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ABSTRACT: Different polydimethylsiloxane (PDMS)
nanocomposite membranes were synthesized by incorpo-
rating various contents of nanosized silica particles to
improve the PDMS pervaporation (PV) performance. A uni-
form dispersion of silica nanoparticles in the PDMS mem-
branes was obtained. The nanocomposite membranes were
characterized morphologically by scanning electron micros-
copy (SEM) and atomic force microscopy (AFM). The
results showed that surface roughness increases by incorpo-
rating silica, and this decreases absorption of penetrants on
the membrane. Swelling studies showed that the presence
of silica nanoparticles into the PDMS membranes decreases
degree of swelling, which can be attributed to rigidification
of the PDMS matrix. Additionally, the results revealed that
helium permeability decreases through the nanocomposite
membranes, due to the more polymer chains packing.
Effects of silica on recovery of isopropanol (IPA) from water
mixtures were also investigated. Based on the results, incor-

porating silica nanoparticles promotes significantly the
PDMS membrane selectivity because the polymer chains
are rigidified and also the polymer free volume decreases.
However, permeation flux decreases as diffusion of the
penetrants reduces in the presence of silica nanoparticles
within the PDMS membranes. As PV performance depends
on operating conditions, effects of feed composition, and
temperature were also studied. Moreover, recoveries of
IPA, ethanol, and methanol from water mixtures were com-
pared using the PDMS-silica nanocomposite membranes.
The results demonstrated that polarity and solubility of
alcohols affect permeation flux and selectivity resulting in
the higher permeation flux and selectivity for IPA. VC 2011
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INTRODUCTION

Membrane-based pervaporation (PV) is an energy-
intensive method of separating liquid mixtures.1–3

For recovery of alcohols from water, other separa-
tion technologies such as distillation, liquid–liquid
extraction, carbon adsorption, and air stripping are
not applicable because of feed condition limitations,
large volumes of by products, or high cost of post-
treatments.4 Recently, PV has been considered for re-
moval of volatile organic compounds from water
mixtures because of low energy consumption, low
environmental pollution, and low cost.4,5 The recov-
ery of organic compounds from aqueous solutions is
of great importance for both commercial and envi-
ronmental aspects.6

For polymeric membranes, extensive research was
performed to find an optimized membrane material
having selective interaction with a specific component
of feed mixture to maximize separation performance
in items of separation factor, permeation flux, and sta-
bility. However, performance of these membranes is
strongly influenced by membrane physicochemical
characteristics and also process conditions such as
feed concentration and temperature.7,8

Separation of alcohol/water mixtures by PV is im-
portant for obtaining liquid fuels from biomass sour-
ces.9 The PV performance of aqueous alcohol solu-
tions was investigated by many researchers. Shaban
et al.,10 Raisi et al.,4 Mohammadi et al.,9 Han et al.,11

and others investigated separation of alcohols from
aqueous mixtures using different organic hydropho-
bic membranes. Various hydrophobic membranes
have already been used for selective separation of
alcohols from aqueous mixtures such as sulfonated
poly(ether ether keton),12 G-OM-010, and 1060-
SULZER.13 Among them, silicone containing poly-
mers have generally been found to exhibit good
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organophilicity, and silicone rubber (mainly polydi-
methylsiloxane [PDMS]) based membranes have
been investigated more for separation of organic
aqueous mixtures.9,14 However, their unsatisfied se-
lectivity for organics versus water has yet limited
their applications to some extent. Research articles
have indicated that despite of its strong hydropho-
bicity, PDMS membranes show high water permea-
tion flux, which may be ascribed to high diffusion
rate of water molecules with smaller size compared
with the organic molecules through the soft PDMS
polymer chains. Thus, poor selectivity of organics
versus water through the PDMS membranes is
obtained. To achieve high selectivity and high per-
meation flux for specific compounds, modifications
of the membranes, via filling,15 grafting,16–18 or coat-
ing have been performed.19

