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PDMS membranes were prepared by cross-linking with vinyltriethoxysilane (VTOS) on polyacrylonitrile (PAN) substrate to
increase hydrophobicity and improve pervaporation (PV) performance. It was shown that the membranes had high ethanol
permselectivity and flux. The effects of cross-linking temperature, the content of cross-linking agent, and feed temperature on
PV performance of VTOS cross-linked PDMS membranes were investigated. For 6wt% ethanol aqueous solution, the PDMS
membrane had the high separation factor of 15.5 and total flux 573.3 g⋅m−2⋅h−1, respectively, when the feed temperature was 40∘C,
H-PDMS :VTOS :DBTDL= 1 : 0.2 : 0.02 and cross-linking temperature was 80∘C.

1. Introduction

The production of ethanol as an alternative fossil fuel energy
resource has been a subject of great interest so far, because of
the uncertainty of petroleum supplies and the finite nature of
fossil fuels. Moreover, from the viewpoint of global environ-
mental protection, since the industrial uses of fossil resources
go on releasing a large quantity ofCO

2

on earthwhich leads to
increasing atmospheric temperature, the production of liquid
fuel ethanol by fermentation from renewable biomass as a
carbon source has been focused on. For removal of ethanol
fromwater, other separation technologies such as distillation,
liquid-liquid extraction, carbon adsorption, and air stripping
are not applicable because of feed condition limitations, large
volume of byproducts, or high cost of posttreatments. How-
ever, pervaporation can be applied without these limitations
[1–4]. Pervaporation is a promising separation technique
and is becoming recognized as an energy-efficient alterna-
tive to distillation and other separating methods for liquid
mixtures, especially in cases that the traditional separation
techniques are not efficient, such as separating of azeotropic
mixtures [5, 6], isomeric components [7], and close-boiling

point systems [8]. In addition, it can also offer advantages
in energy savings. The success of PV for ethanol-water
separation depends on the development of a membrane
material that has high permeability, high permselectivity,
and good film-forming properties. The polymers that have
been used for ethanol permselective membranes include
polydimethylsiloxane (PDMS) [9, 10], poly[1-(trimethylsilyl)-
1-propyne] (PTMSP) [11, 12], in which PTMSP suffers from
unstable PV performance with time. So, PDMS membrane
is the most important and promising polymer membrane at
present, which has the highest permeability for gas or vapors
[13] and a high separation performance for organic chemicals
in water [14, 15] among all the industrialized polymers.
However, PDMS membrane has an intrinsic disadvantage.
PDMS has the properties of poor film-forming and the
low selectivity. These disadvantages have been overcome
by using cross-linked PDMS [9]. But the preparation of
PDMS using tetraethylorthosilicate (TEOS) [16] as a cross-
linking agent has insufficient hydrophobicity in traditional
methods resulted in poor permeability. In this paper, PDMS
membranes were prepared using the cross-linking agent
vinyltriethoxysilane (VTOS) and used for separation of
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Figure 1: Preparation route of PDMS-VTOS.

ethanol/water mixtures. Due to the introduction of vinyl
group, the hydrophobicity and the permeability of the PDMS
membranes were increased.

The main objective of this study was to determine the
effect of cross-linking temperature on the performance of
PDMS membranes. Additionally, several of the parameters
listed above were studied to assess their importance for the
system.

2. Experimental

2.1. Materials. 𝛼,𝜔,-Dihydroxypolydimethylsiloxane (H-
PDMS) with an average molecular weight of 5000 was
purchased from Chenguang Research Institute of Chemical
Industry, Chengdu, China. Tetraethylorthosilicate (TEOS),
triethoxyvinylsilane (VTOS), dibutyltin dilaurate (DBTDL),
n-hexane, and ethanol were obtained as analytical reagents
from Shanghai Chemical Reagent Company, China.
Polyacrylonitrile (PAN) ultrafiltration support membrane
was purchased from Research and Development Center of
Water Treatment Technology, Hangzhou, China.

2.2. Preparation of PDMS-VTOS/PAN Composite Membranes.
H-PDMS, cross-linking agent VTOS, and catalyst DBTDL
were mixed according to a 10/1/0.2 weight ratio in n-hexane.
Prior to coating, PAN support was laid and spread out on
the surface of water in a basin. Excess water on the PAN
support surface was wiped off quickly with a filter paper.
Directly afterwards, the PDMS solution was poured on the
surface of support and the basin was put under a hood. The
membrane system containing some cross-linked PDMS, after
kept under ambient temperature for 2 h, was introduced into

a vacuum oven at 60∘C for 4 h to complete the cross-linking.
The chemical scheme was shown in Figure 1.

