
Contents lists available at ScienceDirect

Journal of Membrane Science

journal homepage: www.elsevier.com/locate/memsci

Fabrication of high silicalite-1 content filled PDMS thin composite
pervaporation membrane for the separation of ethanol from aqueous
solutions

Haoli Zhoua,⁎, Jinqiang Zhanga, Yinhua Wanb, Wanqin Jina,⁎

a State Key Laboratory of Materials-Oriented Chemical Engineering, Jiangsu National Synergetic Innovation Center for Advanced Materials, College of
Chemical Engineering, Nanjing Tech University, 5 Xinmofan Road, Nanjing 210009, PR China
b State Key Laboratory of Biochemical Engineering, Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190, China

A R T I C L E I N F O

Keywords:
PDMS
Silicalite-1
Thin hybrid membrane
Pervaporation
Ethanol aqueous solution

A B S T R A C T

Sedimentation of silicalite-1 occurs in the fabrication of thin silicalite-1 filled polydimethylsiloxane (PDMS)
hybrid composite membranes if the viscosity of membrane solution is low, which makes this preparation
challenging. In this work, a new method that use a platinum catalytic agent to assist the pre-polymerization of
PDMS polymer to increase the viscosity of the membrane solution was studied. With this method, supported
silicalite-1 filled PDMS hybrid composite membranes were fabricated and applied in the pervaporative
separation of a 5 wt% dilute ethanol aqueous solution. The effect of the concentration of platinum catalytic
agent on the membrane properties was first investigated using CRM, DSC and extraction experiment. Optimum
of viscosity of the composite membrane solution was then conducted and a selective layer of as thin as 5 µm
thickness was obtained with a flux of 5.52 kg/m2h in combination with a separation factor of 15.5 at 50 °C. After
that the separation performances of different thick membranes, interfacial adhesion properties of hybrid
membranes, comparisons with other reported results and membrane stability were investigated. Results showed
homemade silicalite-1-PDMS hybrid composite membrane offers relatively high separation performance,
indicating a potential industrial application for the separation of ethanol from aqueous solutions.

1. Introduction

Pervaporation (PV) is a membrane based liquid separation technol-
ogy, and its separation performance, the key factor in the development
of PV is mainly related to the characteristics of the membrane
materials. To improve membrane separation performance, different
types of membrane materials have been studied such as organic
materials, inorganic materials, and organic-inorganic hybrid materials
[1,2]. Among them, organic-inorganic hybrid materials that combine
superior permeabilities and selectivities of inorganic materials and
strong hydrophobic and film-forming properties of organic materials
are hence desirable to fabricate next generation PV membranes with
high separation performance [3]. Several types of inorganic particles
such as MOFs [4], ZIFs [5,6], zeolites [3], and graphene [7] have been
used in the fabrication of organic-inorganic hybrid membranes.

The addition of zeolite, especially high-silica ZSM-5 zeolite (for
example, silicalite-1), into PDMS membranes has been shown to
strengthen the separation performance in the pervaporation of 5 wt%
ethanol aqueous solutions [8,9]. Baker et al. [10] compared the

separation performance (permeabilities and selectivities) of PDMS
membrane with that of PDMS–zeolite (60%) hybrid membrane for
the separation of 2–13% ethanol–water solutions at 75 °C. It has been
found that the PDMS membrane is more permeable to water and its
separation performance is actually lower than that achieved by simple
evaporation. However, when zeolite is incorporated into the membrane
to form a hybrid membrane, it is more permeable to ethanol and the
selectivity enhances from 0.6 for the PDMS membrane to 1.9 for the
hybrid membrane because of the combination of the increase in the
permeability to ethanol and the decrease in the permeability to water.
Vane et al. [11] studied the relationship of separation performance and
the zeolite content of hybrid membrane for the pervaporation of
ethanol aqueous solutions. It was found that both the separation factor
and the normalized ethanol flux increased with increasing zeolite
content. Furthermore, besides the effect of zeolite content, the surface
property of zeolite also affects the separation performance. Zhuang
et al. [12,13] employed alkoxysilane modified silicalite-1 and PDMS to
fabricate a hybrid membrane for the separation of ethanol from an
aqueous solution. The results showed that when 67% modified filler
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content was added to the PDMS, a separation factor of 34.3 was
obtained, which is 3.2 times higher than that of the pure PDMS
membrane and 49% that of the unmodified membrane. Furthermore,
hydrophobic modification of zeolite could also heighten zeolite loading
as reported by Wan's group [3,13,14]. and Moermans et al. [8], leading
to higher separation performance.