Nowadays, some modifications have been
attempted to enhance performance of the membranes
in such applications and recent trends have shifted
toward preparation of mixed matrix membranes
(MMMs) involving fillers and polymer matrixes.
Combination of inorganics with organic polymers at
nanolevels can offer advantages such as lightweight,
fiexibility, good moldability, high strength, and high
thermal and chemical stability.20–22 In this regard, a
variety of inorganic fillers were incorporated into the
PDMS membranes to make MMMs such as zeo-
lites23–25 and carbon molecular sieve (CMS).26 For
inorganic–organic nanocomposite membranes, noni-
deal-defects (e.g. nonselective voids) usually occur at
the organic–inorganic interface in physical mixing
process of the organic polymers with the inorganics,
due to the high rigidity of polymer chains and the
weak interaction between polymeric matrixes and
inorganic fillers.27 This often leads to the higher per-
meation flux and the lower selectivity accordingly.
To enhance their compatibility, chemical treatment of
the inorganic particles surface by coupling agents
has been investigated.28 Peng et al.29 showed that
incorporating fumed silica increases selectivity of the
PDMS membranes; however, incorporation of fumed
silica more than 5 wt % diminishes the membranes
selectivity. This can be explained by agglomeration
of silica within the PDMS matrix and creation of non-
selective voids through the polymer matrix. Zhou
et al.28 used vinyltrimethoxysilane-modified silica-
lite-1 to improve compatibility of silicalite-1 and
PDMS. They demonstrated that surface modification
of the inorganic fillers can remarkably affect PV
performance of the PDMS membranes.

In this work, attempts were made to prepare PV
nanocomposite membranes suitable for separating
alcohols from aqueous solutions. Silica was used as
inorganic filler because of its thermal, mechanical,
and hydrophobic properties.30 To improve compati-
bility of silica with PDMS polymer, the silica surface

was hydrophobized with trimethylsilanol (TMS). As
mentioned, surface properties of inorganic fillers can
influence their interaction with polymer matrixes
and also performance of the filled-membranes.
Although using silica as an inorganic filler is not a
novel idea, TMS-hydrophobized silica (TMS-H-silica)
was never incorporated into any polymeric matrix.
Effects of TMS-H-silica on physicochemical proper-
ties of the PDMS membranes were evaluated by
scanning electron microscopy (SEM), atomic force
microscopy (AFM), swelling test, and helium perme-
ability test. TMS-H-silica incorporated PDMS mem-
branes were first used to remove isopropanol (IPA)
from water mixtures. Effects of feed composition
and temperature on PV performance of the PDMS-
silica nanocomposite membranes were also investi-
gated. Afterward, the optimum PDMS-silica nano-
composite membrane was selected for separation of
different alcohols from water mixtures. Finally, PV
performance of the optimum PDMS-silica nanocom-
posite membrane for separation of methanol, etha-
nol, and IPA from water mixtures was evaluated to
compare the effects of the recovery of the diverse
alcohols from aqueous solutions.

EXPERIMENTAL

Membrane preparation

First of all, TMS-hydrophobized silica (TMS-H-silica)
nanoparticles were added into toluene and dispersed
under continuous stirring for about 2 h and then fol-
lowed by sonication for 15 min to break any aggre-
gation and improve the dispersion quality. Specific
surface of the nanoparticles was 250 m2/g, and their
density was 0.75 g/cm3. The nanocomposite PDMS-
silica films were prepared from the toluene solution
containing 55 wt % Dehesive 944 silicone (Wacker
Silicones Corporation, Adrian, MI). As supplied by
the manufacturer, Dehesive 944 is a solvent-based
addition crosslinkable silicone. Silicone oil, cross-
linker (polyhydrogenmethylsilane under the trade
name V24, Wacker), and catalyst (1,3-divinyl-1,1,1,3-
tetramrthyldisiloxane platinum complex under the
trade name OL, Wacker) were mixed according to a
10:0.1:0.05 weight ratio in toluene to prepare the
casting solution.31 The films were prepared by pour-
ing the casting solution over a glassy casting die
supported by a Teflon-based polymer. The cast films
were dried slowly under ambient conditions for 48
h. They were then placed in an oven at 85�C for 2 h
to remove the residual solvent and to fully crosslink
the polymer. After they were cooled to ambient tem-
perature, the crosslinked films were easily removed
from the Teflon-based polymer. Finally, the thin
films were detached from the glassy die using a
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very sharp razor. The resulting films were transpar-
ent, but less than the pristine PDMS films and not
tacky. Thickness of the films was determined with a
digital micrometer (Mitutoyo Model MDC-25SB)
readable to 61 lm and found to be approximately
250 lm. In the synthesized nanocomposite mem-
branes, PDMS-X, X; the mass ratio of TMS-H-silica
over PDMS was varied at 0, 0.5, 1, 1.5, 2, 2.5, and 3.
For instance: PDMS-0 is refered to the pristine
PDMS and PDMS-3 is referred to the 3 wt % TMS-
H-silica incorporated PDMS nanocomposite
membrane.

