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ABSTRACT: Composite pervaporation membranes were
prepared by the crosslinking of H-terminated oligosilylsty-
rene (oligo-SiH3) and vinyl-terminated polydimethylsilox-
ane (vinyl-PDMS) on the surface of polysulfone ultrafiltra-
tion membranes. The morphology of the composite perva-
poration membranes were investigated through changes in
the mass ratio of oligo-SiH3 to vinyl-PDMS. The pervapora-
tion of crosslinked polydimethylsiloxane composite mem-
branes was evaluated by the removal of 1,2-dichloroethane
(1,2-DCE) from dilute aqueous solutions with different
downstream pressures, feed temperatures, feed concentra-

tions, and top layer thicknesses. A low feed flow rate, cor-
responding to a Reynolds number of 97, was maintained
during the entire process. The separation factor of 1,2-DCE
was 600–4300, and the permeation rate of 1,2-DCE was
0.4–15 g/m2 h; they depended on the operating conditions
and the compositions of the membranes. © 2005 Wiley Peri-
odicals, Inc. J Appl Polym Sci 98: 1477–1491, 2005
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INTRODUCTION

Two challenges should be addressed during the pro-
cess of developing pervaporation membranes: mem-
brane selectivity and membrane strength and chemi-
cal stability. The former determines what kinds of
chemical species can be separated. The latter repre-
sents the lifetime of membranes. Although numerous
polymer membranes have been used in pervapora-
tion,1–8 much effort has been expended on developing
polydimethylsiloxane (PDMS) membranes. This is be-
cause PDMS membranes have the highly desired abil-
ity to remove volatile organic compounds (VOCs)
from aqueous solutions, and this can make a signifi-
cant contribution to environmental protection.9–19

However, PDMS itself has poor mechanical strength;20

in particular, pure PDMS is a viscous liquid at room
temperature, and so its application as a pervaporation
membrane is restricted. To improve the mechanical
strength, PDMS membranes have been modified by

block copolymers, graft copolymers, crosslinking net-
works, and even nanomaterials.21–29 Among these
methods, crosslinking PDMS is one of the most effec-
tive for enhancing the mechanical strength of PDMS
membranes without the loss of the function of perva-
poration.

We know that �-trichlorosilylstyrene (TCSS) as an
oligomer can efficiently react with H-terminated
PDMS to generate crosslinked PDMS.30 Because of the
rigid silylstyrene structure and more hydrophobic
characteristics of TCSS chains, both the strength and
selectivity of final PDMS membranes to hydrophobic
chemicals are expected to increase.31 A previous study
disclosed the pervaporation characteristics of
crosslinked PDMS membranes prepared by OH-termi-
nated PDMS and TCSS.32 The membranes showed a
higher permeation rate of 1,2-dichloroethane (1,2-
DCE) and excellent selectivity. Unfortunately, the
membranes were damaged by hydrochloric acid
(HCl), which was generated as a byproduct during the
reaction of OH-terminated PDMS and TCSS. In addi-
tion, moisture in air affected the curing rate of OH-
terminated PDMS and TCSS, and this resulted in
membranes that were thermodynamically unstable.
Membranes with nonuniform crosslinking density
were formed because the moisture in the curing envi-
ronment was difficult to control. To eliminate the ef-
fects of HCl and moisture, H-terminated oligosilylsty-
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rene (oligo-SiH3) was developed. Crosslinked PDMS
membranes were synthesized from oligo-SiH3 and vi-
nyl-terminated polydimethylsiloxane (vinyl-PDMS).33

With this approach, there was no HCl as a byproduct,
and the prepared PDMS membranes were quite dura-
ble. Furthermore, the prepared PDMS membranes
demonstrated excellent performance when used to
separate various VOCs, including 1,2-DCE, from
aqueous solutions by pervaporation.34 However, the
performances of membranes prepared from oligo-
SiH3 and vinyl-PDMS have not been evaluated in
detail by the combination of the membrane composi-
tion and fabrication procedure. The separation of 1,2-
DCE has not been explored by the relationship be-
tween the intrinsic properties of the membranes and
the pervaporation conditions. We are interested in the
pervaporation of 1,2-DCE because 1,2-DCE is a toxic
organic compound with relatively high water solubil-
ity35 and the ability to migrate in soil.36 Moreover,
1,2-DCE is frequently used as a chemical intermediate,
solvent, and lead scavenger in gasoline.37 Recently,
interest in 1,2-DCE contamination increased when 1,2-
DCE was detected in groundwater in many areas.38,39

