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In this study, the microporous silica membrane was prepared by the template assisted sol-gel method. The surface of the templated silica membranes was modified via two
procedures; selective layer, and layer by layer surface modification. The obtained results
confirmed that the surface modification procedure is very crucial to the final performance of the membrane. Thus, for the templated silica membrane modified by the
first procedure, CO2/N2 permselectivity was achieved at 3.0 and CO2 permeance was
6.3×10–9 mol m–2 s–1 Pa–1, while for the templated silica membrane modified by the second procedure, the CO2/N2 permselectivity was achieved at 11.3 and CO2 permeance was
4.0×10–8 mol m–2 s–1 Pa–1, at room temperature.
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Introduction
Uncontrolled population growth and increased
consumption of fossil fuels have led to the emission
of pollutants and greenhouse gases. This is mostly a
concern for reducing emissions of greenhouse gases, such as carbon dioxide because of its impact on
global climate change1,2. The presence of carbon dioxide in the natural gas mixture can lead to lower
heating value of gas, corrosion of processing facilities and pipelines3–5. Thus, the separation of carbon
dioxide from gas streams by a proper and highly
efficient process is essential.
Membrane processes, owing to their various
advantages, are the interest of researchers in the
field of gas separation. Meanwhile, the use of inorganic membranes has increased because of their
chemical resistance in high temperatures and corrosive environments, appropriate selectivity, abrasion
resistance and stable pore structure in carbon dioxide separation from flue gas6–8.
The microporous silica membranes are the
most important examples of non-crystalline or
amorphous membranes9. These kinds of membranes
Corresponding author: e-mail: a.babaluo@sut.ac.ir (Ali Akbar Babaluo);
tel. & Fax: +98-41-33458084; P.O.Box: 51335-1996
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have a thin separator layer (about 50–200 nm) with
the molecular sieve property, resulting in high permeate flux and selectivity. Therefore, in comparison
with other inorganic membranes, they are utilized
for separation of acid gases10.
The most common method to fabricate microporous silica membranes is the sol-gel method. The
sol-gel method was firstly used by Leenaars et al.11
Controlling the pore size of the membrane, especially the smaller pores, the porosity control, simplicity and homogeneity of the layer are the main
advantages of the sol-gel method11,12. The silica
membranes modified by metal oxides or hydrophobic silanes with respect to pure silica membranes,
show high stability in the presence of hot steam13–15.
Thus, displacement of hydroxyl groups (–OH) with
hydrophobic groups (–CH3) with a hydrophobic
methyl template is an easy strategy to reduce water
absorption and maintain the microporous structure
of silica membranes16. In this case, the micropores
were produced by using the thermal degradation of
organic ligands (templates), which are covalently
bonded to the silica network. The silica membranes
with methyl template had high separation rates, and
change in the carbon dioxide permeance with time
was less observed17. It is notable that micropores
created in this way, have controlled size (depending
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on the size and shape of the organic ligands),
controlled volume (depending on the amount of
added organic template) and narrow size distribution18–21.
Numerous studies have been conducted in the
construction of high quality silica membranes with
methyl templates such as methyltriethoxysilane
(MTES)22–28. Raman and Brinker22 synthesized silica membranes using MTES template, and also studied calcination time and temperature on the performance of membranes. De Vos et al.23 compared the
performance of non-templated and MTES-templated silica membranes. Silica membranes templated
by MTES were synthesized by Lee et al.26 and used
for separating carbon dioxide from nitrogen. Moon
et al.27,28 fabricated silica membranes by MTES as a
template and analyzed their performance in gas reforming processes.
Modification of the membrane surface can improve the membrane performance by changing the
average pore sizes, and better interactions with the
membrane surface and passing molecules29. In studies carried out by researchers, two most common
types of surface modifications are discussed. Of the
two procedures, the dipping method, due to the low
cost and simplicity of operation, was chosen as an
appropriate procedure to achieve optimal efficiency
of the membranes. The membrane surface modification by the chemical vapor infiltration (CVI)
method at low temperatures has been used by Koutsonikolas et al.30 The surface modification of silica
membranes by dipping in tetraethyl orthosilicate
(TEOS): ethanol (EtOH) solution was presented in
the work of Raman and Brinker22, Kusakabe et al.25,
Lee et al.26, and Moon et al.27 In all of these studies,
the surface modification process resulted in improved membrane selectivity. In general, the surface
modification procedures are vaguely explained in
literature. In addition, no research has been conducted to compare the effect of different surface
modification procedures on the final membrane performance.
Therefore, in this study, two templated silica
membranes were synthesized while their surface
modification procedures were carried out by two
different methods: selective layer surface modification (M1 membrane), and layer by layer surface
modification (M2 membrane). As a first approach,
the main aim of this work was to compare two different surface modification procedures. Finally, the
influence of the surface modification method on the
synthesized membrane performance for carbon dioxide separation was investigated.