Swelling studies

Sorption experiments were performed to study the
extent of membrane swelling. These experiments are
helpful to determine the interactions of membranes
with liquid penetrants. Swelling experiments were
performed at 30�C, gravimetrically in 1–10 wt %
alcohol containing feed mixtures. The PDMS-X nano-
composite membranes were dried completely at
60�C for 8 h and weighed. Then, the nanocomposite
membranes were immersed in the alcohol–water
mixtures in a sealed vessel at a desired temperature
for 48 h to allow them to reach the equilibrium swel-
ling. The swollen membranes were weighed using a
digital microbalance (Sartorius, TE214S) sensitive to
60.1 mg, as quickly as possible after wiped with tis-
sue papers. Each run was performed at least three
times, and the results were averaged. The degree of

swelling (DS) of the membranes was calculated
using the following equation:

DS ð%Þ ¼ Ws �Wd

Wd

� �
� 100 (1)

where Ws and Wd are mass of the swollen and the
dried membranes, respectively.

PV experiments

The synthesized membranes were evaluated in PV
separation using a setup as shown in Figure 1. The
feed solution was circulated by a pump (Talow mag-
net pump, Rom, Italy) through the membrane cell.
The down-stream pressure was maintained at about
1 mbar using a vacuum pump (Vac Torr 25, Hout-
son, Texas, USA), while the feed pressure was
atmospheric. In fact, partial vacuum was applied to
the permeate side as a driving force for alcohols to
evaporate easily. The permeate vapor was collected
in a cold trap (liquid nitrogen) to be condensated.
The collected permeate sample was weighted to
determine the permeation flux. The concentrations
of feed and permeate were measured using gas
chromatography (Tehran, Iran) provided with a ther-
mal conductivity detector equipped with a DEGS or
Tenax packed column of 1/8 in. internal diamater
(i.d)., internal diameter, having 2 m length. The GC
response was calibrated for the column and known
compositions of different alcohol–water mixtures.

Figure 1 Schematic diagram of the PV apparatus: (1) feed tank; (2) cooling coil; (3) thermo couple; (4) heater; (5) feed
pump; (6,7) valve; (8) rotor flow meter; (9) membrane cell; (10) membrane; (11) pressure gage; (12) vacuum regulator; (13)
permeate collection trap; (14) liquid nitrogen trap; and (15) vacuum pump. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Permeation properties of the membranes were
characterized by PV selectivity (aPV), total permea-
tion flux (JP), and PV separation index (PSI) using
the following equations, respectively:

aPV
yA=yB
xA=xB

(2)

JP ¼ WP

At
(3)

PSI ¼ JPðaPV � 1Þ (4)

where yA and yB are mass fractions of alcohol and
water in the permeate, respectively, and xA and xB
are mass fractions of alcohol and water in the feed,
respectively. The permeation flux, JP (kg/m2 h), was
calculated using WP, the permeate mass (kg), A, the
effective membrane area (m2), and t, the permeation
time (h).

RESULTS AND DISCUSSION

Characterization of PDMS-X nanocomposite
membranes

SEM observation

To investigate the dispersion of TMS-H-silica nano-
particles in the PDMS membranes, SEM characteri-
zation of the 2 and 3 wt % TMS-H-silica incorpo-
rated PDMS membranes was carried out. As shown
in Figure 2, TMS-H-silica incorporated PDMS mem-
branes are dense with no macroscopic voids and
TMS-H-silica nanoparticles are dispersed uniformly
within the PDMS matrix. The TMS-H-silica nanopar-
ticles adhere well to the PDMS due to the high com-
patibility between the TMS-H-silica nanoparticles
and the hydrophobic PDMS.