Although the hybrid membrane exhibits high selectivity, the flux
reported is relatively low as a result of the large thickness, which is
unsuited for the industrial application [15]. Since capital costs in the
pervaporation industry are actually dominated by the membrane units
and the membrane replacements [16]. Hence, achieving both high
separation factor and flux is always the aim of membrane researchers.
While flux is inversely proportional to the membrane thickness, which
is proportional to the concentration of the membrane solution. Higher
concentrations lead to higher membrane thickness when same thick
casting knife is used. Thus, a low concentration of membrane solution
such as 5 wt%−10 wt% is often used to fabricate thin film membranes.
However, the viscosities are also low in this range of membrane
solution concentration. Sedimentation of silicalite-1 can occur during
the membrane fabrication because of the different density of silicalite-1
and PDMS polymer, leading to the formation of an inhomogeneous
selective layer or non-selective voids on the selective layer, and reduced
separation factor [15]. To prevent the sedimentation of silicalite-1 in
the membrane solution, pre-polymerization was utilized to form a
certain viscous solution to assist filler dispersion. Our previous work
has shown that when the temperature is 50 °C and the concentration of
membrane solution 20 wt%, approximately 5 h pre-polymerization is
sufficient for the uniform dispersion of nano-SiO2 fillers [17]. Jia et al.
[18] employed pre-crosslinking of the PDMS polymer network with
zeolite present at 70 °C for approximately 2 h. During this process,
partial polymerization takes place, and leads to increased viscosity of
the membrane solution and improved its stabilization. Finally, a thin
selective layer with 3 µm was obtained.

In this work, a novel method that uses catalytic agent to increase
the viscosity of the membrane solution is adopted. Because PDMS
systems consist of two parts: the α, ω-vinyl-terminated siloxane chain
and the methyl-hydride silicone copolymer crosslinking agent. These
two parts can react with each other by hydrosilylation reaction between
the vinyl group and hydride group to form PDMS polymer when they
are mixed in the membrane solution. And this reaction can be
promoted by a platinum agent, often a Karstedt-type catalyst [11]. As
a result, when a platinum catalytic agent is added to the membrane
solution, the hydrosilylation reaction is enhanced; and the viscosity of
the membrane solution increases even when the concentration of the
membrane solution is approximately 5 wt%. Finally, a stabilized
membrane solution is obtained by controlling suitable viscosity. This
is a much more convenient method to achieve uniform dispersal of
zeolite in PDMS solution.

The objective of this study is to find a convenient way to fabricate
thin hybrid membranes with high separation performance. A silicalite-
1-PDMS hybrid composite membrane with polyvinylidene fluoride
(PVDF) as support was fabricated. The effects of concentration of
platinum catalytic agent on PDMS membrane structure were first
investigated and characterized using Confocal Raman Microscopy
spectrum (CRM), Differential Scanning Calorimeter (DSC), and extrac-
tion experiment.

The effect of silicalite-1 content on the membrane apparent
morphology was compared, and then the viscosity of membrane
solution was investigated and optimized according to the separation
performance for the separation of ethanol/water solution. To study the
property of the hybrid membrane, X-ray Diffractometer (XRD),
Scanning Electron Microscopy (SEM), and the Nano-Test system and
so on were employed. The separation performance of the membranes
with different thickness under different temperature were conducted.
Finally, membrane stability was studied at 20 °C.

2. Experimental

2.1. Materials

Polydimethylsiloxane (PDMS RTV615) consisting of two compo-
nents (prepolymer and crosslinker) was purchased from GE Toshiba
Silicones Co., Ltd, Japan. Silicalite-1 was kindly supplied by Prof.
Yinhua Wan, Institute of Process Engineering, Chinese Academy of
Sciences, China. Modification of the surface of silicalite-1 by coupling
agents has been reported elsewhere [3]. PVDF (0.22 µm) was pur-
chased from Lanjing Corporation, Beijing, China. The platinum
catalytic agent solution (platinum divinyltetramethyldisiloxane com-
plex in xylene) was purchased from Aladin Corporation, China. n-
Heptane and ethanol was purchased from Beijing Chemical Plant,
Beijing, China. All of the chemicals were of analytical grade and were
used without further purification.

