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Abstract: In this article, synthesis and characterization of nanocomposite hydroxy sodalite (H-SOD)/a-alumina
membrane via the so-called “pore-plugging” hydrothermal synthesis (PPH) protocol is reported for the first time. In
nanocomposite architecture membranes, zeolite crystals are embedded within the pores of the supports instead of
forming thin-film layers of the zeolite crystals on the surface of the supports. The as-prepared membranes were
characterized with SEM and FTIR for morphology and purity of the H-SOD crystals. Compared to the conventional in-situ
direct hydrothermal synthesis, membranes obtained from PPH possess higher mechanical and thermal stability. In
addition, defect control with nanocomposite architecture membrane is possible because the zeolite crystals are
embedded within the support pores of the membrane, thereby limiting the maximum defect size to the pore sizes of
support. The nanocomposite architecture nature of the membranes safeguards the membrane from shocks or abrasion
that could promote defects/inter-crystalline pores formation. These advantages could be helpful in the scale-up process
of the preparation procedure of membranes at the commercial level with less-demanding conditions.
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1. INTRODUCTION

Most often, zeolite membranes are prepared by
conventional one-step direct or in situ hydrothermal
synthesis in an autoclave under autogeneous pressure.
In this one-step process, nucleation and growth
processes take place in the presence of a support.
However this simple strategy presents some
drawbacks such as competition between nucleation
and crystal growth process, limiting the nuclei density
due to mass-transfer limitations. Therefore obtaining
continuous and well inter-grown zeolite layer on the
supports using this method necessitates growing thick
zeolite films on the supports. Furthermore, the number
and distribution homogeneity of the zeolite particles on
the support depend on a number of parameters, such
as the surface properties, that are difficult to control.

Using the conventional in situ direct hydrothermal
synthesis technique, hydroxy sodalite (H-SOD)
membranes prepared on asymmetric a-alumina-TiO;
disks (average pore size distribution of the TiO, top
layer 80 nm) have been reported [1-3]. The
synthesized membranes consisted of thin-films of H-
SOD patrticles on the supports. The performance of the
as-prepared membranes was evaluated in series of
industrial processes like dewatering of alcohols,
dehydrating of organic acids and desalination of
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seawater [1-3]. Hydroxy sodalite (H-SOD) is a
crystalline and hydrophilic zeolite type made of cubic
array of 3-cages as primary building block [4,5]. H-SOD
has cage dimension of ~0.265 nm, making it a good
candidate for separating mixtures that contain small
molecules such as water (~0.27 nm), helium ((~0.26
nm) and ammonia ((~0.25 nm) [5]. Furthermore,
potential applications of these membranes were
demonstrated in the esterification-coupling reaction and
separation process for selective water removal from
product mixture [6,7]. In addition, these membranes
could find potential applications in Fischer-Tropsch
(FT) process and high-pressure boilers for water
removal [7].

For industrial applications of these membranes,
high flux defect-free membranes with ultra-thin
membrane layers are required. Furthermore,
membrane configurations such as tubular and hollow
fibres are preferred to the disk-type. In comparison with
conventional single tube geometries, hollow fibres have
larger surface area-to-volume ratios (>3000 m2/m3) [8].
In addition, several hollow fibres can be made into fibre
bundles, reducing both the size and cost of permeating
modules for industrial processes. However to form
defect-free H-SOD membranes on hollow fibre or
tubular supports having larger pore size distribution
greater than 80 nm using conventional direct
hydrothermal synthesis, several cycles of hydrothermal
synthesis will be required. Multi-stage conventional
direct hydrothermal synthesis results in formation of
thicker membrane layers, thereby reducing dramatically
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the membrane fluxes. In addition, thermal expansion
mismatch between the membrane layer and the
support could occur, thereby promoting formation of
cracks which results in loss of membrane selectivity.

Nanocomposite architecture membranes
synthesized through “pore-plugging” hydrothermal
technique (PPH) might alleviate the aforementioned
challenges. Advantages of nanocomposite architecture
membrane compared to “film-like” counterpart include
defect control and higher mechanical and thermal
stability.  Defect control with  nanocomposite
architecture membrane is possible because the zeolite
crystals are embedded within the support pores of the
membrane, thereby limiting the maximum defect size to
the pore sizes of support [9]. Furthermore, the
nanocomposite architecture safeguards the membrane
from shocks or abrasion that could promote
defects/inter-crystalline pores formation [9]. The unique
characteristics of the nanocomposite architecture could
facilitate membrane handling and module assembling,
in particular, when a catalyst is placed in contact with
the membrane for catalytic membrane applications
[10]. Also, when large membrane areas are required,
pore-plugging  synthesis route appears more
dependable because an initial imperfection will not
originate a larger defect that will be larger than the pore
size of the substrate. This advantage could be helpful
in the scale-up process of the preparation procedure of
H-SOD membranes at the commercial level with less-
demanding conditions [11].