AFM analysis

Different PDMS-X nanocomposite membranes were
synthesized under similar preparation conditions
and their roughnesses as well as particle distribution
were compared. According to the AFM images (Fig.
3), it was found out that TMS-H-silica nanoparticles
are appropriately dispersed over the surface of
PDMS membranes. Table 1 presents the surface
roughness of various PDMS-X nanocomposite mem-
branes. As observed, the surface roughness of the
PDMS-X nanocomposite membranes increases by
introducing more amounts of TMS-H-silica nanopar-
ticles into the polymer matrix. As a result, the pris-
tine PDMS and the PDMS-3 nanocomposite mem-
brane are the smoothest and the roughest
membranes, respectively.

Additionally, it should be mentioned that in or-
ganic–inorganic nanocomposite membranes, the

tendency to agglomeration increases at higher filler
content and this may distort the performance of
nanocomposite membranes by formation of nonse-
lective voids. However, it is impossible to com-
pletely detect presence of these voids between the
polymer matrix and the nanoparticles, by AFM and
SEM images.

Verification of nonselective voids: Helium
permeation test

To verify compatibility of TMS-H-silica nanoparticles
with PDMS matrix and investigate the presence of
nonselective voids in the PDMS-X nanocomposite
membranes, permeability of Helium through various
PDMS-X nanocomposite membranes were measured
at two different pressure gradients (1 and 6 atm).
Because of its small size, Helium serves as an

excellent probing gas for identifying the presence of
voids.32 The presence of nonselective voids into the
PDMS-X nanocomposite membranes at the interface
of polymer and TMS-H-silica nanoparticles can offer
high permeable sites for Helium because of its di-
minutive size. Permeability values of Helium
through the PDMS-X nanocomposite membranes are

Figure 2 SEM cross-section image of nanocomposite
membranes (a) PDMS-2 and (b) PDMS-3.
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presented in Table 2. It is completely evident that
permeability of Helium decreases with increasing
TMS-H-silica nanoparticles content in the PDMS ma-
trix. This behavior suggests that the PDMS polymer
adheres well to the TMS-H-silica nanoparticles.
Hence, it can be concluded that the synthesized
PDMS-X nanocomposite membranes are defect free.
Furthermore, reduction of Helium permeability val-
ues of the PDMS membranes in the presence of
TMS-H-silica nanoparticles also suggests that the
silica makes the polymer chains rigid.

Swelling of PDMS-X nanocomposite membranes for
IPA-water mixtures

DS of the PDMS-X nanocomposite membranes in 4
wt % IPA in water mixture at 30�C is illustrated in

Figure 4. As observed, the pristine PDMS membrane
shows higher swelling compared with the PDMS-X
nanocomposite membranes. This can be due to the
presence of TMS-H-silica nanoparticles into the poly-
mer matrix, which decreases absorption of IPA into
the membrane. As mentioned, incorporating the
TMS-H-silica increases the membrane surface rough-
ness. The membrane surface properties can influence
the absorption of penetrants. This phenomenon
causes penetrants in the feed side hardly absorb on
the membrane surface. Furthermore, increasing the
membrane surface roughness increases the mem-
brane contact angle. Hyder et al.7 indicated that a
membrane with higher surface roughness shows
higher contact angle. As a result, the pristine PDMS
membrane with the lowest surface roughness exhib-
its the highest DS, and on the other hand, the

Figure 3 AFM 3D images of nanocomposite membranes: (a) PDMS-0, (b) PDMS-0.5, (c) PDMS-1, (d) PDMS-1.5, (e)
PDMS-2, (f) PDMS-2.5, and (g) PDMS-3. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE I
Surface Roughness of Different PDMS-X Nanocomposite Membranes

Roughness

Membrane

PDMS-0 PDMS-0.5 PDMS-1 PDMS-1.5 PDMS-2 PDMS-2.5 PDMS-3

Average (nm) 16.8 45 48.8 71.2 93.6 116.6 176
Maximum(nm) 23.1 59.3 66.4 80.9 111.3 134.2 193
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PDMS-3 nanocomposite membrane with the highest
surface roughness exhibits the lowest DS.

Furthermore, DS reduction also suggests that
PDMS becomes rigid after incorporating TMS-H-
silica, giving a membrane swelling reduction, which
in turn decreases the diffusive trends of penetrants
through the membrane. These results are consistent
with those of Helium permeability.