2.2. Fabrication of silicalite-1-filled PDMS hybrid membrane

The membrane was prepared by dissolving PDMS (prepolymer and
crosslinker in a 10:1 weight ratio) and silicalite-1 to produce a 5 wt% n-
heptane membrane solution, which was sonicated using an Ultrasonic
Homogenizer, Ningbo Scientz Biotechnology Co., Ltd. for approxi-
mately 30 min to ensure a uniform suspension at 25 °C. Then a certain
amount of “platinum cure” concentration, relative to the PDMS, was
added to the membrane solution and stirred for a certain time; so that
the two components of PDMS were able to partially polymerize. The
change of viscosity was monitored using a Brookfield Viscometer (DV-
IIt pro, Brookfield Engineering Laboratories, USA). Prior to coating, a
PVDF support was placed in distilled water at room temperature for
more than 3 h. Residual water on the surface of the PVDF support was
quickly wiped off with a filter paper. As the membrane solution reached
a desired viscosity, it was poured and spread over the surface of PVDF
support with a coating knife. n-Heptane was allowed to evaporate from
the coated membrane at room temperature overnight, and the mem-
brane was cured at 80 °C in a vacuum oven for 9 h to ensure complete
cross-linking. By varying the thickness of the casting knife using the
same concentration of membrane solution, a composite membrane
with variable thick selective layer could be constructed as verified by
SEM. To fabricate a dense membrane without substrate, the membrane
solution was simply poured over the surface of the PTFE plate. The
dense membrane thickness was measured by a Vernier caliper (Stanley
Corporation, USA) at ten different locations and calculated as an
average value.

2.3. Characterization

The morphology of the composite membrane was characterized
using a field-emission scanning electron microscopy (FE-SEM, Hitachi-
4800, Japan) operated at 5 kV and 10 μA, having energy dispersive X-
ray spectroscopy (EDX) equipment. To determine the intrusion degree
of the membrane solution into the support, the silica concentration
profile along the section of the composite membranes was recorded. An
X-ray diffractometer (XRD, Bruker, D8 Advance) was used to char-
acterize membrane properties using Cu Kα radiation, in the range of 5–
60° with an increment of 0.02° at room temperature. Thermal proper-
ties were determined with a differential scanning calorimeter
(DSCQ2000, TA instruments, USA) with a nitrogen flow rate of
100 ml/min and a temperature rate of 10 °C/min. A Confocal Raman
Microscope (LabRam HR800, HORIBA Scientific, France) was used
with a HeNe laser at a wavelength of 632 nm. All the spectra were
collected between 100 and 4000 cm−1. The interfacial adhesion proper-
ties of the composite membrane was recorded by the Nano-Test system
(Nano-Test™, Micro Materials, United Kingdom).
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2.4. Extractable fraction determination

Membranes used in the extractable experiments were dense pure
PDMS membrane without substrate and silicalite-1. Membranes
fabricated with different concentration of platinum catalytic agent
and with relative same thickness were immersed in the toluene for
24 h to dissolve unreacted compounds in the membrane. After that the
membrane were left to dry overnight under air and then placed in a
vacuum oven at 60 °C for 24. Repeating this procedure until the weight
of dry membrane was constant. The weights of the membrane before
(m0) and after extraction (m1) were accurately measured to calculated
the extractable fraction (Wext) according to the following equation [19]:

W m m m(%) = ( − / ) × 100%ext 0 1 0

2.5. Pervaporation experiments

The schematic diagram of membrane separation process has been
described elsewhere [6]. A flat membrane in a circular plate and frame
stainless steel PV cell with an effective membrane area of 9 cm2 was
used to measure separation performance. The feed solution with preset
temperature was circulated between the feed tanker and the PV cell
with a flow rate of 1 L/min. A waiting time of half an hour was used to
regain steady state and ensure accurate data when the operational
conditions changed. The pressure in the permeate was kept at 300 Pa
unless otherwise specified. The PV performance of the membrane was
investigated in terms of the flux, separation factor and pervaporation
separation index (PSI). The permeate weight (w) was collected in a

liquid nitrogen trap for a given time(t), and the flux (J) was calculated
as follow:

J W
At

=

Where A is the membrane area.
The separation factor is calculated as follows:
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Where ωp and ω f are the weight fractions of solutes in the permeate
and feed, respectively, which were determined by an Agilent 7890 Gas
Chromatography (Agilent Corporation, USA) via a heated flame
ionization detector (Agilent Corporation, USA). The subscript e refers
to ethanol, and w to water.

3. Results and discussions

3.1. The effect of platinum catalytic agent

Typically, PDMS (RTV 615) is a two-component system, consisting
of a vinyl-terminated prepolymer (RTV 615A) and a cross-linker (RTV
615B) with a number of Si-H groups. It is well known that for vinyl-
terminated PDMS, the probable reaction is the hydrosilylation reaction
catalyzed by a platinum catalytic agent [14,19]:

Fig. 1. The Confocal Raman Microscopy spectrum of pure PDMS homogeneous membrane with different concentration of platinum catalytic agent.
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It has been reported that this rate of the hydrosilylation reaction is
affected by the type and molecular structure of the platinum catalytic
agent, the vinyl-terminated prepolymer and the cross-linker, as well as
by their concentration. While in this work, the ratio between the
prepolymer and the cross-linker and the PDMS polymer concentration
in the membrane solution is fixed as described in Section 2.2. and only
one type of platinum catalytic agent was used in this work. Thus the
effect of concentration of platinum catalytic agent was investigated.

