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–silicalite-1 membrane with
excellent gas separation property

Xin-ling Fu, Ming Zeng, Jian-bo Zhou* and Chao Xu*

A novel strategy for synthesizing silicalite-1 membrane by hydrothermal synthesis without organic

template after coating the support with a mixture of modified cellulose and seeds was successfully

proposed. The membrane possesses high ideal separation factors of H2 over various gases which is

larger than the corresponding Knudsen diffusion coefficients. The selectivity of AcOH from AcOH/

H2O mixtures can reach to 65 and stable for 180 h. The characterization results by XRD and SEM

showed that the excellent performance can be attributed to both modified cellulose and the

synthesis without organic template. Modified cellulose attracted more silicalite-1 nutrients to the

support and assisted the synthesis of more compact silicalite-1 zeolite membrane. Calcination after

synthesis was avoided, thus avoiding macrostructure defects appearing during the process of

calcination.
1. Introduction

Membrane separations have made signicant contributions in
fuels, petrochemicals, energy, and renewable chemical sectors
because of their excellent properties, such as energy efficiency,
low cost and environment friendliness, compared with
conventional separation methods.1 Inorganic zeolite
membranes are effective in gas and liquid separations because
they present some substantial advantages over conventional
organic materials with respect to thermal and chemical stabil-
ities.2,3 Recently, much study has been reported on preparation
and separation application of molecular-sieve inorganic zeolite
membranes.4,5 Despite great advances in zeolite membrane
separation technology, particularly with respect to alcohol–
water separation,6 formation of compact and thin lms for gas
separation is still favored.

Various methods have been explored by researchers to
synthesize zeolite membranes such as direct hydrothermal
crystallization,7 adding seeds8,9 or organic cations,10,11 micro-
wave heating12 and gas-phase transformation.13 The organic
templates, which are required for the formation of the zeolite
crystal structure, are used in most processes of synthesizing
zeolite membranes. Accordingly, heat treatment aer hydro-
thermal synthesis is a common post-treatment of zeolite
membranes for removing SDAs and/or water from the zeolite
pores. However, the zeolite membranes are easy to crack due to
the mismatches in the thermal expansion coefficients between
support and zeolite layer. While some MFI-type zeolite
yology, College of Basic Medical Sciences,

a, Hunan 410219, China. E-mail:
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membranes with high performance aer calcining at high
temperatures have been reported,14 several studies have also
shown that during the calcination process, micro cracks tend to
form in the zeolite membranes due to thermal stress caused due
to the difference in thermal expansion coefficients between the
zeolite layer and support and/or resulting from the changes in
lattice parameters of zeolite crystals as a consequence of the
removal of templates.15,16 Recently, Choi et al.17 developed
a rapid thermal processing (RTP) method to avoid the forma-
tion of such defects, possibly by strengthening grain bonding at
the grain boundaries. While an appreciably high separation
performance could be achieved, this method is complicated
and expensive, which connes the practical applications.
Accordingly, a new method to obtain high-performance zeolite
membrane with few cracks is still a great challenge. Based on
this consideration, coating a modied layer between the zeolite
layer and support, which not only eliminates the grain
boundary defects caused by the mismatch of thermal expansion
coefficients between the support and zeolite layer but also
attracts more active components to the support, and then
synthesizing a zeolite layer without organic template to avoid
calcination at high temperature appears to be a better
approach.

In this study, a novel strategy for synthesizing silicalite-1
zeolite membrane is explored, namely, by modifying the
support with modied cellulose and carrying out hydrothermal
synthesis without organic template. The crystals that grow on
the surfaces of the alumina supports are smooth and dense. The
continuous zeolite top layer of the membrane was analyzed via
scanning electron microscopy (SEM) and checked via gas
permeation measurements and separation of acetic acid–water
mixtures, and X-ray diffraction (XRD) was employed to examine
This journal is © The Royal Society of Chemistry 2017
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the crystal structure of the prepared membranes. This study
introduces new approaches for the improvement of separation
performances of zeolite membranes in the eld of membrane
synthesis.