PV results of PDMS-X nanocomposite membranes

In this section, PV results of different PDMS-X nano-
composite membranes are investigated for separa-
tion of IPA-water mixtures. Afterward, the optimum
PDMS-X nanocomposite membrane is selected for
separation of different alcohol–water mixtures.

Effect of silica content on PV performance

Effects of the TMS-H-silica content on selectivity and
permeation flux of the PDMS membranes are pre-
sented in Figure 5. As shown, permeation flux
decreases with increasing the TMS-H-silica content.
This can be due to the fact that distribution of the
TMS-H-silica nanoparticles in the membrane
increases transport resistance of both IPA and water
molecules; therefore, permeation flux of the PDMS-X
nanocomposite membranes are less than that of the
pristine PDMS membrane. On the other hand, pres-
ence of the TMS-H-silica nanoparticles in the poly-

mer matrix can increase the membrane pathway and
also decrease diffusion of penetrants through the
membrane. It must be mentioned that, the pristine
PDMS membrane with the highest DS also exhibits
the highest permeation flux. Obviously, the permea-
tion flux values of different PDMS-X nanocomposite
membranes follow a similar trend with the swelling
results. This means that the membranes with higher
DS, exhibit higher permeation flux. However, it is
observed that with increasing the TMS-H-silica con-
tent in the polymer matrix, the membrane selectivity
increases. This can be attributed to higher packing of
the PDMS chains due to the presence of TMS-H-
silica nanoparticles. Moreover, the polymer chains
packing can reduce the polymer free volume, and
this results in higher selectivity and less permeation
flux.1,33 In addition, as silica has negligible sorption
capacity, it can act as a physical crosslinker for
PDMS.34 The more crosslinked PDMS is known to
lead to higher selectivity and less permeation flux
due to its higher resistance against the swelling by
solvent sorption.34–36

Effect of feed composition on PV performance

PV performance of the PDMS membranes depends
upon the composition of feed mixtures.37 Selectivity
and permeation flux of various PDMS-X nanocom-
posite membranes using 1–10 wt % IPA in water
mixtures and at feed temperature of 30�C are

TABLE II
Permeability of Helium Through Different PDMS-X Nanocomposite Membranes

DP (atm)

Membrane

PDMS-0 PDMS-0.5 PDMS-1 PDMS-1.5 PDMS-2 PDMS-2.5 PDMS-3

1 723 6 3 694 6 7 663 6 9 632 6 8 606 6 6 567 6 8 528 6 7
6 611 6 4 595 6 9 573 6 4 549 6 7 523 6 10 507 6 3 486 6 5

The unite of permeability ¼ Barrer

Figure 4 DS of different PDMS-X nanocomposite mem-
branes in the 4 wt % IPA in water mixture at 30�C.

Figure 5 Effect of TMS-H-silica loading on PV perform-
ance of the PDMS-X nanocomposite membranes in the 4
wt % IPA in water mixture at 30�C.
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presented in Figure 6. As observed, permeation flux
increases as IPA content in the feed increases, and
this is mostly due to the membrane swelling. The
swollen polymer exhibits less resistance against per-
meation of penetrants due to the more space
between its chains.9,17 Increasing IPA content in the
feed enhances interactions of the membrane with the
penetrants, and this results in higher permeability of
penetrants through the membrane. In other words,
higher concentration of IPA in the feed mixture
causes the amorphous region of membrane to swell,
and thus the polymer chains to become flexible, and
enhances diffusion of the penetrants. Although,
increasing IPA concentration in the feed mixture
favors permeation of permeating molecules, the
membrane selectivity decreases due to easier diffu-
sion of water molecules through the swollen poly-
mer matrix.

Additionally, increasing IPA concentration in the
feed mixture increases free volume of the membrane
and simultaneously mobility of side chains increases.
Consequently, smaller water molecules can permeate
more easily through the membrane. In other words,
this phenomenon enhances permeation of water
through the membrane and as a result the mem-
brane selectivity decreases.

A comparison of different PDMS-X nanocomposite
membranes exhibits that the PDMS-3 nanocomposite
membrane has higher selectivity even at high IPA
content in the feed. This can be explained by the less
swelling of the PDMS-3 nanocomposite membrane
at high IPA content.