Groundwater often moves slowly, and the residence
time of 1,2-DCE can range from years to centuries.
Therefore, the potential pollution from 1,2-DCE to
human beings and environments is long-term. On the
basis of our knowledge, few studies had been con-
ducted on the pervaporation of 1,2-DCE, in compari-
son with numerous investigations on other chlori-
nated organic compounds such as chloroform, tri-
chloroethylene, trichloroethane, and dichloro
methane.40–45 This study improves our knowledge of
the separation of 1,2-DCE by pervaporation. Mean-
while, we investigated a lower flow rate of the feed
solution through the pervaporation cell; it corre-
sponded to a Reynolds number of 97. In this case,
higher mass-transfer resistance through the mem-
branes can be expected because there is a significant
effect from the boundary layer.45 However, the cost of
separation could be dramatically reduced if a lower
flow rate is maintained.46 This study should also help
us to understand the characteristics of pervaporation
with economical operating conditions.

EXPERIMENTAL

Materials

Vinyl-PDMS (Hülser-Petrach, Sussex, NJ), a platinum
divinyltetramethyldisiloxane complex (Pt catalyst; 3%
in toluene; Gelest, Tullytown, PA), hexane (99%;
Fisher), 1,2-DCE (99%; Aldrich, Milwaukee, WI), Li-
AlH4 (powder; 95%; Aldrich), trichlorosilane (99%;
Aldrich), trifluoromethanesulfuric acid (CF3SO3H;
99%; Aldrich), and octamethylcyclotetrasiloxane (99%;
Aldrich) were used without purification. Phenylacety-

lene (98%; Aldrich) was distilled before it was used.
The deionized water was used in all experiments.
Polysulfone (PSF) ultrafiltration membranes 175 �m
thick (U.S. Filter, Warrendale, PA) and nonwoven
polypropylene as a support layer were used. The PSF
membranes could cut off a dextran with a molecular
weight of 100,000. The PSF membranes were purified
by being soaked in isopropyl alcohol overnight for the
removal of residual chemicals inside the membranes.
Then, the PSF membranes were exposed in a hood at
room temperature for complete drying.

Synthesis of oligo-SiH3

The synthesis of oligo-SiH3 was reported in a previous
study,33,34 and the multiple synthetic steps are sche-
matically shown in Figure 1. The synthetic method can
be summarized as follows: Trichlorosilane (370 g) was
added to phenylacetylene (636 g). H2PtCl6 (0.8 mL,
0.3% in isopropyl alcohol) was added to the solution at
0°C (ice bath) with stirring. The solution was warmed
to room temperature with stirring. After the distilla-
tion of excess trichlorosilane, pure TCSS was pro-
duced by vacuum distillation (92°C at 12 mmHg). The
oligomerization of TCSS was carried out by the mixing
of TCSS (43.3 g) with CDCl3 (3.0 mL), and then
CF3SO3H (1.2 mL) was added to the solution at �15°C.
The temperature was allowed to warm to room tem-
perature, and the reaction was continued for 2 h more.
To extend the length of the functional groups to speed
up the crosslinking, octamethylcyclotetrasiloxane
{[OSi(CH3)2OO]4, 3 equiv/SiCl3} was added to the
reaction system at 0°C, and the solution was warmed
to room temperature over 2 h. Then, the solution was
heated to 75°C for 24 h, and the reaction was contin-
ued for an additional 48 h. This process allowed the
insertion of octamethylcyclotetrasiloxane between
OSi andOCl atoms in theOSiCl3 end groups. Finally,
the trichlorosilylstyrene oligomer (124.1 g) was added
to 150 mL of ether, and 3.9 g of LiAlH4 was added to
80 mL of ether under an N2 atmosphere. The solution
of the trichlorosilylstyrene oligomer was added drop-
wise to the LiAlH4 suspension with stirring. The reac-
tion mixture was warmed to room temperature for at
least 4 h. The supernatant was carefully decanted from
the reaction solids. The solids were then washed with
ether, and the collected solutions were washed and
extracted with H2O/ether until the pH value of the
final solution was close to 6.5. After drying com-
pletely, oligo-SiH3 as a clear oil was obtained by the
evaporation of the solvents of the organic phase at
temperatures up to 100°C for 2–3 h in vacuo. The yield
of terminated oligosilylstyrene was approximately
84%.
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Preparation of crosslinked PDMS composite
membranes