Outstanding performance of nanocomposite MFI -
zeolite membranes synthesized on a-alumina supports
via the “pore-plugging” hydrothermal technique has
been reported for xylene isomer separation and CO,/N,
separation when compared to their “film-like”
counterpart [12,13]. Considering the aforementioned
merits of nanocomposite architecture membranes over
their “film-like” counterparts, this study investigated the
synthesis and characterization of nanocomposite H-
SOD/ a-alumina membranes. As far as could be
ascertained, this is the first report of such in the open
literature.

2. EXPERIMENTAL

2.1. Membrane Support

The membranes used for this study was prepared
via the “pore-plugging” synthesis technique on
asymmetrical Pall-Exekia a-alumina tubes (0.d. 10 mm,
i.d. 7 mm, length 5 cm). The cross-sectional layers of

the support have dimensions: outer layer, 1200 nm;
intermediate layer, 800 nm; inner layer, 200 nm. Prior
to membrane synthesis, the supports were cleaned in
boiling water for 1-2 hours to remove dirt and loose
particles from their pores.

2.2. Membrane Synthesis and Characterization

Anhydrous sodium metasilicate (Na,SiO3), sodium
hydroxide (NaOH), anhydrous sodium aluminate
(NaAIO,) and de-ionized water were used to prepare
the synthesis solution. These materials were mixed
together in a polytetrafluoroethylene (PTFE) bottle and
stirred for 1 hour on a magnet stirrer to yield a
precursor mixture of molar composition ratio:
5Si0,:Al,05: 50Nay,0:1005H,0. For the PPH
hydrothermal synthesis, ~45 mL of the vigorously
mixed precursor solution was poured into a Teflon-lined
stainless steel autoclave and the cleaned support was
placed in it (see Figure 1 for schematic illustration). For
the formation of nanocomposite membranes via PPH,
the temperature programme depicted in Figure 2 was
used. At the end of the hydrothermal synthesis, the as-
prepared membrane was washed thoroughly with de-
ionized water until the pH=7-8. Also the H-SOD
crystals at the bottom of the Teflon-lined autoclave was
collected and washed. The washed membrane and the
crystals were dried overnight at 373 K in an oven under
the flow of nitrogen. The morphology of the cleaned
support, the as-prepared nanocomposite membrane
and that of the H-SOD crystals were inspected by SEM
(JSM-5800LV, 20 kV) coupled with EDX analysis (Edax
Phoenix, 1-um microprobe), and Fourier Transform
Infrared (FTIR) analysis of the crystals was conducted
with Bruker IFS spectrometer using KBr pellets as
background to obtain infrared spectrum that could
provide further information about the purity of the H-
SOD crystals. Crystal phases in the as-prepared
samples were identified by X-ray diffraction (XRD)
(model: Bruker D8 advance X-ray diffractometer) using
Co Ka radiation (A=0.179 nm) at a scan rate of 0.25
sec/step and a step size of 0.02°.

3. RESULTS AND DISCUSSION

3.1. Membrane Synthesis and Characterization

The SEM micrographs showing the cross-sectional
view of the support are depicted in Figure 3. The SEM
micrographs and the FTIR spectrum of the H-SOD
particles obtained from the bottom of the Teflon-lined
autoclave are presented in Figure 4. The EDX analysis
of the H-SOD crystals showed that Si/Al= 1-1.5,
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Figure 1: Schematic of the procedure for “pore-plugging” membrane synthesis.
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Figure 2: Temperature programme for the “pore-plugging” hydrothermal synthesis. RT: room temperature.

Figure 3: Physico-chemical characterization of the support. SEM micrographs of the support showing the three layers (200 nm,
800 nm and 1200 nm).
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Figure 4: (a) SEM micrograph showing different morphologies of H-SOD crystals; (b) FTIR spectrum confirming formation of H-

SOD crystals from PPH.

indicating H-SOD framework. However, a mixture of H-
SOD particles with cubic shape and nanorod-like shape
was formed (see Figure 4). The observed morphology
is consistent with previous studies where other shapes
of hydroxy sodalite such as nanorods, flower-like,
urchin, thread-ball and cubic/octahedral shape have
been reported [14-16]. These different shapes were
observed also in the synthesized nanocomposite
membranes (see Figure 5). Results obtained in this
study confirm also interplay between the growth
process and the nucleation process that seems to
proceed in parallel once high temperature is applied
[17]. The FTIR spectrum in Figure 4 shows the strong
broad band centered at ~1000 c¢cm™ that can be
attributed to the asymmetric stretching vibration of T-O-
T (T=Si, Al) and those appeared around 740 and 660
cm™ can be assigned to the symmetric stretching
vibration of T-O-T. In addition, the strong broad band
centered at ~3600 cm™ can be assigned to the
presence of water molecules in the framework of the
synthesized crystals [5]. Regarding the formation of
pure hydroxy sodalite particles, the information
obtained from the infrared spectrum of the H-SOD
crystals is consistent with literature [15,18].