Experimental
Materials

The chemicals used in this research were obtained from the following sources: aluminium
tri-sec-butylate 97 % (Al[OCH(CH3)C2H5]3, Merck)
as an alkoxide agent, polyethylene glycol (PEG)
6000 (HO(C2H4O)n)H, Merck) as a stabilizer, TEOS
99 % (C2H5O)4Si, Merck) as a silicon source, MTES
99 % (CH3Si(OC2H5)3, Aldrich) as an organic template, EtOH 99.9 % (C2H6O, Merck) as a solvent,
hydrochloric acid 32 % (HCl, Merck) and nitric
acid with a purity of 65 % (HNO3, Merck) were
used for synthesizing the intermediate and selective
top layers. Carbon dioxide (purity 99 %), nitrogen
(purity 99.9 %) and hydrogen (purity 99.99 %) were
used in the gas permeance measurement experiments. Furthermore, argon (purity 99.99 %) was
used as a sweep gas flow.
Synthesis of the supports and intermediate layers

The porous α-alumina tubular membrane supports (diameter, length and thickness were 12, 70
and 3.2 mm, respectively) were prepared by the gel
casting method31–33. Before synthesis of the silica
membrane layers, surface modification was necessary to reduce the support’s pore size to 5–10 nm
due to the silica layer formation34. For the boehmite
sol preparation, aluminum tri-sec-butylate was added to deionized water dropwise at 80 °C, while the
stirring was carried out at high speeds. In this procedure, per each mole of alkoxide, 2 liters of deionized water were used. The solution was stirred vigorously at 90 °C for 30–60 minutes after the addition
of alkoxide (for peptizing the boehmite sol particles). The nitric acid (0.07 mol/1 mol alkoxide) was
added to the prepared mixture. The resulting colloidal sol was kept in stirring and boiling situation at
80 °C to evaporate the large amounts of butanol. To
prepare the PEG solution, an amount of 1 wt% of
PEG6000 was dissolved in deionized water and
added to the stirring sol. Thereupon, the resulting
sol was under reflux for 16 h (to compensate evaporated water). The pH of the final sol was in the
range of 3–4. The prepared sol was kept at 80 °C
and reflux conditions for 16 h11.
Synthesis of the selective templated silica layers

To synthesize the templated silica sol, 1.72 mL
MTES, 17.36 mL TEOS, 19.2 mL EtOH, 1.72 mL
deionized water, and 0.002 mL HCl (1 mol L–1)
were stirred for 90 minutes at 60 °C as precursors.
After 90 minutes, deionized water and 1 mol L–1
HCl were added to the sol at room temperature. The
final molar ratio of MTES, TEOS, EtOH, deionized
water and HCl in the dip coating sol was 0.1: 0.9:
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3.8: 5.1: 0.056, respectively. After adding deionized water and 1 mol L–1 HCl, the sol was aged for
t/tgel = 0.24 at 50 °C, and subsequently diluted with
EtOH before coating (volume ratio of sol to EtOH
was equal to 1:2)22. The coating, dipping and calcination steps were repeated to achieve a uniform silica layer with desired performance.