Effect of feed temperature on PV performance

PV process is known to be temperature dependent
as both permeation flux and selectivity are influ-
enced by changing temperature.17 Figure 7 illustrates
effects of feed temperature on PV performance of
different PDMS-X nanocomposite membranes at
temperature range of 30–60�C using 4 wt % IPA in
water mixture. With increasing the feed temperature,
vapor pressures of both IPA and water in the feed
side enhance; however, these values in the permeate
side are constant. As driving force for permeation is
concentration gradient, resulting from the difference
in partial vapor pressure of penetrates between feed
and permeate mixtures, increasing vapor pressure,
which favors transport of penetrants through the
membrane, enhances permeation flux. In addition,
increasing feed temperature enhances thermal mobil-
ity of the polymer chains, and this generates extra
free volume within the polymer matrix, and

Figure 6 Effect of wt % of IPA in feed on (a) permeation
flux (b) IPA selectivity of different PDMS-X nanocompo-
site membranes. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 7 Effect of feed temperature on (a) permeation
flux (b) IPA selectivity of different PDMS-X nanocompo-
site membranes. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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consequently promotes the sorption and diffusion
rates of permeating compounds.38 This also enhan-
ces the plasticization effect in the polymer segments
and facilitates transport of water molecules through
the membrane, and thus reduces the membrane
selectivity.39

Moreover, theoretical diffusivity of the permeating
molecules increases exponentially as temperature
increases, and this results in higher permeation
flux.40 It must be mentioned that increasing feed
temperature increases the amorphous region in the
polymer matrix, and smaller molecules (with larger
diffusion coefficient) can permeate more readily
than larger molecules. In this case, as molecular size
of water is smaller than that of IPA, it can pass eas-
ier than IPA through the membrane with increasing
feed temperature and this phenomenon decreases
the PDMS membranes selectivity.

Temperature dependency of permeation flux for
permeating components (Ji) can be studied by the
Arrhenius type relation as follows:

Ji¼Ji0exp
�Epi

RT

� �
(5)

where Ji0 is the Arrhenius constant, Epi is the
activation energy of permeating components, R is
the universal gas constant, and T is the feed
temperature.

The Arrhenius plots of ln Jtot, versus 1/T for the
PDMS-X nanocomposite membranes are shown in
Figure 8. Activation energy values of various PDMS-
X nanocomposite membranes were calculated from
the slopes of these Arrhenius plots. The linear rela-
tionship observed suggests that the temperature de-
pendency of permeation flux obeys the Arrhenius
relationship.

Activation energy values of the PDMS-0, PDMS-1,
PDMS-2, and PDMS-3 nanocomposite membranes
are 26.8, 32.7, 35.2, and 38.1 (kJ/mol), respectively.

As observed, the values of activation energy for all
the PDMS-X nanocomposite membranes are positive.
This indicates that permeation flux values of perme-
ating components increase with increasing feed tem-
perature. Furthermore, activation energy values of
the nanocomposite membranes increase when more
TMS-H-silica is incorporated to the PDMS mem-
brane. This also indicates that diffusion of penetrants
through the nanocomposite membranes decreases by
incorporating TMS-H-silica to the PDMS membrane
and confirms the permeation flux reduction through
the PDMS-X nanocomposite membranes. The results
show that the higher activation energy, the higher
membrane selectivity.

PSI values of different PDMS-X nanocomposite
membranes

PSI value which is the product of permeation flux
and membrane selectivity has been widely used to
evaluate the overall PV membrane performance. The
results are presented in Figure 9. As observed, the
PSI values do not change from PDMS-0 to PDMS-1
nanocomposite membranes. This is due to the fact
that the higher membrane selectivity is compensated
with the lower permeation flux for the PDMS-1
nanocomposite membrane. However, by increasing
TMS-H-silica content, the membrane selectivity
increases more significantly and this much higher
membrane selectivity is not compensated with the
lower permeation flux, and thus the PSI values
increases.
Recovery of IPA from water using different

PDMS-X nanocomposite membranes indicated that
the PDMS-3 nanocomposite membrane exhibits the
higher PV performance compared with the other
PDMS-X nanocomposite membranes. Therefore, the
PDMS-3 nanocomposite membrane was selected for
further investigation of the PV separation perform-
ance of different alcohol–water mixtures.