Figure 5 shows the SEM micrographs of different
views of the as-prepared nanocomposite H-
SOD/alumina membrane. The SEM micrograph in
Figure 5 shows vividly the distinct cross-sectional
layers of the support. Figure 5a shows the formation of
H-SOD particles crystals within the 3 layers of the
support. Figure 5a shows that all the three layers
contain sodalite particles and the 200 nm-layer of the

support seems totally plugged with the zeolite crystals.
In addition, Figure 5b shows that the 800 nm-layer of
the support contain a lot of the sodalite crystals but not
totally plugged when compared to the 200 nm-layer
and the 1200 nm-layer has a few crystals embedded
within it (see Figure 5c). The total pore-plugging of the
200 nm-layer indicates that the membrane might be
defect free. Although measurement of transport
performance, such as quick permeation test and
mixture gas separation, is required to confirm this
speculation. In addition, the EDX analysis shows an
average Si/Al ratio of 1-1.5 (semi-quantitative analysis)
on the inner active layer, corresponding to the
expected Si/Al ratio for H-SOD framework [4,5].

3.2. Mechanism of the Formation of Nanocomposite
Architecture

In-depth understanding of the mechanism involved
in the formation of the crystals and the nanocomposite
architecture could pave a way for the optimization and
scaling-up of the synthesis protocol. Hence,
investigation of the mechanism of crystal formation was
carried out. During the investigation, two autoclaves
were put in the pre-heated oven during the synthesis
(see Figure 6). Then, the autoclaves were removed
from each of the stages and the crystals obtained
thereof were washed until pH of 7 and dried at 120°C in
an oven. Morphology, crystallinity and purity of the
crystals were checked using SEM and XRD according
to the conditions discussed in section 2.2.

The XRD patterns and the SEM images depicted in
Figures 7 and 8, respectively, indicate formation of
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Figure 5: SEM micrographs of the nanocomposite H-SOD/ alpha-alumina membrane. Cross sectional view of the membrane
showing pore-plugged 3 layers (a); pore-plugged 200 nm and less pore-plugged 800 nm-layer (b); H-SOD patrticles in the 1200

nm-layer (c); surface view of the 200 nm-layer (d).
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Figure 6: Temperature programme adopted during the investigation of mechanism involved in the nanocomposite formation.

pure H-SOD crystals at both stages (pre-interruption
and post-interruption  stages). Furthermore, the
average crystal size at pre-interruption and post-
interruption stages, as inferred from SEM images, were
< 2 ym and ~5 um, respectively. Based on these
findings, it could be speculated that primary nucleation
occurs at pre-interruption stage, resulting into formation
of smaller crystallites. The presence of smaller

crystallites (obtained from pre-interruption stage)
stimulates secondary nucleation, resulting in enhanced
crystallization rates during post-interruption stage. The
increase in the crystallization rates results into
increasing growth rate, hence formation of larger
crystallites during the post-interruption stage. The
enhanced crystallization was attributed to: (i) the
enhanced rate at which solute integrates into the solid
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Figure 7: XRD patterns of the synthesized H-SOD crystals via PPH at different temperature programs: (stage 1: pre-interruption

stage, stage 2: post-interruption stage).
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Figure 8: SEM images of the synthesized H-SOD crystals. Stage 1: pre-interruption stage; stage 2: post-interruption stage).

phase from the precursor solution as a result of the
increased surface area due to the presence of the
seeds and, (ii) enhanced nucleation of new crystals
[19]. Therefore, formation of the nanocomposite
architecture could be attributed to the heterogeneous
nucleation during the temperature interruption. The
presence of smaller crystallites (obtained from pre-
interruption stage) stimulates secondary nucleation,
resulting in enhanced crystallization rates during post-
interruption stage (1 h). The increase in the
crystallization rates results into increasing growth rate,
hence formation of larger crystallites, which eventually
pore-lugged the support pores, during the post-
interruption stage. This is in agreement with the
explanation provided by Li et al. [9] for the formation of
nanocomposite  MFI membranes supported on
ceramics.

4. CONCLUSION

In this study, pore-plugging hydrothermal synthesis
technique was used to synthesis nanocomposite H-
SOD/a-alumina membranes. The SEM micrographs of

the as-prepared membranes reveal that
nanocomposite H-SOD/a-alumina membranes were
successfully synthesized. As far as we could ascertain,
this is the first report on the synthesis of
nanocomposite hydroxy sodalite/a-alumina using
“pore-plugging” hydrothermal synthesis technique. The
encouraging results documented in this article could
serve as an impetus for the application of the pore-
plugging hydrothermal synthesis technique for the
production of defect-free  supported H-SOD
membranes, which can be applied for selective water
removal in process industries.
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