The performance of the fabricated templated si
lica membrane was investigated by applying the car
bon dioxide, nitrogen and hydrogen pure gases permeance test at the temperature range of 25–200 °C
and pressure range of 0.5–4 bar. The flux passing
through the membrane (permeate flow) at atmospheric pressure was measured by a bubble flowmeter.
To evaluate the synthesized membrane performance, the mixture of carbon dioxide and nitrogen
with ratio of 50/50 (vol%) was also used. The real
selectivity of mixed gases was monitored by the gas
chromatograph device (GC Chrom. Teif Gostar
Faraz, Iran). Figure 1 schematically shows the gas
permeation measurement set up.

Strategy for surface modification of silica layer

In order to control the pore size of the silica
membrane and its modification, the solution of
TEOS: EtOH with a volume ratio of 1:12 was
used22. In this study, for synthesizing the silica
membranes, two different procedures of surface
modification were applied for the silica layer. In the
first membrane (M1), the final selective silica layer
was modified, while in the second membrane (M2),
after each template silica coating step, the surface
modification process was performed.
Table 1 describes in detail the intermediate, top
layers and surface modification formation conditions.
A systematic labeling has also been presented
for the first and second membranes (M1 and M2)
with more details in Table 2, where M1a and M1b
describe M1 membrane after and before modification, respectively.

Results and discussion
Silica membrane microstructures

The SEM images of the porous α-alumina support, the γ-alumina intermediate layer and the finally templated silica membrane modified with two
procedures are presented in Figure 2.
The SEM image of the microstructure porous
ceramic support is presented in Figure 2a. Characteristics of tubular porous ceramic supports were
analyzed by the Archimedes test35. The results
showed 48 % open porosity, 10 % closed porosity
and 42 % relative density, which indicated that the
porosity of the fabricated parts is appropriate.
As may be identified in Figure 2a, no cracks in
the structure of the pieces were observed because of
the appropriate heat treatment of the raw supports
formed by the gel casting method. In addition, the
supports are a completely porous structure with fine
texture and uniform microstructure.

Membrane characterization and gas
permeation/separation measurement

In order to characterize structural defects, such
as cracks and holes, as well as perform a characteristic analysis of the modified silica membranes, the
scanning electron microscope (SEM, CamScan
MV2300, England) was used.
Ta b l e 1 – Conditions of the various layers in membrane synthesis
Calcination time

Calcination
temperature

Calcination rate

3h

700 °C

0.5 °C min–1

24 h at room temperature

6 cm min–1

10–30 s

Intermediate layer

4h

550 °C

1 °C min–1

5–10 min in nitrogen atmosphere

6 cm min–1

5 min

Silica layer

4h

400 °C

1 °C min

5–10 min in nitrogen atmosphere

6 cm min

10 min

Surface modification

–1

Drying operation Coating rate

–1

Coating time

Ta b l e 2 – Systematic labeling of fabricated membranes
Membrane
M1
M2
•
••

Label

1st Silica
layer

1st Surface
modification

2nd Silica
layer

2nd Surface
modification

3rd Silica
layer

3rd Surface
modification

4th Silica
layer

4th Surface
modification

a•

*

–

*

–

*

*

–

–

b••

*

–

*

–

*

–

–

–

–

*

*

*

*

*

*

*

*

After modification
Before modification
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F i g . 1 – Schematic of the gas permeation measurement set up