The formulations used to prepare the composite mem-
branes are listed in Table I. A typical preparation

procedure can be briefly described as follows: A vinyl-
PDMS solution was prepared by the dissolution of
1.0 g of vinyl-PDMS and 0.2 mL of Pt catalyst in 5 mL
of hexane at room temperature with stirring. An oligo-
SiH3 solution was prepared by the dissolution of 0.2 g
of oligo-SiH3 in 1 mL of hexane at room temperature
with stirring. We mixed two solutions for 0.5 h at
room temperature. Finally, the mixed solution was
poured onto the surface of a PSF membrane that was
clamped to a cell with a diameter of 90 mm. The
solvent was allowed to evaporate at room temperature
overnight. The crosslinked PDMS gel, as the top layer
of the composite membrane, was generated on the sur-
face of the PSF membrane by the reaction of vinyl groups
at the PDMS chains and H atoms at oligo-SiH3 chains, as
shown schematically in Figure 2. To achieve complete

Figure 1 Schematic illustration of the synthetic route for oligo-SiH3.

TABLE I
Compositions of the Casting Solutions for the

Crosslinked PDMS Composite Membranes

Oligo-SiH3/vinyl-
PDMS (mass ratio)

Oligo-SiH3
(g)

Vinyl-PDMS
(g)

Hexane
(mL)

0.5 0.4 0.8 6
0.2 0.2 1.0 6
0.1 0.1 1.0 6
0.05 0.05 1.5 6

In all formulations, Pt catalyst � 1.0 wt % in the polymer.
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Figure 2 Schematic illustration of the composite membranes prepared from oligo-SiH3 and vinyl-PDMS.

Figure 3 Schematic diagram of the pervaporation apparatus: (A) pervaporation cell, (B) gas chromatograph, (C) computer,
(D1) cycling pump, (D2) vacuum pump, (E) feed tank, (F) thermostat, (G) cold trap, (H) temperature transducer, (T)
thermocouple, (P) pressure transducer, (M) mass flow meter, and (K) control valve.
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curing, the membranes were moved to a 100°C oven for
8 h. The top layer thickness of the composite membranes
was adjusted by the amount and concentration of the
precursor solution poured onto the PSF membrane. The
top layer thickness of the composite membranes was
39–550 �m; this was measured with a micrometer with
an error range of �5 �m.

Pervaporation
Figure 3 shows the schematic diagram of the pervapo-
ration apparatus. The membrane was clamped to the
pervaporation cell, and the effective area of the mem-
brane was 31.2 cm2. The feed solution with 1,2-DCE was
cycled by a pump, and the feed temperature was main-
tained with a water bath. The flow rate through the
pervaporation cell was 0.35 L/min, corresponding to a
Reynolds number of 97.47 The pressure controller was
used to monitor the change in the downstream pressure.
The concentrations of the feed and the permeate vapor

were analyzed with an HP 5890 gas chromatograph
(Palo Alto, CA) equipped with Poropak P packed col-
umns and a flame ionization detector. The pressure con-
troller was used to check the pinholes in the top layer of
the composite membranes. The permeation rate (P) was
calculated from the amount of the solute (Q1) or solvent
(Q2) through the effective membrane surface (S) at a
given time (t):

P � Q1�or Q2�/�St� (1)

The separation factor (�) was calculated as follows:34

� � �yA/yB�/�xA/xB� (2)

where xA and xB are the molar fractions of 1,2-DCE
and water in the feed, respectively, and yA and yB are
the molar fractions of 1,2-DCE and water in the per-
meate, respectively. The permeation rate and separa-
tion factor were calculated with the data obtained after
at least 3 h of separation once a steady state was
achieved. The computer was used to record all oper-
ating parameters of the pervaporation process. The
error ranges of the permeation rate and separation
factor were 3 and 10%, respectively (95% confidence).