Figure 8 ln Jtot versus 1/T for different PDMS-X nano-
composite membranes. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 9 Effect of TMS-H-silica loading on PSI values of
different PDMS-X nanocomposite membranes.
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Comparison of PV performance for alcohol
removal from different alcohol–water mixtures
using the PDMS-3 nanocomposite membrane

Swelling results of different alcohol–water mixtures

Figure 10 illustrates DS of the PDMS-3 nanocompo-
site membrane in different alcohol–water mixtures.
DS of different alcohol–water mixtures was meas-
ured as a function of alcohol concentration. The
swelling measurements were carried out at feed
temperature of 30�C using alcohol 1–10 wt % in

water mixtures. As observed, DS values in IPA-
water mixtures are higher than those in ethanol–
water and methanol–water mixtures. This can be
attributed to solubility parameter difference of IPA
(23.6 (J/cm3)1/2), ethanol (26.2 (J/cm3)1/2), and meth-
anol (29.7 (J/cm3)1/2) with PDMS (14.9 (J/cm3)1/2)
membrane.9,41 In other words, the less solubility pa-
rameter difference between IPA and PDMS mem-
brane means that IPA molecules absorb into the
membrane more easily compared with ethanol and
methanol.

Effects of feed composition on PV performance of
the PDMS-3 nanocomposite membrane using
different alcohol–water mixtures

Figure 11 presents permeation flux and selectivity of
the PDMS-3 nanocomposite membrane using differ-
ent alcohol–water mixtures, at feed temperature of
30�C, using 1–10 wt % alcohol in water mixture. As
observed, IPA and methanol have higher and lower
permeability, respectively. The trend of selectivity is
also similar to that of permeation flux. Generally,
permeation of molecules through a dense polymer
matrix is governed by the solution–diffusion mecha-
nism, based on that, the components dissolve in the

Figure 10 DS of the PDMS-3 nanocomposite membrane
in different alcohol–water mixtures. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 11 Effect of wt % of alcohols in feed on (a) perme-
ation flux (b) IPA selectivity of different alcohol–water
mixtures. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 12 Effect of feed temperature on (a) permeation
flux (b) IPA selectivity of different alcohol–water mixtures.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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polymer and diffuse to the downstream side of the
membrane. Therefore, solubility and diffusivity of
permeants through the membrane control permea-
tion flux and selectivity. As mentioned, solubility
parameter of PDMS is closer to that of IPA than
those of ethanol and methanol,9,41 then, the PDMS
membrane is more selective to IPA compared with
ethanol and methanol. Solubility parameter is a mea-
sure of affinity between polymer and solvent. As the
affinity between solvent and polymer enhances, the
more solvent is absorbed inside the polymer and
consequently permeation flux increases.41

It can be also said that permeability of hydro-
phobic membranes toward aliphatic alcohols
involves transfer of polar molecules (the alcohols)
through nonpolar environments (the membranes).
Increasing molecular weight of alcohols decreases
their polarity, favoring the membrane permeabil-
ity.42 As a matter of fact, the molecular polarity
decreases from methanol to IPA, and the interac-
tion between alcohol molecules and the polymer
chains decreases from methanol to IPA. Therefore,
IPA molecules are more likely to diffuse in the

PDMS-3 nanocomposite membrane compared with
ethanol and methanol.

Effects of feed temperature on PV performance of
the PDMS-3 nanocomposite membrane using
different alcohol–water mixtures

Figure 12 illustrates effects of feed temperature on
PV performance of the PDMS-3 nanocomposite
membrane for removal of different alcohols from
aqueous solutions. As seen, for all the studied alco-
hols (IPA, ethanol, and methanol)-water mixtures
increasing feed temperature promotes permeation
flux and diminished the membrane selectivity. As
observed, IPA-water mixtures have higher permea-
tion flux compared with ethanol and methanol–
water mixtures at all feed temperatures. Increasing
feed temperature causes the amorphous region of
the membrane to swell more, and thus causes the
polymer chains to become more flexible and
increases the membrane free volume which is avail-
able for diffusion of relatively more nonpolar
molecules.9