F i g . 2 – SEM images; a) surface of porous α-alumina support (1kx), b) surface (5kx) and c) surface (60kx) of γ-alumina layer, d)
surface (1kx) and e) cross-section of the templated silica membrane M1a (5kx), f) surface (5kx) and g) cross-section of the
templated silica membrane M2 (5kx)
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The main effective properties, such as pore size
distribution, tortuosity on the surface, and the connections of layers have the most important influence on the performance of microporous membranes. The ceramic supports have a rough surface
with large pores preventing the formation of a uniform silica layer on the membrane surface thus affecting efficiency. Therefore, the modification of
supports seems necessary. For this purpose, the
γ-alumina surface modification on the support was
applied to improve the surface and decrease the
pore size distribution. The γ-alumina layer thickness
increases with increasing of sol viscosity, immersion time and coating rate. As presented in literature36, to control the thickness of the γ-alumina layer, the immersion time and coating rate should be in
the range of 5–20 s and 5–20 cm min–1, respectively. According to the properties of the γ-alumina layer reported in literature, the γ-alumina layer thickness is expected to be between 0.5–25 μm37,38.
Figure 2b and c illustrates the SEM images of the
γ-alumina layer.
As seen in Figure 2b, the repetition of the coating process resulted in a smooth and crack-free surface on the α-alumina sublayer. The uniform intermediate layer may be due to the lack of microbubbles
formation (the main source of cracking), the appropriate distribution of boehmite in sol, proper stirring
during addition of PEG and increased coherence
(viscosity) of sol. Therefore, the primary requirements for achieving the microporous selective layer
(i.e. smooth surface, uniform pore size, micron
thickness and stability of the intermediate layer)
have been obtained. Also, SEM images with high
magnification (Figure 2c) from the surface of the
samples verified that the nanostructure γ-alumina
intermediate layer had formed on the α-alumina porous support.
Figures 2d and e illustrate the SEM images of
the silica membrane with the first procedure of surface modification by the relatively uniform templated silica layer. According to the surface image, the
silica layer that formed on the intermediate layer of
γ-alumina was uniform and regarding the cross-section image, a thin silica layer had formed on the
γ-alumina coated support. The penetration of the silica sol into the pores of the macroporous α-alumina
support was inhibited by the γ-alumina intermediate
layer, which could have led to the formation of selective microporous silica layer36,39.
In Figures 2f and g, the formation of a uniform
and thin layer of modified silica membranes by the
second procedure is verified. Comparison of the
SEM images of the membranes surface suggests
that the uniformity of the modified silica membrane
in the second procedure is higher. Therefore, the
layer-by-layer surface modification of silica mem-
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branes can result in high quality microporous selective layers, which is investigated in more detail in
the following section.
Membranes performance
Pure gases permeance

Permeance and selectivity data for different
layers of the membranes were compared and analyzed. For this purpose, nitrogen permeance data of
the α-alumina support and the intermediate γ-alumina layer were investigated previously to confirm the
governing mechanism. Thereupon, the permeance
data of different gases (H2, CO2 and N2) in the modified silica membrane, modified by the first procedure, were analyzed. The effect of the surface modification on the performance of silica membranes
was analyzed by comparing the permeance data before and after surface modification. Moreover, apparent activation energy of the mentioned gases was
calculated for the modified templated silica membranes. Finally, surface modification procedures
were compared and the final permeance and selectivity data of silica membranes fabricated by the
second procedure were proposed for single and
mixed gases.
The performed tests include permeance of pure
gases versus pressure (mean pressure range 1.25–3.0
bar) and temperature (range 25–200 °C). It should
be noted that the obtained data of each experiment
was repeated several times, and all permeance
charts are provided with mean data and error bar.
The obtained results of permeance data for the
α-alumina support in comparison with the γ-alumina intermediate layer are discussed as shown in Figure 3. In addition, the mechanism of nitrogen in
α-alumina and γ-alumina layers, and the relations
between them were examined. Since the average
pore size of the support (570 nm40) compared to the
mean free pass (MFP) of nitrogen gas (equal to 94.7
nm41) was much larger, it was predicted that the viscous flow model for α-alumina support was satisfied42,43. According to equation 144 in the viscous
flow model, permeance increased linearly with enhancement of average pressure at constant temperature, and decreased with increasing temperature at a
constant pressure difference.
2
−J v
ε rp Pm
Qvis =
=
∆P 8ητ RTL

(1)

Where Qvis, Jv, ΔP, ε, η, τ, rp, Pm, R, T and L are
permeance of viscose flow, molar flux of viscose
flow, the pressure gradient, porosity, viscosity, tortuosity, pore radius, mean pressure, gas constant,
absolute temperature, and membrane thickness, respectively. According to the mechanism of viscous
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flow, it should be noted that the rate of penetration
of gases (which is controlled by the gas viscosity
and flow) was not affected by molecular size. The
aim of the deposition of γ-alumina layer was to
achieve uniform mesoporous structure with minimum permeance loss, and reach the Knudsen diffusion mechanism where the permeance parameter is
independent of mean pressure, as follows44:
Qkn =