Fig. 1 shows the Confocal Raman Microscopy spectrum of pure
PDMS with different concentration of platinum catalytic agent. It is
shown that the intensities of the Si-CH=CH2 and the Si-H stretching
vibrations can not be observed at 1595 cm−1 and 2132 cm−1 [19],
respectively, no matter what the concentration of platinum catalytic
agent is. This means that the Si-CH=CH2 groups completely reacted
with the Si-H groups. The addition of platinum catalytic agent did not
change the reaction, and just promote the reaction as shown in
Fig. 2(A). As it is shown that with the increase of the concentration
of platinum catalytic agent, the time for the crosslinking of PDMS
polymer shortens. This is because that higher concentration of
platinum catalytic agent enhances the reactivity of the reaction and
vinyl-terminated prepolymers can more easily react with the cross-
linkers to form a cross-linked networks polymer. So that the time for
the crosslinking decreases. However, too short time is not good for the
uniform dispersion of silicalite-1 in PDMS polymer solution, and the
platinum catalytic agent is expensive, and thus lower concentrations
are desirable in industrial applications. Furthermore, considering that
the time for crosslinking of PDMS polymer in hybrid membrane

solution will be extended due to the disturbance of silicalite-1,
5 wt‰ concentration of platinum catalytic agent will be used in the
following experiment unless otherwise specified.

To characterize the network structures in more detail, further
studies using DSC, extraction experiments were conducted. Fig. 2(B)
shows the relationship between the extractable fraction of the cross-
linked PDMS membrane with different concentration of platinum
catalytic agent. It has been reported that extraction amount would
affect average chain distance and the degree of swelling of PDMS
networks [20]. It is observed that the addition of platinum catalytic
agent does not affect the extraction, which indicates that platinum
catalytic agent does not change the structure of the PDMS. Fig. 3 shows
the trends of the endothermic melting peak (Tm) and heat of fusion
with the increase in the concentration of platinum catalytic agent. The
change of endothermic melting peak and heat of fusion can reflect
change of crystallinity and the thermal characterization of the PDMS
[21,22]. As it is illustrated that the endothermic melting peak (Tm) and
heat of fusion does not change with the increasing concentration of
platinum catalytic agent, which furthermore indicates platinum cata-
lytic agent does not affect the PDMS properties. And the observed
endothermic melting peak about −49 °C is also same with our previous
work [3]. Therefore, in general, the function of platinum catalytic agent
is just to promote the reactivity of the hydrosilylation without greatly
affects the PDMS structure properties.

3.2. Characterization of silicalite-1

Fig. 4(A) shows an SEM image of silicalite-1 particles, with an
average diameter of less than 0.5 µm. This kind of silicalite-1 can
disperse in PDMS solutions as reported by Jia et al. [18], leading to the
transparent appearance of a dense membrane, as if the silicalite-1 were

Fig. 2. Relationship between the crosslinking time with concentration of platinum
catalytic agent (A) and the changing trend of extractable fraction with the increase in the
concentration of platinum catalytic agent (B).

Fig. 3. The trends of the endothermic melting peak (Tm) (A) and heat of fusion (B) with
the increase in the concentration of platinum catalytic agent.
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uniformly scattered in the membrane solution. And, to enhance the
uniformly dispersion of silicalite-1 in PDMS polymer, modification of
silicalite-1 with VTES was conducted as described elsewhere [3].
Fig. 4(B) shows the XRD patterns of the VTMS-modified silicalite-1
and unmodified silicalite-1. It can be observed that silicalite-1 exhibits
the typical characteristic peak of an MFI-type structure, and that
modification does not change the crystalline structure of silicalite-1..

