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With growing consumption of fossil fuels, gigatons of carbon
dioxide are emitted into the atmosphere every year. Carbon
dioxide is the main component of greenhouse gases, and
would trigger severe global climate change if it accumulated
to a high level in the long run. To alleviate CO2 accumulation
it is important to separate and recycle carbon dioxide before it
is released in to air.[1] In contrast to conventional techniques
for CO2 separation, membrane gas separation is more
affordable and attractive. Recently, polymer membrane
materials have been widely used for gas separation owing to

their relatively low cost and ease of being processed into
hollow fibers.[2–5] However, plasticization could significantly
decrease the performance of the polymer membranes. A
more promising choice is inorganic zeolite membranes.[6–9]

Crystalline silica-based zeolites can bring their intrinsic
properties, such as well-defined subnanometer channels,
high thermal, chemical, and mechanical stabilities, and
hydrophobicity/philicity, into the membrane.

Ideally, zeolite membranes should be large-scale ordered
and defect-free, exhibiting high thermal stability, selectivity,
and permeability. Zeolite FAU, DDR, T-type, and SAPO-34
membranes have been reported for CO2/CH4 and CO2/N2

separations. Although these membranes have demonstrated
high selectivity for CO2 over other gas molecules, they have
low permeability owing to the thickness of the zeolite films,
the random arrangement of zeolite crystals in the mem-
brane,[10] and low thermal and mechanical stabilities because
of their high Al contents.[11–13] High silica MFI or pure silica
MFI zeolites with 5.3 9 intercross channels have higher
thermal stabilities; as a result membranes of them have been
considered for xylene isomer separation in the petrochemical
industry.[14] Zeolite MFI membranes supported by, for exam-
ple, porous ceramic, a-Al2O3, and stainless steel have many
defects, such as pinholes or cracks, which are usually
generated through different thermal-expansion coefficients
and phase transitions between the membranes and matri-
ces.[15–17] Some defect-free MFI films have been reported.[18]

Considering the elasticity, tenacity, and low thermal-expan-
sion coefficient of the stainless-steel-net, it is reasonable to
expect that a stainless-steel-net-imbedded zeolite silicalite-1
membrane can resist cracking, temperature cycling, and
possess high mechanical stability. Based on the preparation
of a stainless-steel-net-supported zeolite NaA membrane,[19]

the investigation of a large-scale ordered stainless-steel-net-
imbedded zeolite silicalite-1 membrane was carried out.
Mixed gas (N2/CO2, CH4/CO2, and H2/CO2) separation
studies on the membrane revealed that the membrane has
high permeability and selectivity for CO2 over H2, N2,and
CH4.

The stainless-steel-net-imbedded zeolite silicalite-1 mem-
brane was synthesized by the hydrothermal method. First, the
silicalite-1 nanocrystal seeds were dispersed onto the pre-
treated stainless-steel net. The monolayer seeded net was
then placed vertically in a Teflon-lined autoclave containing a
reaction solution of 0.32TPAOH/1.0TEOS/165H2O
(TPAOH= tetrapropylammonium hydroxide, TEOS= tet-
raethylorthosilicate) for secondary growth at 170 8C for
3 days.

Figure 1 shows the X-ray diffraction (XRD) patterns of
the dispersed seeds on the substrate and as-synthesized
zeolite silicalite-1 membranes after secondary growth for 1,
2, and 3 days. The pattern of the dispersed zeolite silicalite-1
seeds fits well with that of the simulated MFI structure,
indicating that the sample was a pure phase. The XRD
pattern in Figure 1b shows that after reaction for 1 day, the
majorities of peaks were similar to those of a randomly
oriented MFI structure, except that the intensities of the (h0l)
peaks increased notably, implying the zeolite crystals are (h0l)
oriented on the stainless steel net. When the reaction time was
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prolonged to 2 days, the intensities of the (020) peak located
at a Bragg angle 2q of 8.8 8 significantly increased, indicating
that at this time the membrane was formed preferentially
along the b axis (Figure 1c). After 3 daysC crystallization, the
peaks (101) and (020) (Figure 1d) disappear entirely while
the (002), (004), (103), and (104) peaks dominate the XRD
pattern, indicating that a c- and (h0l)-oriented zeolite
silicalite-1 film has formed on the previously grown b-
oriented zeolite layer.