8
−J kn 2 εrp
=
(
)1/ 2
∆P
3τL πRTM

(2)

Where Qkn, Jkn, π and M are permeance of Knudsen
diffusion, molar flux of Knudsen diffusion, pi number, and molecular weight of permeating gas, respectively.
Figure 3 indicates the nitrogen permeance for
α-alumina support and γ-alumina-coated support. A
significant increase in nitrogen permeance in the
α-alumina support with enhancement of the mean
pressure was observed. Therefore, regarding the obvious influence of the pressure parameter on nitrogen permeance, the governing mechanism for penetration of gases in the α-alumina support was the
viscous flow model. In addition, the application of
uniform γ-alumina layer led to the elimination of
larger pores, so that the effect of pressure on the
nitrogen permeance significantly reduced in the
γ-alumina-coated support. Therefore, it can be concluded that the dominant mechanism of nitrogen
permeance in the intermediate layer of γ-alumina
layer was Knudsen diffusion, confirming the formation of a mesoporous microstructure on the macroporous support.
The governing mechanisms on the αsilica
membrane fabricated by the first procedure for different gases were investigated. Figure 4 illustrates
the gases permeance versus mean pressure in the
templated silica membrane. Due to the molecular

F i g . 4 – Pure gases permeance versus mean pressure for the
M1a silica membrane at room temperature

sieve properties of the fabricated templated silica
membranes, the permeance of small molecule gases
is higher compared to the gases with large molecule
size (such as nitrogen).
Figure 5 presents the variations of gases permeance versus temperature at constant pressure in
the templated silica membranes.

F i g . 5 – Pure gases permeance versus temperature for the
M1a silica membrane at pressure 2.5 bar

The permeance of carbon dioxide and nitrogen
decreased with increased temperature. Therefore,
the surface diffusion or Knudsen diffusion was the
explainable mechanism, but with increased temperature the hydrogen permeance increased. Knudsen and surface diffusion models could not interpret
the hydrogen permeance, because the gas flux decreased with increased temperature in these mechanisms. To explain the behavior of hydrogen permeance in the templated silica membrane, the activated
transport models can be considered. The hydrogen
permeance severely increased by enhancement of
temperature, this behavior is described by the following equations21,45:
−E 
P = P0 exp a 
 RT 

F i g . 3 – Pure nitrogen permeance versus mean pressure for
the α-alumina support and the γ-alumina-coated
support

(3)

Where P, Ea, R and T are components permeance,
apparent activation energy, gas constant and abso-
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lute temperature, respectively. P0 is also calculated
by equation 4.
P0 

k0
MRT

(4)

Where k0 and M are the characteristic constant of
the porous membrane, and the molecular weight of
the gas, respectively.
For heavier gases such as carbon dioxide, the
surface diffusion mechanism was established. The
surface penetration rate was discussed as an interaction of adsorbed gases and pore surfaces. Thus, the
molecules penetrated along the pore walls, because
the strength of this interaction and separation of
carbon dioxide had been achieved by the difference
in the degree of this interaction. Therefore, because
the dominant mechanism for carbon dioxide and
hydrogen was the surface diffusion and the activated transport, respectively, the apparent increase in
permeance with enhancement of pressure for these
gases was observed. Whereas, due to the Knudsen
diffusion mechanism for nitrogen, a significant
change in the permeance of nitrogen with pressure
parameter was not found.
As can be seen in Figure 6, pure gases permeance at different temperatures is plotted versus the
kinetic diameter. A sharp decrease in gas permeance
with the increase in kinetic diameter established the
molecular sieve mechanism at the templated silica
membranes.