3.3. Characterization of dense silicalite-1-PDMS membrane

In this work, modified silicalite-1 was employed to fabricate hybrid
membranes, and a transparent dense membrane was achieved with less
than 67 wt% modified silicalite-1 content in the hybrid membrane as
shown in Fig. 5, indicating that silicalite-1 was uniformly dispersed in
the PDMS polymer [18]. It was also observed that compared with the
appearance of the modified silicalite-1 filled hybrid membrane, the
unmodified silicalite-1 filled hybrid membrane was opaque and white,
when the silicalite-1 content was above 60 wt%. This is because the
unmodified silicalite-1 is incompatible with PDMS. When the silicalite-
1 content is high, the inorganic silicalite-1 may hinder the polymer
embedding because of its poor compatibility, resulting in large defects
in the membrane and a white appearance [3]. Its separation factor
decreases accordingly. While for modified silicalite-1, when the content
of modified silicalite-1 is higher than 67 wt%, PDMS polymer is
insufficient for efficiently wrapping inorganic silicalite-1, pinholes exist
in the membrane and the hybrid membrane begins to turn white.
Therefore, 67 wt% loading was used in subsequent experiments to
fabricate hybrid membranes unless otherwise specified.

Fig. 6 shows the XRD spectra of silicalite-1 and hybrid membranes
with different silicalite-1 content. It can be observed that pristine
PDMS emerges in the amorphous state. With an increasing incorpora-

tion of silicalite-1 in the PDMS polymer, the amorphous state of the
hybrid membrane gradually weakens. This may be due to the reduced
concentration of PDMS polymer in the hybrid membrane. The most
intense MFI-type peaks are still observed in the hybrid membrane as
shown in Fig. 6, indicating that mechanical mixing of silicalite-1 and
PDMS polymer did not damage the crystalline structure of silicalite-1.

Fig. 4. SEM image of silicalite-1 (A) and XRD profile of modified silicalite-1 and unmodified silicalite-1 (B).

Fig. 5. Digital images of hybrid membrane with different silicalite-1 loading.

Fig. 6. XRD spectra of hybrid membrane with different silicalite-1 content, pristine
PDMS membrane, and silicalite-1.
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3.4. Fabrication of silicalite-1-PDMS composite membrane

3.4.1. Effect of viscosity of membrane solution
As discussed in the introduction, a lower concentration of mem-

brane solution leads to a thinner selective layer of composite mem-
brane when same thick casting knife is employed, resulting in high flux.
However, a low concentration of membrane solution also leads to a low
viscosity of the membrane solution, inhibiting thorough distribution of
silicalite-1 particles in the membrane solution because of the insolu-
bility of inorganic silicalite-1 in any organic solvent and a higher
density than the PDMS polymer. Fig. 7(A) and (B) shows SEM images
of a hybrid composite membrane with 67 wt% silicalite-1 loading
fabricated using a 5 wt% membrane solution without addition of the
platinum catalytic agent. Although the sedimentation of silicalite-1 is
not obvious, non-selective voids caused by the aggregation of silicalite-
1 are clearly observed as shown in Fig. 7(A), resulting in the formation
of pinholes that can be observed in the surface of the membrane
(Fig. 7(B)). Finally, a poor separation factor is obtained [18].
Furthermore, when a low viscosity of membrane solution is used, the
intrusion of PDMS polymer into the porous PVDF support occurs
because of the low viscosity, and the mass transfer resistance of ethanol
and water is enhanced and reduces the permeation flux [23]. To
measure the intrusion of PDMS polymer, SEM-coupled EDS was
employed to allow a spectroscopic analysis of the intrusion of PDMS
polymer into the support. Fig. 8(A) and (B) shows the cross-sectional
SEM image and EDS spectrum. A line is drawn in the picture, along
which the Si signal was acquired with EDS. The high red profile
corresponds to the high Si concentration in the hybrid selective layer.
At the interface between the selective layer and support, the Si signal
begins to slowly decrease without quickly decreasing to zero, which
suggests intrusion of PDMS into the porous PVDF support.

To maintain a stable membrane solution is thus very important for
a hybrid membrane with high flux without sacrificing the separation
factor. A trial and error experiments indicates that the viscosity of the
hybrid membrane solution should be sufficiently high to prevent the
sedimentation and aggregation of silicalite-1 in the membrane solu-
tion. Thus, after considering the crosslinking properties of the PDMS