2. Experimental
2.1 Materials

All the chemicals, including tetrapropylammonium hydroxide
(TPAOH) (Analytical Reagent, Aladdin), sodium hydroxide
(Analytical Reagent, Guangzhou), colloidal silica solution
(30 wt%, Guangzhou), dimethyl sulfoxide (DMSO) (Analytical
Reagent, Guangzhou), paraformaldehyde (PF) (Analytical
Reagent, Guangzhou), and a-cellulose (Analytical Reagent,
Aladdin), were used as purchased without purication.

2.2 Synthesis of silicalite-1 zeolite seeds

Silicalite-1 zeolite seeds were synthesized via hydrothermal
heating. The solution was prepared by mixing 0.3 g sodium
hydroxide, 16 g colloidal silica solution and 25 mL 1 mol L�1

TPAOH in deionized water under vigorous stirring. Aer aging
for 12 h at 25 �C, the solution was hydrothermally treated in
a Teon lined stainless steel autoclave at 120 �C for 12 h. The
seed powder obtained by centrifugation was washed with
distilled water until pH 7 and dried at a temperature of 100 �C.
The organic template TPAOH was removed by calcining at
450 �C for 8 h with a heating rate of 1 �Cmin�1. The as-obtained
silicalite-1 zeolite powders, named as S1, were subjected to
characterization. As a comparison, silicalite-1 zeolite powders
in the market, named as S2, were also characterized.

The appropriate sample was screened as the seed by char-
acterizing the types of powders.

2.3 Preparation of seed suspension

Modied cellulose solution was prepared according to the
following procedure: (1) 4 g a-cellulose and 20 g DMSO were
mixed and put into a Teon lined stainless steel autoclave at
60 �C for 30 min. (2) Opening the cover of the autoclave, 4 g PF
and 20 g DMSO were added into it and the cover was closed. (3)
The autoclave was put in a furnace of 120 �C for 24 h. (4) A clear
liquid was obtained by centrifugation with the rotation rate of
6000 rpm twice, each time for 5 min.

Moreover, 0.2 g silicalite-1 seed crystal powder was added
into the modied cellulose solution and subsequently
dispersed in an ultrasonic bath for 20 min. Thus, the well-
dispersed silicalite-1 seeds suspension was obtained with
a ratio solid/liquid ¼ 5 g/1000 g. Moreover, the same concen-
tration of seed suspension without cellulose was prepared by
adding silicalite-1 zeolite into DMSO. Both the suspension
solutions were degassed in vacuum to avoid the formation of
voids between the polymer and zeolite phases resulting from
the air adsorbed on the surface of the zeolite particles.

2.4 Introduction of zeolite seeds to support

A home-made porous a-A12O3 disc, with diameter of 22 mm,
thickness of 1.8 mm, porosity of 65%, and average pore size of
This journal is © The Royal Society of Chemistry 2017
300 nm, was used as support for the growth of zeolite
membrane. The a-A12O3 disc was polished with grit-sand paper,
followed by washing with 1 mol L�1 sodium hydroxide solution
before using as a support. The support was dried at 110 �C aer
being cleaned with deionized water in an ultrasonic cleaner and
subjected to the loading of silicalite-1 zeolite seeds without
cooling.

In order to form a homogeneous seed layer, hot dip-coating
method18 was employed to deposit zeolite seeds on the surface
of the support. The hot support disc was dipped in the silicalite-
1 seed suspensions and maintained for 10 s to allow the seed
crystals to be adsorbed on the surface and then gently slid and
pulled up from the seeds suspension. Finally, it was dried at
110 �C in vacuum for 1 h. This was repeated three times to
obtain a uniform distribution of seed particles on one side of
the support.

2.5 Synthesis of silicalite-1 zeolite membrane

The solution for the synthesis of silicalite-1 membrane was
prepared by mixing 0.74 g sodium hydroxide, 16 g colloidal
silica solution and 41.5 g deionized water under vigorous stir-
ring. The solution was boiled until it became clear and then
aged for 1 day.

Silicalite-1 membrane was synthesized via hydrothermal
heating. The seeded support disc was rst vertically immerged
in the synthesis solution contained in a Teon reactor and then
the reactor was transferred into a preheated oven at 180 �C for
24 h. Aer cooling to room temperature, the disc was removed
from the autoclave and washed with distilled water in an
ultrasonic bath for 10 min. Finally, the disc was washed
repeatedly by deionized water till neutral and dried rst at 35 �C
for 3 h and then at 100 �C overnight. The as-obtained silicalite-1
membrane was further subjected to a secondary synthesis with
the same method mentioned above but reacted just for 8 h.