2.3. FTIR Measurement of PDMS-VTOS Membranes. The
chemical structures of H-PDMS, PDMS-VTOS samples were
confirmed by Fourier transform infrared (FTIR) using a
VECTOR-22 type spectrometer. Samples for FTIR mea-
surements were obtained by spreading a thin film of their
solutions in n-hexane on a potassium bromide flake and
evaporating the solvent under vacuum at room temperature.

2.4. Differential Scanning Calorimetry Measurements. DSC
analyses over the temperature range from −150∘C to 25∘C
were conducted on a Perkin-Elmer DSC7 under nitrogen
purge at a heating rate of 10∘C/min. The DSC curves were
obtained from a second heating cycle in order to remove heat
history.

2.5. Static Contact Angle Measurement. Static contact angles
for water of PDMS-VTOS/PAN composite membranes were
measured by the sessile drop method using a Contact Angle
Meter (OCA 20, Dataphysics, Germany) at 25∘C and about
65% relative humidity.The volume of thewater drop usedwas
always 2𝜇L. All reported values were the average of at least
eight measurements taken at different locations of the film
surface and had a typical mean error of ±1∘.

2.6. Degree of Swelling Measurement. Dried PDMS-VTOS
membranes without substrate were weighed and then
immersed into an aqueous solution of 6wt% ethanol in a
sealed vessel at 30∘C until equilibrium was reached. The
membranes were carefully wiped by tissue papers to remove
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surface solvent and then weighted to measure the weight of
the swollen membrane obtained. The equilibrium degree of
swelling (DS) of the membranes was then determined from
the following:

DS =
𝑚

𝑆

− 𝑚

0

𝑚

0

× 100%, (1)

where 𝑚
0

and 𝑚
𝑆

are the weights of dry and swollen
membranes, respectively.

2.7. Pervaporation Measurement. PV experiments were con-
ducted as previously reported [20]. The vacuum system of
the downstream side was maintained at about 180 Pa. The
experiments were carried out in a continuous steady state,
operated at constant temperature for ethanol/water mixtures.
The flow rate was maintained at 2m/s. Re number is about
10000. The permeation solution was collected in cold traps
by condensation with liquid nitrogen. The composition of
the permeation solution was determined using gas chro-
matography. The permeation flux (J) and the separation
factor (𝛼sep,ethanol/water) for all membranes were calculated
according to the following equations:

𝐽 =

Δ𝑔

𝐴 × Δ𝑡

, (2)

𝛼sep,ethanol/water =
(𝑃ethanol/𝑃water)

(𝐹ethanol/𝐹water)
, (3)

where Δ𝑔 is the permeation weight collected in cold traps
during the operation time Δ𝑡, 𝐴 is the membrane area
(18.1 cm2), 𝐹ethanol and 𝐹water are the weight fractions of
ethanol and water in the feed side, and 𝑃ethanol and 𝑃water are
the weight fractions in the permeate side, respectively.

2.8. Determination of Sorption Selectivity and Diffusion Selec-
tivity. The sorption experiments were carried out as follows.
A piece of dried PDMS-VTOS membrane without substrate
with determined weight was immersed in anethanol/water
mixture with 6wt% ethanol in a sealed vessel at 30∘C
until equilibrium was reached. The swollen PDMS-VTOS
membrane was wiped with a tissue paper quickly and
placed into another container. The solution adsorbed in the
swollenmembranewas desorbed under reduced pressure and
collected in a cold trap. The composition of the solution
in the swollen membrane was obtained by measuring the
ethanol concentration by gas chromatography in the collected
solution.The sorption selectivity, 𝛼sorp,ethanol/water, was deter-
mined by the ethanol composition in the membrane and the
feed solution as expressed as follows:

𝛼sorp,ethanol/water =
(𝑀ethanol/𝑀water)