employed, a platinum catalytic agent that can promote the crosslinking
of PDMS polymer is added to the membrane solution to enhance its
crosslinking and viscosity. A 5 wt‰ concentration of platinum catalytic
agent is used to increase the viscosity of the membrane solution. Fig. 9
shows the effect of the viscosity of membrane solution on the
separation performance of relevant PDMS-silicalite-1 hybrid composite
membranes. It can be observed that a higher viscosity enhances the
separation factor of the membrane but greatly reduces its flux under
certain preparation conditions. This is because that with an increase in
viscosity of the membrane solution, silicalite-1 has more chance to
uniformly disperse in the PDMS polymer solution and a dense selective
layer can be constructed, which results in a relative high separation
factor. However, excessively high viscosity of the membrane solution
(e.g., above 3 Pa s) is needless to enhance the thorough distribution of
silicalite-1 in the membrane solution because when the viscosity
increases, the stirring resistance is enhanced and the mixing speed
and shearing force decrease. Furthermore, when the viscosity of
membrane solution is too high, the membrane solution can only
stabilize for a relative short time for casting, which make a good
casting very difficult [17]. Therefore, the viscosity about 2–3 Pa s is
enough for the uniform dispersion of silicalite-1 in the membrane
solution and no obvious sedimentation and pinholes can be observed as
shown in Fig. 7(C) and (D). In addition, the EDS spectrum of the Si
signal in the cross-section of the composite membrane indicates that a
higher viscosity of the membrane solution greatly inhibits the intrusion
of the PDMS polymer into the porous PVDF, which can be verified by
the rapid decrease of the Si signal to zero in the support as shown in
Fig. 8(C) and (D). This phenomenon contributes to the increasing
membrane flux.

3.4.2. Effect of thickness of membrane
The flux is inversely proportional to the membrane thickness, and a

thinner membrane thickness leads to higher flux. To maximize the flux
under the controllable fabrication conditions, a 5 wt% membrane
solution and an 80 µm casting knife were first used to fabricate a thin
hybrid composite membrane. Fig. 7(C) shows a cross-sectional SEM
image of a hybrid composite membrane obtained under these fabrica-

Fig. 7. SEM images of hybrid composite membrane without the addition of platinum agent (A: cross-section; B: surface) and with the addition of platinum agent (C: cross-section; D:
surface).
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tion conditions. A thickness of approximately 5 ± 1 µm is obtained.
Furthermore, from the SEM image of the membrane surface as shown
in Fig. 7(D), it can be observed that silicalite-1 distributes equally in the
PDMS polymer without visible cracks or pinholes. Therefore, high
separation performance is expected. A 5 wt% ethanol aqueous solution
was used as the separation system, and the temperature was controlled
between 20–50 °C. The results are shown in Fig. 10.

It can be seen that increasing temperature leads to higher fluxes of
water and ethanol because of the enlarged free volume of the PDMS
polymer and enhanced thermal motion of PDMS polymer and the
separated compounds. Furthermore, high temperature also raises the
partial pressure difference between the two sides of the membrane,

resulting in higher driving force and higher permeation flux [24].
However, although the fluxes of water and ethanol increase with
temperature, the increase of water flux is larger than that of ethanol,
which finally reduces the separation factor of the membrane. This may
result from its excessively thin thickness as reported by Koops et al.
[25], who noted that invisible crazes can propagate as a result of
insufficient mechanical stability with increasing temperature. As the
temperature increases, the thermal motion and free volume of polymer
chains in the membrane are enhanced and microscopic crazes or
pinholes may be produced, which favours the diffusion of ethanol and
especially water because of its smaller molecular size [26]. Similar
results were obtained by Yadav et al. [27], who proposed two

Fig. 8. The cross-sectional SEM image and EDS spectrum of the hybrid composite membrane without the addition of platinum agent (A, B) and with the addition of platinum agent (C,
D).

Fig. 9. Effect of viscosity of membrane solution on the membrane separation perfor-
mance.

Fig. 10. Effect of temperature on the separation performance of hybrid composite
membrane in the separation of 5 wt% ethanol from aqueous solution.
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hypotheses for the decreased separation with increased temperature:
(1) reduced ethanol sorption capacity at higher temperature; (2)
existence of invisible non-selective voids at the silicalite/PDMS poly-
mer interface.

To further investigate the effect of membrane thickness on separa-
tion factor, two different thick (8 ± 1.5 µm and 15 ± 2 µm) composite
membranes and a 30 ± 5 µm dense membrane without support were
constructed for the separation of a 5 wt% ethanol aqueous solution.
Fig. 11 shows the trend of separation performance of a 67 wt%-loading
hybrid membrane with different thickness at different temperatures for
pervaporation of a 5 wt% ethanol aqueous solution. It is shown in