The membrane seeded without modied cellulose was
named as M1, while the membrane seeded with modied
cellulose was named as M2.

2.6 Characterization of silicalite-1 zeolite membrane

The structure of the membranes was examined via X-ray
diffraction (XRD) (Bruker D8) with a scanning voltage of
40 kV, scanning current 40 Ma and scanning step 0.02�. The
morphology and thickness of the silicalite-1 membranes were
conrmed via scanning electronmicroscopy (SEM) (FEI Quanta-
200) with an accelerating voltage of 20 kV. The contact angles of
the silicalite-1 membranes were measured with contact angle
analyzer (WCA) (DSA100).

2.7 Performance of silicalite-1 membranes

The performance of silicalite-1 zeolite membrane was man-
ifested by gas permeation and pervaporation. They were carried
out over self-designed equipment, which was similar to that
reported in literature.19

2.7.1 Gas permeation. The disc was sealed in the perme-
ation cell with the membrane layer on the high-pressure side.
Single gas (H2 with CO, CO2, N2, CH4 and C3H8) permeated
RSC Adv., 2017, 7, 41070–41076 | 41071
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through the membrane, and permeated ux was measured by
a soap-lm ow meter. The permeance (J) and ideal selectivity
for H2 over other gases were respectively calculated according to
eqn (1) and (2):

J
�
mol m�2 s�1 Pa�1

� ¼ n

StDp
(1)

aA=B ¼ JA

JB
(2)

where n, Dp, S, t, A and B are the moles of permeated gas, the
pressure difference between two sides of zeolite membrane, the
permeating area of zeolite membrane, the permeating time, H2

and other gases (N2, CO, CO2 and C3H8), respectively.
2.7.2 Pervaporation. The zeolite membrane was character-

ized by pervaporation of 10 wt% acetic acid–water mixture at
70 �C. The measurement pressure was 0.4 MPa, and the
permeate area was 1.54� 10�6 m2. The permeate side remained
in a vacuum state, and a cold trap in liquid N2 was used to
collect the permeate. The compositions of both feed and the
permeate were measured via chromatography (SP-6890). The
pervaporation separation factor is calculated according to
eqn (3):

a*
A;B ¼ yA=yB

xA=xB

(3)

where yA and yB are the weight fractions of acetic acid and water
in the permeate, respectively, and xA and xB are their corre-
sponding weight fractions in the feed.
3. Results and discussion
3.1 Characterization of silicalite-1 seeds

Fig. 1 shows the XRD patterns of silicalite-1 powders of S1 and
S2. From the gure, one can see that the XRD patterns of both
S1 and S2 are well consistent with the JCPDS le #44-0696
without diffraction peaks from other crystals, indicating a pure
phase of silicalite-1 zeolite. However, the XRD peaks of S1
exhibit smaller peak intensity and larger peak width than that of
S2, indicating that the crystal size of S1 is smaller than that for
Fig. 1 XRD patterns of (a) S1 and (b) S2.

41072 | RSC Adv., 2017, 7, 41070–41076
S2.20 In order to determine the crystal size of both S1 and S2, the
corresponding SEM has been shown in Fig. 2. It is found that
the morphology of S2 shows hexagonal prism type with clear
edges and the corresponding average crystal size is ca. 6 mm,
while S1 possesses a reduced crystal size, being determined as
ca. 0.3–1 mm, with few lattice defects. It is reported that smaller
crystal size and more defective surface could induce denser
membrane layer.21 Accordingly, the powders of S1 have been
used as the seeds for the further growth of silicalite-1 zeolite
membrane.
3.2 Characterization of silicalite-1 zeolite membranes

