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Abstract. ZSM-5 membrane was prepared on tubular macroporous a-alumina support using a different synthesis route. The
effects of organic template agent and Si/Al ratio of the synthesis gel on morphology, structure, and separation performance of the
ZSM-5 membrane used for dehydration of isopropanol were investigated. High water perm-selectivity ZSM-5 membrane with a
thickness of about 3.0 um and a low Si/Al ratio of 10.1 was successfully prepared from organotemplate-free synthesis gel with a
molar composition of SiO,: 0.050Al,05: 0.21Na,O : NaF : 51.6H,0 at 175 °C for 24 h. The ZSM-5 membrane exhibited high
pervaporation performance with a flux of 3.92 kg/(m?-h) and corresponding separation factor of higher than 10,000 for dehydration

of 90 wt.% isopropanol/water mixture at 75°C.
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1. Introduction

Isopropanol is an important chemical raw material in
industrial applications. It is widely used in solvents,
chemical intermediates, pharmaceuticals, electronics, daily
chemicals, and other applications (Kittur et al. 2005, Qiao et
al. 2005, Bhat and Aminabhavi 2006, Zhang et al. 2007).
Generally, dehydration of isopropanol is an essential
process in the production of isopropanol (Pulyalina et al.
2013). Conventional separation techniques for dehydration
of isopropanol, such as azeotropic distillation and extractive
distillation, have heavy energy consumption and low
efficiency. With increasing environmental pollution, energy
consumption, and cost, a new and practical technique—
namely, membrane separation—has emerged as an
indispensable replacement for and/or supplement to the
conventional energy-intensive operation used for the
separation and purification of organics. This is especially
true for the separation of azeotropic, isomeric, and
thermosensitive liquid mixtures (Feng and Huang 1997,
Lipnizki ef al. 1999, Chen ef al. 2013, Diban ef al. 2013).

In the past two decades, zeolite membranes have been
intensively studied. They possess considerable application
potential for separation and purification of organics due to
their uniform and regular pore size, ordered structure, good
thermal/hydrothermal stability, and chemical resistance (Lin
et al. 2002, Caro and Noack 2008). To date, many attempts
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have been made to develop various zeolite membranes,
including NaA (Xu et al. 2000, Morigami et al. 2001,
Okamoto et al. 2001), NaY (Sato et al. 2008, Algieri et al.
2009, Premakshi et al. 2015), T-type (Cui et al. 2004),
Mordenite (Lin et al. 2000, Li et al. 2003, Li et al. 2016),
ZSM-5 (Gao et al. 2013, Yang et al.2014, Li et al. 2015, Li
et al. 2016), and Silicalite-1 (Bakker ef al. 1996, Chen et al.
2007, Choi et al. 2009) membranes for the separation and
purification of organics.

Among the various types of zeolite membranes, the
ZSM-5 membrane, which has a unique channel structure,
good shape selectivity, and high thermal and acid stability,
has attracted extensive attention for the separation and
purification of organics. Notably, the ZSM-5 membrane
possesses a wide and adjustable Si/Al ratio range, from 3 to
infinity, which can regulate the hydrophilicity of the
membrane layer. The pore sizes (5.3 A x 5.6 A and 5.1 A x
5.5 A) of this membrane are close to the kinetic diameter of
many organic molecules (e.g., the kinetic diameter of
isopropanol is 4.7 A) used in industrial applications (Chen
et al. 2014). These characteristics make the ZSM-5
membrane a potential candidate for the dehydration of
isopropanol.

It is well known that ZSM-5 zeolite membranes are
often prepared using tetrapropylammonium hydroxide or
tetrapropylammonium bromide as organic template agents
(Noack et al. 2005, Korelsykiy et al. 2013). However, after
hydrothermal crystallization is complete, the organic
template agent is retained in the pore structure of the
membrane layer to block the pores. Therefore, it is usually
necessary to use high-temperature calcination to remove the
organic template agent from the pore structure. However,
cracks and other defects tend to appear in the original
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continuous dense membrane caused by the removal of the
organic template agent via the high-temperature calcination
procedure because of the different extents of thermal
expansion between the support and the membrane and/or
the changes in lattice parameters of the crystals. This results
in the deterioration of the separation performance of the
ZSM-5 membrane.