(𝐹ethanol/𝐹water)
, (4)

where 𝐹ethanol and 𝐹water are the weight fractions of ethanol
and water in the feed and𝑀ethanol and𝑀water are the weight
fractions of ethanol and water in the swollen membrane,
respectively. According to the solution-diffusionmechanism,
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Figure 2: FTIR spectra of H-PDMS are 20∘C PDMS-VTOS, 80∘C
PDMS-VTOS; H-PDMS is PDMS with terminal OH groups, 20∘C
PDMS-VTOS is PDMS membrane prepared at 20∘C; 80∘C PDMS-
VTOS is PDMS membrane prepared at 80∘C.

separation and permeation characteristics for organic liquid
mixtures through polymeric dense membranes by PV are
based on the solubility of the permeants into the polymer
membrane (sorption process) and the diffusivity of the
permeants in the polymer membrane (diffusion process). In
general, the relation between them for ethanol/water mixture
can be written as follows:

𝛼diff,ethanol/water =
𝛼sep,ethanol/water

𝛼sorp,ethanol/water
. (5)

3. Results and Discussion

3.1. Characterization of Membranes

3.1.1. FT-IR Spectra of Different Polymers. Thehydrophobicity
of H-PDMS and cross-linked PDMS membrane at 80∘C
and 20∘C are characterized by FTIR as shown in Figure 2.
The peaks that occur at about 3100 cm−1 and 3744 cm−1 are
assigned to the stretching vibrations of unsaturated carbon-
hydrogen bond and Si–OH. As can be seen in Figure 2,
the intensities of peaks at 3744 cm−1 of 80∘C PDMS samples
are lower than those of H-PDMS and 20∘C PDMS. Mean-
while, unsaturated carbon-hydrogen bond peak appears at
3100 cm−1 of cross-linked PDMS. The intensity of the peak
from 80∘C PDMS is larger than that from 20∘C PDMS.These
results may confirm that H-PDMS cross-linked with VTOS
at 80∘C becomes more hydrophobic.

3.1.2. Contact Angle of PDMS-VTOS Membranes. The mem-
brane surface properties are also affected by cross-linking
temperature and VTOS content. Table 1 and Figure 3 dis-
play the change of contact angle on the respective sur-
faces. The contact angle (CA) of PDMS-VTOS membranes
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Table 1: Contact angle for water of PDMS-VTOS membranes
synthesized at different temperatures.

Cross-linking temperature (∘C) 20 40 50 60 80
Contact angle (∘) 64.5 101.9 106.2 107.7 108.3
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Figure 3:The effect of content of VTOS on contact angle of PDMS-
VTOS membranes (the cross-linking temperature: 80∘C).

increased with increasing cross-linking temperature. After
cross-linking at 60∘C, the CA was 107.7∘, and further increase
of cross-linking temperature did not bring significant change
in CA. This phenomenon is attributed to the fact that more
hydroxyl groups were left in the membranes cross-linked
under 60∘C than those in the membranes cross-linked over
60∘C, as can be confirmed by the FT-IR spectra results.

However, the effects of VTOS content on surface prop-
erties show parabola tendency. As shown in Figure 3, the
highest contact angle was achieved with 16.39wt% of VTOS,
which was the optimal content of the cross-linking agent.
Too low VTOS content cross-linking is not enough to be
preparation dense membrane which affects hydrophobicity
of the membrane surface. Too much VTOS leads to some
unreacted hydrophilic ethoxy group left in the membrane
after the reaction of hydrolysis and condensation of VTOS,
which made the hydrophobicity of PDMS-VTOS membrane
decrease.

3.1.3. Measurements of Differential Scanning Calorimetry.
Table 2 shows the DSC data of PDMS-VTOS cross-linked
membranes with different cross-linking temperature. The 𝑇

𝑔

has an insignificant fluctuation (from −123.9∘C to −118.2∘C)
with increasing cross-linking temperature. This result indi-
cates that cross-linking temperature has no obvious effect on
thermal property of the membrane. Meanwhile, it shows that
membrane will not transform during pervaporation.

3.1.4. Swelling of PDMSMembrane in Alcohol/WaterMixtures.
The results of swelling measurements of PDMS-VTOS in
6wt% and 100wt% ethanol/water binary mixtures at 40∘C

Table 2: Cross-linking effect on the glass transition tempera-
tures (𝑇

𝑔

) of PDMS-VTOS membranes (the weight ratio of H-
PDMS :VTES :DBTDL is 1 : 0.2 : 0.02).