Fig. 3 shows the XRD patterns of various silicalite-1 zeolite
membranes. One can see that the sharp peaks at 2q ¼ 25.76�,
35.34�, 37.96� and 43.55� can be attributed to a-Al2O3 support,
and the peak intensity for a-A12O3 decreases aer zeolite
membrane is synthesized. Aer seeding, the characteristic
diffraction peaks of silicalite-1 zeolite at 2q ¼ 8.22�, 9.08� and
23.50� appear in the support seeded without cellulose, while in
addition to silicalite-1 characteristic diffraction peaks, a broad
peak from 15� to 23� also appears in the support seeded with
cellulose. The broad peak can be attributed to the diffraction
peak of modied cellulose, indicating that cellulose carrying the
hydroxyl functional group is also uniformly dispersed on the
surface of the support. Aer the synthesis, the peak intensity for
silicalite-1 zeolite increases and that for a-A12O3 decreases. It
should be addressed that the peak intensities of silicalite-1
zeolite, particularly those of the peaks at 2q ¼ 8.22�, 9.08� (see
the circle shown in Fig. 3), are higher for M2 membrane than
that for M1 membrane, indicating that the silicalite-1 zeolite
layer is thicker or compacter over the former membrane relative
to the latter membrane.

Fig. 4 shows the SEM micrographs of various silicalite-1
zeolite membranes. From the top view of the micrographs
(Fig. 4a and c), one can see that the coffin-shape grains of
silicalite-1 crystals gather together over the support and construct
a continuous zeolite layer for all the membranes. However, the
crystal particles randomly deposit on the support and numerous
defects are formed between zeolite grains in M1 membrane. As
a striking contrast, the crystals deposit on the support existing in
the form of twins and no signicant defect can be identied in
M2 membrane. The cross sectional view of the micrographs
(Fig. 4b and d) show that a silicalite-1 zeolite layer has tightly
grown over the support without any evident pinholes. However,
the thickness of the zeolite layer is thicker forM2membrane than
that for M1 membrane, being identied as 5 mm and 2.8 mm,
respectively. These results are consistent with the results of XRD.
Fig. 5 shows the apparent contact angles of silicalite-1 zeolite
membrane. One can see that, a-A12O3 support is completely
hydrophilic and the corresponding contact angle is approxi-
mately 0�. Aer the hydrothermal synthesis, the contact angle
increases. The contact angle ofM1membrane is 43�, while that of
M2 membrane is 61�.

The above mentioned results can be attributed to the fact
that the modied cellulose layer is between the support and
zeolite layer. In DMSO solvent, PF reacts with cellulose to
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM micrographs of silicalite-1 powders: (a) S1 and (b) S2.

Fig. 3 XRD patterns of (a) seed layer without modified cellulose; (b)
seed layer with modified cellulose; (c) M1 membrane and (d) M2
membrane.
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produce cell–O–CH2–OH,22 making more –OH group exposed to
the solution, and when the support, which is coated with
modied cellulose, is in contact with the synthetic solution,
Fig. 4 SEM micrographs of silicalite-1 zeolite membranes. (a) and (c),
sectional view for M1 and M2 membranes, respectively.

This journal is © The Royal Society of Chemistry 2017
hydrogen bond is formed between –OH groups of modied
cellulose and silanol groups of the precursor macromolecules of
silicalite-1. Due to those high efficient molecular links between
cellulose and silicalite-1 nutrients, more silicalite-1 nutrients
are adsorbed on the surface of the support and easily grow to
a dense and continuous silicalite-1 zeolite membrane. More-
over, there is no templating agent in the process of synthesizing
the silicalite-1 zeolite membrane, thus avoiding the destruction
of the zeolite layer during the calcination process. It should be
addressed that silicalite-1 zeolite membranes have a certain
hydrophobicity and the hydrophobicity becomes stronger when
the zeolite membrane is denser.
3.3 Performance of silicalite-1 membranes

The performance of various small molecule gases through M1
and M2 membranes are shown in Fig. 6. One can see that the
permeations of various gases through M1 membrane are higher
than that for M2membrane, but the permeances are at a level of
10�7 to 10�6 mol m�2 s�1 Pa�1. Both membranes show that
gases with smaller kinetic diameter, except for CO2, have higher
permeation ux, and the permeance of H2 is the highest. The
lower permeation ux of CO2 can be due to the fact that CO2 is
top view for M1 and M2 membranes, respectively; (b) and (d), cross-