In contrast, the preparation of ZSM-5 zeolite
membranes using an organotemplate-free route can
effectively avoid the cracks and other defects from
appearing during the subsequent high-temperature
calcination procedure. Since the successful development of
a continuous thin ZSM-5 film on quartz substrate by
Mintova et al. (1998), organotemplate-free synthesis of the
ZSM-5 membrane has attracted considerable attention
(Noack et al. 2000, Li et al. 2003, Tang et al. 2009, Zhu et
al. 2012, Gao et al. 2013). Therefore, this study investigates
the preparation of a hydrophilic ZSM-5 membrane without
an organotemplate. Moreover, to increase potential practical
applications, it is important to understand which synthesis
route is more conducive to isopropanol dehydration by the
ZSM-5 membrane. Thus, the effects of the organic template
agent and Si/Al ratio of the synthesis gel on membrane
morphology, structure, and separation performance of the
ZSM-5 membrane used for dehydration of isopropanol were
systematically investigated in this work.

2. Experiment
2.1 Preparation of ZSM-5 membrane

ZSM-5 membrane was prepared on a tubular
macroporous o-alumina support (length = 50 mm, outer
diameter = 12 mm, inner diameter = 8§ mm, average pore
diameter = 2-3 pum, Foshan Ceramics Research Institute)
using hydrothermal secondary growth. An effective seeding
method, namely variable temperature dip coating, was
applied to deposit a uniform and thin ZSM-5 seed layer on
the outer surface of the tubular macroporous o-alumina
support. Commercially available ZSM-5 crystalline
powders (Si/Al ratio = 15, average diameter = ~1.5 pm,
Shanghai Zhuoyue Chemical Co., Ltd) were used as large
seeds. Crushed submicrometer ZSM-5 crystalline powders
obtained through the ball-milling method were used as
small seeds. These seeds were mixed with an appropriate
amount of deionized water to form 3.0 wt.% and 0.2 wt.%
suspensions, termed as large and small seed suspensions,
respectively. The typical seeding process was as follows.
For the intermediate seeded support, the tubular support,
with both ends sealed, was preheated at 175 °C for ~30 min,
dipped into the 3.0 wt.% large seed suspension for 25 s, and
dried at 80 °C for 3 h. Then, the outer surface of the seeded
support was gently wiped to remove loose and superfluous
crystals using clean cotton wool. To obtain the final seeded
support, the intermediate seeded support was preheated at
80 °C for above 2 h, dipped into the 0.2 wt.% small seed
suspension for 20 s, and dried at 80 °C for 2 h. It was then
calcined at 550 °C for 6 h to significantly improve adhesion
of the ZSM-5 seed crystals to the a-alumina support before
hydrothermal secondary growth.

Table 1 Conditions used during membrane fabrication

Sample . . . (Si/Al)gel
No. Molar composition of the synthesis solution ratio*
Z1 Si02:0.039A1203:0.21Na20:NaF:51.6H20 12.8
77 Si02:0.039A1203:0.21Na>0:NaF:51.6H20:0.14T 12.8

PAOH '
Si02:0.039A1203:0.21Na>0:NaF:51.6H20:0.14T
Z3 12.8
PABr
Z4  Si02:0.030A1203:0.21Na20:NaF:51.6H.0 16.7
Z5 Si02:0.043A1203:0.21Na20:NaF:51.6H.0 11.6
26 Si02:0.050A1203:0.21Na20:NaF:51.6H20 10.0

*(Si/Al)gel ratio: Si/Al ratio of the synthesis gel.

The final seeded support was vertically placed in a
PTFE-lined stainless steel autoclave filled with synthesis
gel. The organotemplate-free synthesis gel was obtained by
mixing sodium hydroxide (NaOH, 96 wt.%, Kermel),
sodium fluoride (NaF, 98 wt.%, Sinopharm), aluminum
sulfate octadecahydrate (Alx(SO4)3-18H,O, 99 wt.%,
Sinopharm), and colloidal silicon (SiO,-nH,O, 25 wt.%,
Qiaodao Haiyang Chemical) in deionized water, and
vigorously stirring for 2 h at 35 °C. The corresponding
organotemplate synthesis gels were obtained by adding
certain  amounts of  organic template  agents
tetrapropylammonium hydroxide (TPAOH, 25 wt.%, Kente)
and tetrapropylammonium bromide (TPABr, 96 wt.%,
Sinopharm). The detailed parameters of the synthesis gels
of all as-synthesized membranes Z1-Z6 are listed in Table
1. The hydrothermal secondary growth was performed in an
electrothermal blower oven at 175 °C for 24 h. After
synthesis, all as-synthesized membranes Z1-Z6 were
thoroughly and repeatedly washed with deionized water and
then dried at 80 °C overnight. For membranes Z2 and Z3,
the calcination process was carried out at 500 °C for 10 h
with rising and cooling rates of 1 °C/min.