Fig. 11 (A) that higher thickness leads to lower flux as a result of the
enhanced permeation resistance of permeants in the hybrid membrane.
Additionally, the separation factor decreases with decreasing thickness,
which differs from our previous results obtained using a dense hybrid
membrane [3]. Koops et al. [25] reported that the reason for the
decreasing separation factor with increasing temperature is due to the
existence of microscopic crazes or pinholes in the hybrid membrane.
Although these pinholes may not penetrate the hybrid membrane, they
weaken the effective separation properties of the membrane, leading to
a relatively lower separation factor compared to a dense thicker
membrane. This finding is further confirmed by the separation factor
obtained at different temperature as shown in Fig. 11(B), which
indicates that when the thickness is approximately 5 µm and 8 µm,
the separation factors drop with increasing temperature and the
decreasing trend of separation factor for the 5 µm-thick composite
membrane is higher than that of the 8 µm-thick composite membrane.
In contrast, the separation factors of the 15 µm-thick composite
membrane and 30 µm-thick dense membrane increase with increasing
temperature, leading to a separation factor of 29 for the 30 µm-thick
dense membrane at 50 °C. This is because when the membrane is thick,
the effective separation thickness is sufficient to maintain the internal
separation properties, and a relative dry layer still exists as previously
reported [25,28] in the thick membrane and can stop crazes or
pinholes from growing with increasing temperature. Finally, the
separation factor increases with temperature. Similar results have been
obtained by other researchers [12].

3.4.3. Interfacial adhesion properties of hybrid membrane
Interfacial adhesion properties are very important for composite

membranes which would affect their reliability and stability [29].
Hence, a nano-scratch test was employed to measure the interfacial
adhesion between a selective layer and a PVDF support and the results

Fig. 11. Effects of temperature and membrane thickness on the separation performance
of hybrid composite membrane in the separation of 5 wt% ethanol from aqueous
solution.

Fig. 12. Nano-scratch test of hybrid composite membrane: (A) friction profile; (B)scratch load-displacement curve; (C) SEM images of scratch morphology.
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are shown in Fig. 12. The thickness of the membrane is approximately
5 µm. Fig. 12(A) and (B) show the scratch profile and friction profile,
respectively. Its scratch morphology is shown in the SEM image in
Fig. 12(C). It can be observed that two distinct transition points were
obtained. The first transition point, indicating the beginning of crack
formation, was at 80 µm, and the corresponding applied load is 11.6
mN as shown in Fig. 12(B). With the increase of applied load, the crack
grew. At the second point of 185 µm, slowly propagating scratch front
is observed as shown in Fig. 12(A), which corresponds to an applied
load of 30.5 mN as shown in Fig. 12(B). This critical load at the onset of
failure is considered to represent the interfacial adhesion force of the
hybrid selective layer on the PVDF support [29,30], which indicates a
strong binding force between the hybrid selective layer and the PVDF
support. Furthermore, Fig. 12(C) also shows that the hybrid selective
layer did not delaminate from the surface of the PVDF support at the
end of the scratch test, further indicating good interfacial adhesion
between the hybrid selective layer and the PVDF support [31].

3.5. Comparison with data reported in the literature

The pervaporation performance of a hybrid composite membrane
in the separation of a 5 wt% ethanol aqueous solution was compared
with other hybrid membranes discussed in the literature, as listed in
Table 1. The separation factor and flux are both important for
membrane application. Hence, a PSI value combining these two factors
is also used for the comparison.

Compared with the other hybrid membranes, the customized
hybrid membrane based on PDMS polymer exhibits a relatively high
total flux and high PSI, which suggests its potential industrial applica-
tion in the pervaporation of ethanol from an aqueous solution. This
high flux on the one hand may result from the decreased intrusion of
the PDMS polymer into the porous PVDF, which weakens the
resistance of transportation of water and ethanol through the mem-
brane, leading to high flux; on the other hand, it may result from
reduced crystallinity of the PDMS polymer under high silicalite-1
incorporation. As reported by jin's group [22] that by increasing the
POSS content from 0 to 40 wt%, the heat of fusion decrease, leading to
a reduced crystallinity of the PDMS polymer. This is because that larger

Table 1
Pervaporation performance of the PDMS membranes with different fillers loading for the separation of ethanol aqueous solution.

No. Membrane Filler loading
(wt%)

Feed concentration
(wt%)

Feed temperature
(°C)

Thickness
(μm)

Flux (kg/
m2h)

Separation
factor

PSI Ref.