F i g . 7 – Schematic of the governing mechanism in the synthesized silica membrane

selective layer with keeping the permeance rate.
The scheme of the governing mechanisms for CO2
and N2 gases in the synthesized silica membrane is
illustrated in Figure 7.
Therefore, the surface modification effect on
the membrane performance was discussed. Figure 8
illustrates the permeance and permselectivity variation of the gases in the membrane with and without
surface modification of the silica selective layer.
As shown in Figure 8, it was observed that,
when the surface modification was performed once,
the CO2/N2 permselectivity value increased (from
1.5 to 3) due to the decrease in pore size and in-

F i g . 6 – Pure gases permeance versus kinetic diameter at
different temperatures for the M1a silica membrane

The molecular sieve membranes contained
channels and cages in their structures, so their separation property depends on the size of these channels and the kinetic diameter of the gases. Considering that the driving force of the gas separation
process by the molecular sieves mechanism is the
pressure gradient between two sides of the membrane, the presence of macropores or cracks in the
membrane could result in poor performance. Therefore, one of the essential proceedings in the synthesis of silica membranes is the reduction of membrane defects and the decrease in pore size of the

F i g . 8 – Permeance and permselectivity versus mean pressure of M1a and M1b silica membranes
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crease in adsorption of carbon dioxide on the surface of the silica. This is in good agreement with
the research of Lee et al.26, in which the separation
factor of CO2/N2 was doubled for nanoporous silica
composite membranes with MTES template, and 5
surface modifications with a solution of TEOS:
EtOH. As a result, surface modification has an important role on the performance of the synthesized
membranes.
The achieved apparent activation energy of the
silica membrane was –4.99 kJ mol–1 before surface
modification, while it decreased to –7.67 kJ mol–1
after the first surface modification. The negative
sign of apparent activation energy can be related to
exothermic adsorption of carbon dioxide. Moreover,
when the species separation is based on size differences of molecules and pores, the apparent activation energy value is positive, but if the Knudsen
diffusion mechanism or adsorption process are
dominant, the apparent activation energy will be a
negative value10,24,25,46,47.
On the other hand, the obtained results confirmed that surface modification of silica membrane
leads to more negative apparent activation energy,
and thus increases the carbon dioxide adsorption on
the silica pores.
Regarding the appropriate effect of surface
modification on the silica membrane, another membrane with layer-by-layer surface modification was
fabricated, the results of which are shown in Figure
9, compared to those of the membrane modified by
the first procedure. In the first membrane, the surface modification process was carried out only on
the final layer of silica, whereas the surface modification process of the second membrane was carried
out after coating each layer of silica.
In the silica membrane with layer-by-layer surface modification, CO2/N2 permselectivity improved

F i g . 9 – Comparison of permeance and permselectivity versus mean pressure of M1a and M2 silica membranes

up to 5.8, due to the high molecular sieve performance of these membranes, and enhancement of the
carbon dioxide adsorption. For more selectivity,
membrane coating and surface modification were
repeated one more time, and the results are given in
Figure 10.
Permselectivity of silica membrane reached
11.3 after coating once with acid-catalyzed silica
sol, and one surface modification, indicating an increase in carbon dioxide permeance (due to increase
in carbon dioxide adsorption on silica surface), and
a reduction in nitrogen permeance (due to reduction
in pore size, increase in thickness, omitting the existing defects, and improving the molecular sieve
silica membrane performance).

F i g . 1 0 – Permeance and permselectivity of gases (CO2/N2)
for the M2 silica membrane

During the surface modification procedures,
TEOS molecules were hydrolyzed to the –Si (OH)x
and penetrated the larger pores, and decreased the
nitrogen permeance25. Thus the silica membrane
with layer-by-layer surface modification shows high
performance compared to the membrane modified
by the first procedure.
According to permeance values of the synthesized silica membranes, it was found that carbon
dioxide and nitrogen follow the surface diffusion
and Knudson mechanisms, respectively. As the temperature increased, permeance of carbon dioxide
and nitrogen reduced. According to the gas permeance experiment, the permselectivity of carbon dioxide over nitrogen changed from 11.3 at ambient
temperature to 9.6 at 200 °C, due to the reduction in
carbon dioxide adsorption by increasing the temperature.
As shown in Figure 11, the performance of the
synthesized silica membranes was compared with
similar research results24,26,48,49. These membranes
had the closest structure with M1a and M2 mem-
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F i g . 1 1 – Relationship between the CO2/N2 permselectivity
and CO2 permeance for silica membranes

branes and some of them were surface modified by
the TEOS:EtOH solution. According to the good
position of the synthesized membrane in trade-off
chart, it can be found that the templated silica membrane modified by the second procedure had appropriate performance based on the permeance and selectivity aspects.
Gas mixture test