2.2 Membrane characterization

The crystal structures and crystallinity of the seeds and
membranes were identified by X-ray diffraction (XRD)
with a Philips Analytical X-ray diffractometer using Cu Ka
radiation (30 mA and 40 kV). Scanning electron microscope
(SEM) images of the membranes were taken on QUANTA
450 and KYKY-2800B, operating at an acceleration voltage
of 30 kV and 15 kV, respectively. Before observations, the
samples were sputter-coated with a layer of gold to increase
conductivity. The Si/Al ratio of the membrane was
determined by an energy dispersive spectrometer (EDS,
QUANTA 450 microscope equipped with an X-MAX 20/50
mm?).

2.3 Pervaporation test

The pervaporation performances of the as-synthesized
membranes were evaluated by dehydration of binary
isopropanol aqueous mixture. The permeate vapors were
collected using a cold trap condensed under liquid nitrogen.
The compositions of the feed and permeate sides were
detected by a gas chromatograph (GC7890T, Techcomp).



Organotemplate-free synthesis of ZSM-5 membrane for pervaporation dehydration of isopropanol 355

The pervaporation performances were determined in terms
of the permeation flux (J, kg/(m?-h)) and the separation
factors of water/isopropanol (aw;) of the membranes, as
seen in Eqgs. (1) and (2), respectively

]=—' @
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where m, A, t, Yy, vi, Xw and X; denote the mass of
permeate vapor condensed in the cooled trap (kg), effective
area of the outer surface of the membrane (m?), test time
(h), and mass fractions of water and isopropanol at the
permeate and feed sides, respectively.

3. Results and discussion
3.1 ZSM-5 seeds and seed layer

The SEM images of the ZSM-5 seeds are shown in Fig.
1(a) and (b). It can be seen that the sizes of ZSM-5 without
and with ball-milling are about 1.5 pm and 500 nm,
respectively. Their corresponding XRD patterns are shown
in Fig. 2(a) and (b). The intensities of typical peaks of
ZSM-5 seeds with ball-milling are weaker than those of the
original ZSM-5 seeds. This result is mainly attributed to the
reduction in crystal size caused by ball-milling.

Figs. 1(c)-(h) show the SEM images of the tubular o-
alumina support before and after the seeding process.
Surface and cross-sectional morphologies of the original
support are shown in Figs. 1(c) and (d), respectively. The
support surface formed by random accumulation of o-
alumina particles is rather rough and irregular. The average
pore size is ~2-3 pm, with some pores exceeding 8 pm.
Variable temperature dip coating is an effective seeding
method. It can form a continuous and smooth seed layer on
the outer surface of the support. The coated seeds act both
as fillers to reduce the pore size and surface roughness of
the support, and as crystal nuclei to provide sites for crystal
growth. Figs. 1(e) and (f) show the surface and cross-
sectional morphologies of the intermediate seeded support
after the first dip coating, respectively. The support surface
was covered with ZSM-5 seeds, which can reduce the
roughness of the support surface. However, coverage by the
ZSM-5 seeds is not enough because of the existence of bare
a-alumina and the uneven surface of the seeded support.
The surface and cross-sectional morphologies of the final
seeded support after the second dip coating are shown in
Figs. 1(g) and (h), respectively. It was found the final
seeded layer is quite smooth and continuous, and no ZSM-5
seeds had invaded the interior of the support. The original
support and final seeded support were also subjected to
XRD analysis, as shown in Figs. 2(c) and (d), respectively.
Typical o-alumina characteristic peaks appeared on the
XRD patterns. However, 2 theta was within 7-9° and 22-24°
in the XRD pattern (Fig. 2(d)), and four significant ZSM-5