To further understand the formation mechanism of the
stainless-steel-net-imbedded zeolite silicalite-1 membrane,
scanning electron microscopy (SEM) was used to monitor
the surface morphology of the zeolite membrane during the
synthesis process. As shown in Figure 2a,b, the zeolite
silicalite-1 seeds around 150 nm in size were dispersed
uniformly on the stainless steel net to form a compact
monoseed layer. The lack of close-packed seeds on the net
can lead to formation of dome-like defects,[20] which will
further affect the gas separation performance of the mem-
brane. The use of zeolite seeds will promote both the
nucleation and growth of zeolite on the substrate.[21] The
process of the secondary growth of the zeolite silicalite-1
membrane on the seeded substrate is shown in Figure 2c–h. It
can be seen that after crystallization for 1 day (Figure 2c,d),
most of the crystals grow along the stainless steel net wire to
form a zeolite fiber net, consisting with the XRD results
(Figure 1b). The formation of the zeolite fiber net with a
preferred crystallographic orientation can be explained by a
classic competitive growth model.[22–24] Figure 2e shows the
image of the zeolite membrane grown after two days. At this
stage, there are still many voids where zeolite crystals can not
merge into a membrane. It can be seen that as crystallization
progresses, the 40 D 50 mm rectangle pores constructed by
zeolite fibers developed into 20 D 30 mm elliptic pores. The
magnified SEM image of one elliptic pore (Figure 2 f) clearly
indicates that zeolite film is made up of two layers of zeolite
crystal arrays. The prismatic crystals in the first layer are
parallel to the plane of the net, with their c-axes pointing

towards the center of the elliptic pores. Without space
restriction, these crystals grew expitaxially and merged
together.[25,26] The crystals in the second layer are grown
over the first layer with their c-axes perpendicular to the
plane of the net. Only those crystals with c-axes perpendicular
to the substrate surface will survive, whereas those with other
orientations are gradually suppressed.[27] Such an arrange-
ment of zeolite crystals fits well with the XRD result
(Figure 1c). After crystallization for 3 days, as shown in the
Figure 2g, an entirely compact and continuous zeolite silica-
lite-1 membrane without any pinholes or cracks was synthe-

Figure 1. X-ray diffraction patterns of a) the zeolite silicalite-1 nano-
crystal seeded substrate and the as-synthesized stainless-steel-net-
supported zeolite silicalite-1 membrane after crystallization for b) 1,
c) 2, or d) 3 days.

Figure 2. SEM images of a) the zeolite silicalite-1 nanocrystal seeds
dispersed on the net wafer, and b) magnified image of the seed layer.
Top-view SEM images of stainless-steel-net-supported zeolite silicalite-
1 membrane after secondary growth with crystallization times of
c,d) 1 day, e,f) 2 days, and g,h) 3 days, under low (left) and high (right)
magnification. i,j) Optical microscope images of the membrane with
reflected and transmitted light.
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sized successfully. The magnified SEM image (Figure 2h)
indicates that almost all the crystals are in the c orientation
with their c axis perpendicular to the plane of the membrane,
which is consistent with the result of XRD pattern (Fig-
ure 1d) which shows that crystals prefer the (0k0) orientation.
Optical microscope images of the membrane with reflected
and transmitted light (Figure 2 i,j) show that the zeolite net is
uniform, ordered over a large area, and transparent. After
calcination at 550 8C in air for 8 h, the membrane still retains
its high crystallinity and pure phase, which is demonstrated by
XRD and SEM analyses (see Supporting Information). It was
noted that the thermal expansion coefficients of stainless steel
(15 D 10�6 8C�1) and the zeolite crystals in the c direction (0.5 D
10�6 8C�1) are quite small, while the thermal expansion
coefficients of zeolite crystals in the a and b directions are
opposing (20 D 10�6 and �22D 10�6 8C�1, respectively). It has
been reported that the in-plane compressive stress may
prevent crack formation.[28] Therefore, we speculate that it
was the hierarchical (that is, layer-by-layer) structure of the
zeolite membrane that enabled it to survive the high-temper-
ature calcination process without cracking or formation of
pinholes.