Cross-linking temperature (∘C) 40 50 60 80

𝑇

𝑔

(∘C) −119.3 −123.9 −118.7 −118.2
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Figure 4: Effect of cross-linking temperature on the degree of
swelling (DS) of PDMS-VTOS membrane immersed in aqueous
solution of ethanol 6wt% and 100wt% ethanol content in the feed
(temperature, 40∘C).

are presented in Figure 4. As can be seen, the DS of PDMS-
VTOS formixtures increases separatelywith increasing cross-
linking temperature. In addition, DS of PDMS in 100wt%
ethanol is higher than that of PDMS in 6wt%. These results
indicate that VTOS cross-linked PDMS was swelling more in
ethanol than in water.

3.2. Pervaporation Performance

3.2.1. Effect of Cross-Linking Temperature. Figure 5 shows
the effects of cross-linking temperature on (a) ethanol in
permeate and (b) the normalized permeation flux for an
aqueous solution of 6wt% ethanol through PDMS-VTOS
membrane during PV with VTOS content of 16.39wt%.
From Figure 5(a), the ethanol concentration in permeate
through the PDMS-VTOSmembranes wasmuch higher than
that in the feed in the studied cross-linking temperature
range. These results suggest that PDMS-VTOS membranes
have high ethanol permselectivity for an aqueous solution of
6wt% ethanol.Meanwhile, both the separation factor and the
ethanol concentration in permeate increased with increasing
cross-linking temperature. From Figure 5(b), the ethanol and
water flux through PDMS-VTOS membranes decreased with
increasing cross-linking temperature.

In general, the PV performance for recovery of organic
from its aqueous solution is based on the solubility of
permeants into the polymer membrane (sorption process)
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Figure 5: Effect of cross-linking temperature on (a) ethanol in permeate and (b) the normalized permeation flux for an aqueous solution of
6wt% ethanol through PDMS-VTOS membrane during PV (operating temperature: 40∘C, the weight ratio of H-PDMS :VTOS :DBTDL is
1 : 0.2 : 0.02).

and the diffusivity of the permeants in the polymer mem-
brane (diffusion process).The solubility and diffusivity of the
permeants are significantly influenced by the chemical and
physical structures of the polymer membranes. After cross-
linked by VTOS, the PDMS-VTOS has better ethanol sorp-
tion selectivity with increasing cross-linking temperature.
This result in Figure 6 is compared with those of the contact
angle for water in Table 1; it is noted that the ethanol perms-
electivity strongly depends on the contact angle for water
on the cross-linked membrane surface. Namely, the ethanol
permselectivity of the cross-linked PDMS-VTOS membrane
increased with an increase of the contact angle of water. The
above results suggest that the ethanol permselectivity for an
aqueous ethanol solution of the cross-linked PDMS-VTOS
membranes is more significantly governed by the solubility
of the permeants into the membrane than the diffusivity of
the permeants in the membrane.

3.2.2. Effect of Cross-Linker VTOS Content. Curves of the
pervaporation flux and the separation factor of PDMS-
VTOS cross-linked membranes versus VTOS contents are
presented in Figure 7. As it can be seen, when VTOS
content is from 8.93wt% to 16.39wt%, the separation factor
(a) upgrades but the pervaporation flux (J) reduces with
the increase of VTOS content. Obviously, the increase of
VTOS content makes the structures of PDMS-VTOS cross-
linked membranes compact and prevents the large ethanol
molecules from passing the membrane. As it also can be
seen, when VTOS content is from 16.39wt% to 43.96wt%,
the increase of VTOS content improves the pervaporation
flux (J) but decreases the separation factor (𝛼). This phe-
nomenon demonstrates that membranes with high VTOS
content become more hydrophilic and relatively incompact
structures. In this situation, bothwater and ethanolmolecules
can easily transmit the membranes, so the exaltation of
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Figure 6: Effects of cross-linking temperature on the diffusion
selectivity and sorption selectivity.

the pervaporation flux (𝐽) is accompanied by the decrease of
the separation factor (𝛼). Experimental data verify that when
VTOS content is 16.39wt%, the separating properties of the
cross-linked membranes are better; the separation factor (𝛼)
and the pervaporation flux (𝐽) of membranes can reach 15.3
and 573.3 g⋅m−2⋅h−1, respectively.