Fig. 1 Typical SEM images of original (commercially
available) ZSM-5 seeds (a), small-sized ZSM-5 seeds
after ball-milling (b), original a-alumina support (c and d),
intermediate seeded support (e and f), and final seeded
support (g and h)

v Peak of ZSM-5
* Peak of a-A1203 support

X *
* *
g n JA l

Intensity
o
b

2 Theta (Degree)

Fig. 2 XRD patterns of original (commercial) ZSM-5 seeds
(a), small-sized ZSM-5 seeds after ball-milling (b), original
a-alumina support (c), and final seeded support (d)
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peaks could not be observed because of a combination of a
strong support peak and weak seed peak. This finding may
be ascribed mainly to the thin ZSM-5 seed layer on the o-
alumina support surface. The thickness of the seed layer
was ~1.5 pm, and thus, the ZSM-5 peaks could hardly be
observed in the background of the strong o-alumina support
peaks.

3.2 Effect of synthesis route

The synthesis route acts as a critical factor in the formation
of hydrophilic ZSM-5 membranes and membrane
pervaporation performance pertaining to dehydration of
isopropanol. In this work, the membranes were prepared using
the organotemplate-free and organotemplate routes. The
change in morphology, structure, and Si/Al ratio of these
membranes was detected by SEM (Fig. 3), XRD (Fig. 4), and
EDS analyses (Table 2).

Figs. 3(a) and (b) show the surface and cross-sectional
morphologies of membrane Z1 prepared by the
organotemplate-free route. It can be seen that the membrane
surface was fully covered with dice-like crystals. Membrane
Z1 was thin (~3.0 pm). In contrast, membranes Z2 and Z3
were prepared by the organotemplate route, using TPAOH and
TPABE as the organic template agents. As per Figs. 3(c)-(f), the
surface microphotographs of membranes Z2 and Z3 are
markedly different from that of membrane Z1. Membrane Z2
showed columnar crystals and a zeolite layer of
~approximately 40.0 um had grown on the surface of the
support (Figs. 3(c) and (d)). As per Fig. 3(e¢), membrane Z3
formed on the surface of the support shows a rugged surface
morphology. Membrane Z3 was ~7.0-9.0 um thick (Fig. 3(f)).
The thicknesses of membranes Z2 and Z3 are higher than that
of membrane Z1. This may be attributed to the presence of
TPAOH or TPABr in the solution, which could lead to an
increase in the number of nucleation sites, especially in the gel
layer near the support surface. This would generate more
crystals from the available resources, resulting in an increase in
membrane thickness (Berenguer-Murcia ez al. 2003, Xiao et al.
2010). Composite synthesized using TPAOH as an organic
template agent has higher thickness than that prepared with
TPABr. This may be mainly due to the change in the pH of the
reaction mixture caused by the presence of the OH- anion in
TPAOH. In addition, crack defects were found on the surface
of membranes Z2 and Z3, wherein the crack defects of
membrane Z3 were larger than those of membrane Z2. These
defects are mainly caused by the presence of the
organotemplate during calcination at high temperatures.

According to the XRD patterns in Fig. 4, membranes Z1-
73 show typical ZSM-5 and a-alumina support characteristic
peaks without any other crystalline phase, indicating that pure
ZSM-5 membranes were prepared using both synthesis routes.
In addition, we carefully analyzed crystallograpic preferred
orientations (CPO) of the membranes according to literature
(Mintova et al. 1998, Wang et al. 2001). Membrane Z1 is
mainly (a, b, c)-oriented, and membranes Z2 and Z3 are
random-oriented. The presence of (a, b, c¢)-oriented crystals in
membrane Z1 can be observed in the SEM image in Figure 3a
and b. The typical peaks of the XRD pattern in the region of 6
to 25° is consistent with those of a reported (a, b, ¢)-oriented
MFI membrane (Wang et al. 2001). Moreover, the Si/Al ratios

15 KV 3.00 KX 10 ym KYKY-2800B SEM 15 KV

/4

YKY-2800B SEM § 15 KV

Fig. 3 Surface and cross-sectional SEM images of
membranes: Z1 (organotemplate-free) (a and b), Z2
(TPAOH, (c and d)), and Z3 (TPABE, (e and f))

of membranes Z1-Z3 were evaluated by EDS analysis. The
Si/Al ratios of membranes Z1-Z3 were 12.0,47.4, and 65.6,
respectively. The results showed that membrane Z1, prepared
by the organotemplate-free route, has the lowest Si/Al ratio. It
is well known that the lower the Si/Al ratio of the zeolite
membrane, the higher its hydrophilicity. Therefore, with its
lower Si/Al ratio, membrane ZSM-5 can facilitate high
separation performance in the dehydration of isopropanol.