1 Silicalite-1-PDMS 50 5 50 83 0.202 28 5.45 [11]
2 Silicalite-1-PDMS 77 5.1 22 20 0.15 34 4.95 [18]
3 Silicalite-1-PDMS 67 5 50 106 0.176 34.4 5.88 [13]
4 Silicalite-1-PDMS 67 5.3 50 100 0.095 32 2.95 [14]
5 ZIF-8-PDMS 5 5 60 6 1.229 9.9 10.94 [5]
6 Silica-PDMS 5 5 60 6 0.807 12.5 9.28 [5]
7 MIL-53-PDMS 40 5 80 3 5.47 11.1 55.2 [4]
8 HF etched ZSM-5-PDMS 30 5 50 8 0.870 11 8.7 [32]
9 Silicalite-1-PDMS 50 5 60 – 0.4 14.7 5.48 [33]
10 Nano clay- poly (styrene-co-

butylacrylate) copolymer
2 5 30 40 0.34 22 7.14 [34]

11 Silica-PTMSP 1.5 10 50 10 3.5 12 38.5 [35]
12 Silicalite-1-PDMS 30 4 50 28 0.46 15 6.9 [27]
13 Silica-PTMSP 25 5 50 2.4 9.5 18.3 164.4 [36]
14 MCM-41@ZIF-8/PDMS 5 5 50 3 1.29 8.1 9.16 [37]
15 ZSM-5/PDMS 40 5 40 10 0.41 14 5.33 [38]
16 Nanosilica/PVDF 20 5 50 3–18 1.1 29 30.8 [39]
17 Silicalite-1-PDMS 67 5 40 5 3.62 16.5 56.11 This

work
18 Silicalite-1-PDMS 67 5 50 5 5.52 15.5 80.04 This

work
19 Silicalite-1-PDMS 67 5 60 5 6.83 14.9 94.94 This

work
20 Silicalite-1-PDMS 67 5 50 15 1.94 26.3 51.02 This

work

Fig. 13. Effect of silicalite-1 content on the heat of fusion of hybrid membrane.

Fig. 14. Effect of operating time on the separation performance of the hybrid
membrane.
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amount of amorphous domains can be produced in the PDMS polymer
with the introduction of more POSS fillers, which make the heat of
fusion and PDMS polymer crystallinity decrease, and thus more space
available for the PDMS chain moves, and ethanol and water have more
chance to permeate through these amorphous domains to the mem-
brane downside and flux therefore is enhanced. Fig. 13 shows the heat
of fusion of hybrid membrane with different silicalite-1 content. The
heat of fusion decreases expectedly with the increasing silicalite-1
content, indicating the reduced crystallinity of the PDMS polymer in
the hybrid membrane. Furthermore, as Zhuang et al. [13] reported that
the silicalite-1-PDMS hybrid membrane showed highest normalized
flux when it is compared with other works. This may be owing to the
increase in the fractional free volume of the hybrid membrane with
increasing content of MIL-101 (Cr) particles as reported by Prof Jiang
et al. [40], because free volume presents an avenue for the transporta-
tion of diffusing molecules, and the larger and more numerous these
avenues are, the faster diffusing molecules migrate through a mem-
brane, and flux thus rises [41].

3.6. Membrane stability experiment

For industrial application of hybrid membrane, long-time stability
of separation performance is expected. To investigate the stability of
the separation performance, pervaporative separation of 5 wt% etha-
nol–water solution using home-made hybrid membrane was per-
formed at about 20 °C for 11 h. And in order to make the feed
concentration constant, anhydrous ethanol was added at intervals to
the feed tank. The time dependence of the separation performance is
illustrated in Fig. 14. It is shown that separation factor and flux were
remained relatively constant during the operating time, which indicate
a relative stability of the hybrid membrane in the separation of ethanol
from its aqueous solution.

4. Conclusions

A thin silicalite-1-PDMS hybrid composite membrane with PVDF as
a support was successfully fabricated by a simple solution casting
method aided by pre-polymerization of the membrane solution using a
platinum catalytic agent. The study of the effect of platinum catalytic
agent was first conducted and results showed that incorporation of
platinum catalytic agent enhanced the activity of the hydrosilylation
reaction without greatly affecting PDMS properties. The optimal
viscosity of the membrane solution was then investigated, and results
indicated that 2.0–3.0 Pa s was sufficient for the thorough distribution
of silicalite-1 in the PDMS polymer. Under this condition, 67 wt%
modified silicalite-1 can be uniformly incorporated in the PDMS
polymer. Therefore, a high flux of 5.52 kg/m2 h and separation factor
of 15.5 were obtained for the separation of 5 wt% ethanol–water
solution at 50 °C, resulting in a pervaporation separation index (PSI)
of 80.04. To the best of our knowledge, this PSI is the highest obtained
with a PDMS based hybrid membrane. After that, different thick
membranes were employed to study their effects on the separation
performance, and results indicated that higher thickness enabled a
higher separation factor with increasing temperature. Finally, inter-
facial adhesion in composite membrane and membrane stability was
characterized, and results showed high interfacial adhesion properties
and good stable separation performance of the composite membrane,
confirming the mechanical stability and high potential of the prepared
composite membranes for in situ ethanol recovery in future bio-
refinery plants.
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