RSC Adv., 2017, 7, 41070–41076 | 41073
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Fig. 5 The apparent contact angles of silicalite-1 zeolite membranes. (a) M1 membrane; (b) M2 membrane.
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more condensed and adsorbed in the pores of zeolite.23 The
ideal separation factors of H2 over various gases through both
M1 and M2 membrane are shown in the upper right corner of
Fig. 6. The ideal separators of H2 over various gases through M2
membrane are higher than that for the corresponding Knudsen
diffusion coefficients, even higher than that through M1
membrane, which are determined as 5.10, 4.24, 4.25, 4.27 and
5.55 for a(H2/CO2), a(H2/N2), a(H2/CO), a(H2/CH4) and
a(H2/C3H8), respectively. This occurrence can be due to the
compactness of the zeolite membrane. M1 membrane is thin
with numerous defects in macroporous structures; and hence it
is easy for all the gases to pass through the membrane with low
selectivity. In comparison, M2 membrane is denser with few
defects, and the gases pass through the membrane from the
pores of zeolite. The gas with small kinetic diameter will be
preferred through the pores of the zeolite, while the gas with
larger kinetic diameter will be blocked by the membrane.
Accordingly, M2 membrane shows higher selectivity than M1
membrane and the corresponding Knudsen diffusion
coefficients.

Silicalite-1 membrane is a hydrophobic zeolite membrane
(see Fig. 5). When organic aqueous solutions are fed in the
membrane, organics are preferably adsorbed on the surface of
Fig. 6 Performance of various small molecule gases through M1 and
M2 membranes at 298 K and under 0.1 MPa pressure difference.

41074 | RSC Adv., 2017, 7, 41070–41076
zeolite membrane and passed through the pores of zeolite.
Accordingly, silicalite-1 membrane has a good separation effect
on acetic acid aqueous solution. Fig. 7 shows AcOH/H2O sepa-
ration factors of M1 and M2 membranes at 70 �C and under
0.4 MPa pressure difference. One can see that M2 membrane
exhibits higher selectivity towards water separation than M1
membrane, and the separation factor of AcOH over water
through M2 membrane can reach up to 65. Moreover, M2
membrane still remains highly stable aer 180 h, while the
separation factor of M1 membrane begins to drop linearly aer
50 h. Furthermore, Fig. 8 shows SEMmicrographs of silicalite-1
zeolite membranes aer treating with AcOH/H2O mixture for
180 h. One can see that both M1 and M2 membranes are still
covered with coffin-shaped grains of silicalite-1 crystals.
However, the edges of the crystals are blurred and a large
number of holes appear on the surface of M1 membrane. This
result is because there is no calcination, and some amount of
silanol group on the surface of zeolite membrane is retained.
Those silanol groups form a dense network via hydrogen bond
and few silanol groups are exposed to the outside of the
membrane. Therefore, water molecules are difficult to adsorb
on the surface of the zeolite membrane, while AcOH molecules
are preferentially adsorbed on it. M2 membrane with dense
Fig. 7 AcOH/H2O separation factors of M1 and M2 membranes at
70 �C and under 0.4 MPa pressure difference.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 SEMmicrographs of silicalite-1 zeolite membranes after treating with AcOH/H2Omixture for 180 h. (a) Top view for M1membrane; (b) top
view for M2 membrane.
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silicalite-1 zeolite layer has complete silanol group network
compared to M1membrane, and thus exhibits higher selectivity
for AcOH/H2O. At the same time, M1 membrane has a lot of
defects, resulting in a part of silicon in the amorphous form.
These amorphous silicon components are dissolved under
acidic conditions, decreasing the selectivity of M1 membrane
when used for a long time.

4. Conclusion

In summary, M2 membrane synthesized by hydrothermal
synthesis without organic template aer support being coated
with a mixture of modied cellulose and seed crystals possesses
high ideal separation factors of H2 over various gases, being
larger than the corresponding Knudsen diffusion coefficients.
Moreover, this membrane exhibits higher selectivity for AcOH
from AcOH/H2O mixtures, relative to M1 membrane. The
excellent performance can be attributed to both modied
cellulose and the synthesis without organic template. Modied
cellulose attracts more of silicalite-1 nutrients to the support
and assists to synthesize more compact silicalite-1 zeolite
membrane. No organic template is added during the synthesis
process to avoid the calcination aer synthesis, thus avoiding
macrostructure defects appearing during the calcination
process. This study opens a new way to the synthesis of high
performance zeolite membranes in the eld of separation.
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