Furthermore, the isopropanol dehydration performances of
the membranes were determined by a laboratory-scale batch
pervaporation experimental apparatus, using 90 wt.%
isopropanol aqueous solution as a feed side mixture. Table 2
shows the isopropanol dehydration performances of
membranes Z1-Z3 prepared by different routes for dehydration
of isopropanol at 75 °C. Membrane Z1 displayed a flux of 2.56
kg/(m?-h) and a separation factor of 2022. As expected, the
poor separation performances of membranes Z2 and Z3 were
consistent with the observed microphotographs and EDS
analysis results. The fluxes of membranes Z2 and Z3 were 1.87
kg/(m*h) and 3.22 kg/(m*h), with separation factors of 226
and 21, respectively. This result may be attributed to the higher
Si/Al ratio and existence of some cracks or grain boundary
defects. The results suggested that organotemplate-free
synthesis is conducive to the preparation of high performance
ZSM-5 membranes for dehydration of isopropanol.

3.3 Effect of Si/Al ratio of synthesis gel

We also explored the influence of the Si/Al ratio the of
synthesis gel on the morphologies and isopropanol dehydration
performances of the membranes. A series of experiments were
performed to prepare ZSM-5 membranes for different Si/Al
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Fig. 4 XRD patterns of the membranes: Z1

(organotemplate-free, (a)), Z2 (TPAOH (b)), and Z3
(TPABTr (¢))

Table 2 Pervaporation performances of membranes for
dehydrating 90 wt.% isopropanol aqueous solution at 75 °C

Se}\l}g’le (Si/Al)eps ratio* Flux (kg/(m2h)) Separation factor
Z1 12.0 2.56 2022
72 474 1.87 226
z3 65.6 3.22 21
74 16.1 1.14 499
zs 112 3.27 > 10000
z6 10.1 3.92 > 10000

*(Si/ADeps ratio: the Si/Al ratio of the as-synthesis
membrane by EDS analysis.

ratios of synthesis gels, using different aluminum contents. The
detailed synthesis parameters of membranes Z4-Z6 are listed in
Table 1. The changes in morphologies and structures of
membranes Z4-Z6 were evaluated by surface and cross-
sectional SEM images and their XRD patterns (Figs. 5 and 6).
Fig. 5 indicates that the membranes exhibited different
morphologies depending on the Si/Al ratio of the synthesis gel.
According to Figs. 5(a) and (b), the surface of membrane Z4
was fully covered with dice-like crystals, similar to the case of
membrane Z1, and the thickness of membrane Z4 was ~6.0 um
(Figs. 5(a) and (b)). For membrane Z5 (Figs. 5(c) and (d)), the
surface displayed long rice-like morphology, showing good
intergrowth. The membrane thickness was ~3.0-4.0 um. For
membrane Z6 (Fig. 5(e)), the surface was fully covered by
many particles but no micro-cracks were visible. Membrane
Z6 was ~3.0 um thick, as shown in Fig. 5(f).

As per the XRD patterns in Fig. 6, membranes Z4-Z6
display typical characteristic peaks of ZSM-5 and a-alumina
support without any other crystalline phase, indicating that
pure ZSM-5 membranes were obtained using different Si/Al
ratios of the synthesis gels. The Si/Al ratios of membranes Z4-
76 obtained by EDS analysis were 16.1, 11.2, and 10.1,
respectively (Table 2). The EDS Si/Al ratios of membranes 74,
Z1, 75, and Z6 decreased from 16.1 to 10.1 as the Si/Al ratio

Table 3 Comparison of pervaporation performance of
membranes for dehydration of isopropanol