Figure 13 shows that plot of the logarithm of PV
permeation flux versus the reciprocal of absolute
temperature are generally straight lines. This means
that permeation flux data are fitted to the Arrhenius
equation. The calculated activation energies for IPA,
ethanol, and methanol–water mixtures are 38.15,
40.12, and 44.70 (kJ/mol), respectively. As observed,
activation energy of IPA is lower than those of etha-
nol and methanol. This can be attributed to the fact
that IPA can permeate through the PDMS-3 nano-
composite membrane more readily than the other
alcohols. Additionally, it can be said that activation
energy of alcohol permeation increases as difference
in solubility parameter between the alcohol and the
membrane increases.9

Figure 13 ln Jtot versus 1/T for different alcohol–water
mixtures. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

TABLE III
PV Separation of Alcohols-Water Mixtures Using PDMS Membranes Incorporated with Different Fillers

Membrane T (�C) Alcohol in feed (wt %) Flux (g/m2 h) Selectivity Reference

PDMS-0 30 4a 306 13 This study
PDMS-3 30 4b 117 28 This study

30 4a 135 33 This study
50 4a 405 31.7 This study
50 4b 329 26 This study

PDMS-SY2 50 4.84a 127 13.6 34
PDMS-ZSM5 50 4.84a 132 13.3 34
PDMS-silicalite-1 22.5 5b 51 16.5 29
PDMS-zeolite Y 35 –b 750 4.5 29
PDMS-carbon black 35 –b – 9 29
PDMS-fumed silica 40 5b – 7 29
PDMS-fumed silica (A200) 40 5b 200 19 29

a Isopropanol.
b Ethanol.
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Comparison of PV performance of PDMS-filled
membranes

Comparison of PV performance of PDMS mem-
branes with different fillers for recovery of IPA and
ethanol from water mixtures is listed in Table 3.
According to literature, zeolites have been used fre-
quently to improve the PV performance of PDMS
membranes. As observed, zeolites mostly increase
both permeability and selectivity; however, selectiv-
ity of zeolites incorporated PDMS membranes is still
low. Also, fumed silica incorporated PDMS mem-
branes exhibits higher permeability; however, due to
the low compatibility of this filler with the polymer
matrix, their selectivity decreases. As presented in
this study, the TMS-H-silica interacts better with the
PDMS matrix and rigidifies the polymer chains and
this favors selectivity of the PDMS membrane.

One can observe that permeation flux of the
PDMS-X nanocomposite membranes is moderate,
while their selectivity is significantly higher than
those of the other incorporated PDMS membranes.

CONCLUSION

Different contents of TMS-hydrophobized silica were
incorporated into the PDMS membrane to synthesize
the PDMS-X nanocomposite membranes. The nano-
composite membranes were characterized by SEM
and AFM to investigate dispersion of the TMS-H-
silica nanoparticles in the PDMS matrix and also
effect of silica content on surface properties of the
polymer. The results showed that incorporating the
TMS-H-silica nanoparticles increases surface rough-
ness of the membranes and thus decreases absorp-
tion of penetrants into the polymer. SEM observation
revealed that the TMS-H-silica nanoparticles can
interact appropriately with the PDMS matrix, with-
out formation of nonselective voids. Additionally,
Helium permeability measurements showed that
incorporating the TMS-H-silica nanoparticles rigidi-
fies the PDMS matrix. The PDMS-X nanocomposite
membranes were used to remove IPA from water
mixtures. Increasing the TMS-H-silica content
reduces permeation flux due to the reduction of
polymer free volume and the increment of pathway
in the PDMS membrane. However, selectivity of the
PDMS-X nanocomposite membranes increases signif-
icantly due to the higher polymer chains packing
and also the less membrane swelling.

Furthermore, the PDMS-3 nanocomposite mem-
brane was used to compare the PV performance for
recovery of different alcohols from water. The
results demonstrated that both permeation flux and
selectivity of the PDMS-3 nanocomposite membrane
for IPA-water mixtures are more than those for etha-
nol and methanol–water mixtures. This can be due

to the fact that IPA solubility parameter is closer to
PDMS solubility parameter and also IPA is less po-
lar. From the results, it can be concluded that the
TMS-H-silica incorporated PDMS membranes can be
appropriately used for recovery of alcohols from
water mixtures.
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