The performance of silica membranes in the
gas mixture of carbon dioxide and nitrogen, with a
50/50 ratio (vol%) at room temperature was investigated, and the results are presented in Figure 12.
According to Figure 12, the modified membrane modified with the second procedure had appropriate performance. In particular, the real selectivity achieved was 5.27 for the membrane modified
by the second procedure, and 2.03 for the membrane modified by the first procedure. Moreover,
the results show that the real selectivity in both cases had increased by increasing the mean pressure.
According to the increase in the component adsorp-

425

tion by increasing the pressure, enhancement of real
selectivity at higher pressure was more sensible.
This means that at lower pressure, the back diffusion phenomenon could have a negative effect on
the real selectivity (Figure 12).
The back diffusion created by collisions of gas
molecules in a gas mixture is decreased by enhancement of gradient pressure. According to the literature26, this is probably related to the concentration
polarization phenomenon. This phenomenon causes
an increase in nitrogen concentration in the feed
and carbon dioxide concentration on the other side
of the membrane.

Conclusions
Nanostructure microporous silica membranes
were synthesized by the templated sol–gel method
using TEOS as precursor and MTES as template on
γ-alumina-coated tubular α-alumina supports. Nitrogen permeance data of the γ-alumina layer also revealed the gas flow through the Knudsen mechanism. In the templated silica membrane, hydrogen,
carbon dioxide, and nitrogen follow activated transport, surface diffusion, and Knudsen mechanisms,
respectively. Carbon dioxide permeance decreased
with increased temperature due to the reduction in
membrane adsorption of silica at high temperatures.
The apparent activation energy of the silica membrane,
before surface modification was –4.99 kJ mol–1, and
after one surface modification it equaled –7.67 kJ mol–1.
Two surface modification procedures (selective layer surface modification and layer-by-layer surface
modification) were performed on the silica membranes to confirm the best surface modification procedure. The permeance and selectivity data confirm
that the silica membrane modified with the layer-by-layer procedure had higher performance. Finally, the surface modified templated silica membra
ne permeance for carbon dioxide was approximately
4.0 ×10–8 mol m–2 s–1 Pa–1, and ideal selectivity for
CO2/N2 was 11.3 at room temperature. Due to low
preferential adsorption of carbon dioxide at high
temperatures, the separation of carbon dioxide from
gas mixtures is suggested to perform at room temperature.
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Nomenclature and units

M1a – The first templated silica membrane after surface
modification
M1b – The first templated silica membrane before surface modification
M2 – The second templated silica membrane with layer-by-layer surface modification
tgel – Gelation time, s
MFP – Mean free pass
Qvis – Permeance of viscose flow, mol m–2 s–1 Pa–1
Qkn – Permeance of Knudsen diffusion, mol m–2 s–1 Pa–1
Jv
– Molar flux of viscose flow, mol m–2 s–1
Jkn – Molar flux of Knudsen diffusion, mol m–2 s–1
ΔP – Pressure gradient, Pa
ε
– Porosity
η
– Viscosity, kg m–1 s–1
τ
– Tortuosity
rp
– Pore radius, m
Pm – Mean pressure, Pa
R
– Gas constant, J mol–1 K–1
T
– Temperature, K
L
– Membrane thickness, m
π
– Pi
M – Molecular weight of permeating gas, g mol–1
P
– Components permeance, mol m–2 s–1 Pa–1
P0 – Constant
Ea – Apparent activation energy, kJ mol–1
k0
– Characteristic constant of the porous membrane
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