Feed Temp. Flux  Separation

Membrane o0 o) (kg/(mih))  factor Ref.
ZSM-5 90 75 3.92 >10000  This work
Zhu et al.
ZSM-5 90 75 324 3100 o1
Rachipudi et
SPVA 90 40  0.035 3452 oLl
Hua et al.
ZIF-90/P84 85 60  0.109 5668 5014
PVA/Silicone 90 30 0.0265 1580  Zhangetal.
2007
Zuo et al.
TFC 85 50 3.10 467 5013
Anmirilargani
PVA/ZIF-8 90 30 0.868 132 5014
Maet al.
CS-TEOS 90 80 0284 460 5009

SPVA: sulfonated-poly(vinyl alcohol); TFC: organic-inorganic
hollow fiber; CS-TEOS: chitosan-tetracthoxysilane.

of the synthesis gels decreased from 16.7 to 10.0. These results
suggest that controlling the Si/Al ratio of the synthesis gel is an
effective way to tune ZSM-5 membranes.

The pervaporation performances of membranes Z4-Z6 are
reported in Table 2. The flux of membrane Z4 was 1.14
kg/(m?-h), with a separation factor of 499 for the 90 wt.%
isopropanol aqueous solution at 75 °C. The fluxes of
membranes Z5 and Z6 were 3.27 kg/(m>h) and 3.92
kg/(m*h), respectively, and the separation factors for both
were higher than 10000. The excellent selectivities indicate
that membranes Z5 and Z6 were of high quality, containing
dense and well-intergrown layers, and a very small amount of
isopropanol passed through the membrane layers. The fluxes
of membranes Z4, Z1, Z5, and Z6 increased from 1.14
kg/(m?-h) to 3.92 kg/(m*-h) as the Si/Al ratio decreased from
16.1 to 10.1. Their corresponding separation factors also
increased from 499 to higher than 10000. The results suggest
that the water perm-selectivity of the ZSM-5 membrane
increases with a decrease in the Si/Al ratio from 16.1 to 10.1.
The high water perm-selectivity is mainly attributed to the
lower Si/Al ratio (and hence higher hydrophilicity) of the
membrane.

3.4 Comparison of pervaporation performance

The results of this study are notable. Table 3 shows a
comparison of the pervaporation performance of this work
with other studies on pervaporation dehydration of
isopropanol. According to Table 3, the flux and separation
factor of the as-synthesized ZSM-5 membrane are higher than
the corresponding values of the other membranes. It is worth
noting that the ZSM-5 membrane with a low Si/Al ratio (about
14) prepared from an aluminum-rich synthesis gel by Zhu et
al. (2012) showed a flux of 3.24 kg/(m?-h) with a separation
factor of 3100 at the same isopropanol feed concentration and
operating temperature. In comparison, the ZSM-5 membrane
in this work showed better pervaporation performance, which
can be mainly attributed to the lower Si/Al ratio of about 10.1.
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Fig. 5 Surface and cross-sectional SEM images of
membranes prepared using synthesis gels of different Si/Al
ratios: Z4 (Si/Al ratio of 16.7, (a) and (b)), Z5 (Si/Al ratio of

11.6, (c) and (d)), and Z6 (Si/Al ratio of 10.0, (e) and (f))
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Fig. 6 XRD patterns of membranes prepared using synthesis
gels of different Si/Al ratios: Z4 (Si/Al ratio of 16.7, (a)), Z5
(Si/Al ratio of 11.6, (b)), and Z6 (Si/Al ratio of 10.0, (c))

4. Conclusions

In conclusion, a high-quality ZSM-5 membrane with a
thickness of ~3.0 um and a low Si/Al ratio of 10.1 was
successfully prepared on tubular macroporous a-alumina
support using the organotemplate-free synthesis route. The
ZSM-5 membrane displayed high water perm-selectivity
performance for pervaporation dehydration of 90 wt.%
isopropanol/water mixture at 75 °C. The permeation flux was
3.92 kg/(m*h) and the corresponding separation factor was

higher than 10000. These findings suggested that reducing the
Si/Al ratio of the membrane is an effective means for
modulating the hydrophilicity and acid resistance of ZSM-5
membrane. A ZSM-5 membrane with low Si/Al ratio can not
only potentially dehydrate organic acids and other organics in
acidic media, but can also be used as a catalytic membrane
reactor to facilitate conversion in esterification.
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