Following the encouraging characterization results, gas-
separation studies were carried out on the high thermal stable
and large-scale ordered silicalite-1 membrane. The calcined
membrane was fixed in a gas-separation setup (see Support-
ing Information), and used for separation studies with
different gas mixtures (CO2/H2, CO2/N2, and CO2/CH4). The
determined permeation and separation factors are summar-
ized in the Supporting Information. The permeation of CO2

(around 7 D 10�7 molm�2 s�1Pa�1) is much higher than that of
the other gases in the mixtures, showing that the membrane
provides highly selective separation of CO2. Because CO2 has
a larger quadrapolar moment and higher boiling point
(�44 8C) than the other test gas molecules, it can interact
with the interior of the silicalite-1 micropore upon instant
polarization, and was adsorbed into and diffused out of the
silicalite-1 membrane much more easily than H2, N2, and CH4.
Furthermore, the stainless-steel-net has open voids and the
first layer of the membrane is almost b-oriented which
facilitates easy access to the straight-channels of zeolite
silicalite-1, as a result the CO2 permeation factors are much
higher than those reported to date.[29–31] In the Supporting
Information, it is also noted that the separation factors of
mixture gas are much higher than the ideal separation factors.
It can be deduced that the preferred adsorption of CO2 blocks
the flow of N2, H2, CH4 molecules through the zeolite
silicalite-1 channels of the membrane.[32,33]

To evaluate the mechanical stability of the zeolite
membrane, the feed pressure was increased from 1.01 D
105 Pa to 3 D 105 Pa. It is found that the CO2 permeability
increased from 7.14 D 10�7 to 1.53 D 10�6 molm�2 s�1Pa�1 and
the separation factor of CO2/N2 still maintained a high value
(Supporting Information). Interestingly, the CO2/N2 separa-
tion factor of the zeolite membrane increased noticeably from
68.7 to 75.0 when the permeation temperature decreased
from 20 to 0 8C, suggesting that at lower temperature the
adsorption of CO2 on the zeolite silicalite-1 membrane is
more selective than of N2, H2, and CH4. The reproducibility

and durability of the membranes were also examined. As
shown in Figure 3, the separation factor and the permeation
of the zeolite silicalite-1 membrane remains at high values.
The membrane can be used repeatedly for at least six months,
which shows that the stainless-steel-net-imbedded zeolite
silicalite-1 membrane has significantly high stability.

In summary, the stainless-steel-net-imbedded silicalite-1
zeolite membrane has been successfully synthesized by a
hydrothermal approach. A hierarchical growth mechanism
for the membrane formation can be deduced according to the
XRD and SEM results. Compared with the conventional MFI
membranes supported by other substrates, the stainless-steel-
net-imbedded zeolite silicalite-1 membrane has high thermal
and mechanical stabilities, large-scale order, and exhibits high
permeation flux and excellent permeation selectivity for CO2.
Such highly efficient zeolite membranes could be used to
separate, recycle, and reuse CO2 exhaust gases from coal-fired
power plants, chemical factories, and natural gas-sourced
amine plants.

Experimental Section
Seeds dispersion and hierarchical growth: Silicalite-1 crystals of
approximately 150 nm in size were prepared according to literature
methods.[34] The seed solution (20 gL�1) was prepared by adjusting
the pH value to 10 using aqueous NH3 to avoid the seed aggregation.
Then the seed solution was dropped onto the net wafers which had
been pretreated with a liquid detergent solution for 30 min under
ultrasonic vibration condition.[16] The seeded net wafers were placed
vertically in a Teflon-lined autoclave for secondary growth at 170 8C
for 3 days, in which the composition of the reaction solution was
0.32TPAOH/1.0TEOS/165H2O.[35] To study the growth mechanism
of membranes, autoclaves were taken out at 1, 2, and 3 days,
respectively. The membranes were taken out, washed with distilled
water, and dried at 80 8C. After being calcined at 550 8C for 8 h to
remove the organic template, the membranes were characterized by
XRD and SEM, and their gas-separation properties were determined.

The growth process of the membrane was monitored by X-ray
diffraction (XRD, a Siemens D5005 diffractometer with CuKa

radiation (l= 1.5418 9) and field-emission scanning electron micro-
scope (FE-SEM: JEOS JSM6700F). A soap-film flow meter was used

Figure 3. CO2/N2 (&), CO2/H2 (*), and CO2/CH4 (~) separation
factors (S) for the stainless-steel-net-supported zeolite silicalite-1 mem-
brane over time; sweep rate=50 mlmin�1, feed flow rate=100
mlmin�1, feed pressure=1.0H105 Pa, permeation temperature=20 8C.
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to measure the flux of the gas, and the gas that penetrated through the
membrane was analyzed by gas chromatograph (HP6890).
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