3.2.3. Effect of Feed Temperature. Figure 8 presents the effect
of temperature on pervaporation total flux of ethanol/water
mixtures through cross-linked PDMS-VTOSmembranes; the
feed concentration is 6wt% and VTOS content is 16.39wt%.
An increase in feed temperature from 40∘C to 80∘C results
in the increase in the total fluxes for the membranes. This
is due to the fact that, during pervaporation, permeating
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Figure 7: The effect of VTOS content on pervaporation properties
of PDMS-VTOS membrane (feed concentration is 6wt%, the cross-
linking temperature is 80∘C, and the PV temperature is 60∘C).
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Figure 8: Feed temperature effect on PV performance of PDMS-
VTOS membrane feed concentration, 6 wt%, the weight ratio of H-
PDMS :VTOS :DBTDL is 1 : 0.2 : 0.02, the cross-linking tempera-
ture is 80∘C.

molecules diffuse easily through free volumes of the mem-
brane which is produced by thermal motions of polymer
chains. Frequency and amplitude of polymer jumping chains
increase as temperature increases. Thus, diffusion rate of
individual permeating molecules increases leading to high
permeation fluxes at higher temperatures. The separation
factor for ethanol decreases with increasing temperature.This
is a common phenomenon in a pervaporation process and
can be explained by two theories. One claimed that a water
molecular is much smaller than an ethanol molecular, so
with the increase of operating temperature, the more flexible
of polymer chains allow more water permeate through the
membrane than ethanol, which leads to the reduction of sep-
aration factor. The other theory says that water cluster come
into being on the feed side of a hydrophobic membrane. And
the size of water cluster becomes more dominant at a lower
temperature than at a higher temperature [21]. Therefore, the
diffusivity of water will be restraint in a membrane at a lower
temperature.
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Figure 9: Arrhenius plots of the PDMS-VTOS membrane.

To get a deeper view of the relationships between tem-
perature and permeation flux, the Arrhenius type equation
was applied by 𝐽 = 𝐽

0

exp(−𝐸
𝑝

/𝑅𝑇). 𝐸
𝑝

is apparent activation
energy for permeation, 𝐽

0

the permeation rate constant,
𝑅 the molar gas constant, and 𝑇 is the temperature in
Kelvin.The 𝐸

𝑝

values are 12.060 kJ/mol and 13.596 kJ/mol for
ethanol and water, respectively, which are determined from
the ln J versus 1/T plots (Figure 9). The larger permeation
activation energy of water implies that water permeation flux
is more sensitive to increased temperature compared to that
of ethanol permeation flux.

3.2.4. Comparing of Pervaporation Performance. Pervapora-
tion performance in some previous studies and our study is
listed in Table 3. As can be seen, the PDMS-VTOSmembrane
prepared in this research showed higher separation and lower
permeation flux than those PDMS membranes cross-linked
with TAOS reported for pervaporation removal of ethanol
from dilute aqueous solution. The higher separation factor
of PDMS-VTOSmembranes can be attributed to two factors.
One is a more hydrophobic nature of VTOS than TAOS and
the other is that PDMS-VTOS membranes possess a higher
cross-linking density thanPDMS-TAOSmembranes, because
PDMS-VTOS membranes with a high separation factor were
cross-linked at a higher temperature of 80∘C, which was
usually performed at 60∘C. However, a higher cross-linking
density is not favored for a permeation flux. That is why the
total flux of PDMS-VTOSmembranes is relatively lower than
that of PDMS-TAOS membranes.

4. Conclusions

Cross-linked PDMS-PAN membranes using VTOS were
prepared. The effects of parameters on the preparation
and pervaporation performance were investigated. It was
found that cross-linked PDMS-VTOS membranes had better
hydrophobic when H-PDMS :VTOS :DBTDL = 1 : 0.2 : 0.02,
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Table 3: Pervaporation performance of different PDMS-VTOS
using cross-linking agent.

Cross-linking agent Total flux
(g⋅m−2⋅h−1) Separation factor Reference

TAOS 1140 9.3 [17]
TAOS 1300 8.3 [18]
TAOS 750 2.7 [19]
VTOS 573 15.3 This work

cross-linking temperature is 80∘C. Meanwhile, PDMS-VTOS
membranes have much higher separation factor than PDMS-
TAOS membranes reported in the literatures. Though the
ethanol flux of PDMS-VTOS membranes are not so remark-
able, it is also acceptable.
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