In
addition, gas transport through membranes with a uniform
pore size, the presence of defective pores, and pore-size dis-
tributions were theoretically investigated.

1. Three silica membranes derived from BTESE,
TEDMDS, and HEDS were prepared via a sol-gel process-
ing. Values for the temperature dependence of gas perme-
ance for the three silica membranes showed relatively small
activation energies that ranged from 24 to 5 kJ mol21, and
more typically in the range of 21–3 kJ mol21.

2. The pore sizes obtained for the three silica membranes
were studied by plotting f

1=3
NKP and k

1=3
0;i against the gas kinetic

diameter. In the f
1=3
NKP plot, the pore sizes for BTESE-,

TEDMDS-, and HEDS-derived silica membranes were
0.650, 0.655, and 0.557 nm, respectively, using He as the

standard gas; Using H2 as the standard gas gave the corre-
sponding membranes similar pore sizes of 0.611, 0.633, and
0.554 nm, respectively, and those values were also very
close to the conclusions obtained from the k

1=3
0;i plot (0.512,

0.611, and 0.539 nm). These results indicate that H2 can be
used as an alternative standard gas instead of He, and this
simple NKP method is effective for pore-size evaluation
when the difference in the activation energies of permeating
gas is small.

3. For the HEDS-derived silica membrane, multiple theo-
retical lines were obtained when fitting f

1=3
NKP and k

1=3
0;i with

the gas kinetic diameter with and without SF6. Without fit-
ting the experimental data of SF6, the pore sizes of the
HEDS-derived silica membrane were calculated to be 0.492
and 0.480 nm from the f

1=3
NKP plot using He and H2 as the

standard gas, respectively, and to be 0.459 nm from the k
1=3
0;i

plot, which were all smaller than the pore size fitted with
SF6. This result indicates that the membrane had a mass
number of pores of approximately 0.459 nm, and a few pin-
holes that were larger than SF6 (0.55 nm).

4. For CO2/CH4 and O2/N2 separations, when the micro-
porous membrane had a uniform pore size that was larger
than the kinetic diameters of both gases in the binary system,
the ideal selectivities of the membrane decreased signifi-
cantly as the pore size increased. The predicted and experi-
mental membrane selectivities were in reasonable
accordance for various types of microporous membranes.

5. Gas transport behaviors through microporous mem-
branes were significantly affected by the presence of nano-
sized defects in the membrane. The ideal selectivity for gas
separation was decreased with increases in the defect con-
centration in the membranes, which was much more remark-
able for a membrane with a smaller original pore size.

6. For silica membranes with a pore-size distribution, the
large pores in the membrane easily affected the gas permea-
tion performance, even when the number of larger pores was
small. A small number of large pores generally led to an
obvious increase in permeance for relatively large gas mole-
cules, but the increase was unremarkable for small gases.

Notation

a = structural constant given by Eq. 11, m23

A0 = physical cross-sectional area of a pore, m2

Ai = effective cross-sectional area of a pore for the i-th component, m2

Am = membrane area, m2

de,i = effective diffusion length of the i-th component, m
dk,i = kinetic diameter of the i-th component, m
dk,s = kinetic diameter of the standard gas, m
dp = pore diameter, m

dp,m = pores diameter of the m-th type of pores, m
dp,mean = mean pore size of the membrane, m

Ep,i = activation energy of permeation for the i-th component, kJ
mol21

Epm,i = activation energy of permeation for the i-th component
through the m-th type of pores, kJ mol21

fm = number-based pore fraction for the m-th type of pores
fNKP = normalized Knudsen-based permeance, dimensionless

k0,i = permeation constant for the i-th component given by Eq. 10,
dimensionless

L = membrane thickness, m
Mi = molecular weight of i-th component, kg mol21

Ms = molecular weight of a standard gas, kg mol21

Np = number of pores, dimensionless
Np,m = number of the m-th type of pores, dimensionless
PGT,i = gas-translation model-based permeance for the i-th component,

mol m22 pa21 s21

Pi = permeance for the i-th component, mol m22 pa21 s21

Figure 11. Kinetic diameter dependence of gas perme-
ance for membranes M-3 and M-4.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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PK,i = Knudsen diffusion model-based permeance for the i-th compo-
nent, mol m22 pa21 s21

Pm-GT,i = modified gas-translation model-based permeance for the i-th
component, mol m22 pa21 s21

Ps = permeance for standard gas, mol m22 pa21 s21

R = gas constant, J mol21 k21

T = absolute temperature, k

Greek letters

ai/j = ideal selectivity of the i-th to j-th component, dimensionless
q = probability of diffusion for the i-th component, dimensionless

qg,i = geometrical probability for the i-th component, dimensionless
e = porosity, dimensionless
s = tortuosity, dimensionless

Subscripts

bi = membrane with a bimodal pore-size distribution
mono = membrane with a monomodal pore-size distribution
multi = membrane with a multimodal pore-size distribution
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