RESULTS AND DISCUSSION

Effect of the mass ratio of oligo-SiH3 to vinyl-
PDMS on the membrane performance

Table II lists the effects of the mass ratio of oligo-SiH3 to
vinyl-PDMS on the top layer morphology of the com-
posite membranes. As shown in Table II, membranes
with smooth and rubbery surface were obtained when

Figure 4 Effect of the mass ratio of oligo-SiH3 to vinyl-PDMS on the separation factor and total permeation rate (viscosity
of vinyl-PDMS � 500 cs, thickness of the top layer � 56 �m, feed temperature � 25°C, downstream pressure � 5 Torr, feed
solution � 100 ppm 1,2-DCE in water).

TABLE II
Effect of the Mass Ratio of Oligo-SiH3 to Vinyl-PDMS
on the Surface Properties of the Composite Membranes

Oligo-SiH3/
vinyl-PDMS
(mass ratio)

Viscosity of Vinyl-PDMS (cs)

100 200 500 1,000 5,000 10,000

0.5 S/R S/R S/R S/R S/R S/R
0.2 S/R S/R S/R S/R S/R S/R
0.1 St St S/R S/R S/R S/R
0.003 St St St St St St

In all membranes, Pt catalyst � 1.0 wt % in the polymer;
concentration of polymer in hexane � 20 wt %. S/R � mem-
brane with a smooth and rubbery surface; St � membrane
with a sticky surface.
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the mass ratio of oligo-SiH3 to vinyl-PDMS was greater
than 0.2. A sticky surface was found when the mass ratio
of oligo-SH3 to vinyl-PDMS was less than 0.003. A sticky
surface was also found when the mass ratio of oligo-SH3
to vinyl-PDMS was 0.1 and vinyl-PDMS with a viscosity
lower than or equal to 200 cs was used. An increase in
the concentration of oligo-SiH3 in the formulation accel-
erated the reaction rate of crosslinked PDMS and also

increased the crosslinking density of the membranes.
Therefore, membranes with smooth and rubbery sur-
faces as well as high mechanical strength could be
achieved.48 The sticky surface was generated when an
inadequate crosslinking agent was used in the formula-
tion. When the mass ratio of oligo-SiH3 to vinyl-PDMS
was kept constant, high-viscosity vinyl-PDMS was pref-
erable for generating a crosslinking network with good

Figure 5 Effect of the mass ratio of oligo-SiH3 to vinyl-PDMS on the permeation rates of water and 1,2-DCE. The membranes are
those presented in Figure 4 (feed temperature � 25°C, downstream pressure � 5 Torr, feed solution � 100 ppm 1,2-DCE in water).

Figure 6 Effect of the viscosity of vinyl-PDMS on the separation factor and total permeation rate (oligo-SiH3/vinyl-PDMS
mass ratio � 0.2, viscosity of vinyl-PDMS � 500 cs, thickness of the top layer � 70 �m, feed temperature � 25°C, downstream
pressure � 5 Torr, feed solution � 100 ppm 1,2-DCE in water).

1482 LIANG ET AL.



mechanical strength. This was because vinyl-PDMS with
a high viscosity represented a high molecular weight of
PDMS, and so the mechanical strength of the prepared
membranes was improved. Although there were no di-
rect data for the mechanical strength and crosslinking
density of the composite membranes, it was possible to
judge the basic performance of the composite mem-

branes from the morphology of the membrane surface
because only the membranes with smooth and rubbery
surfaces could be used as pervaporation membranes to
achieve reasonable results.

Figure 4 shows the effect of the mass ratio of oligo-
SiH3 to vinyl-PDMS on the total permeation rate and
separation factor. With an increasing mass ratio of

Figure 7 Effect of the viscosity of vinyl-PDMS on the permeation rates of water and 1,2-DCE. The membranes are those
presented in Figure 6 (feed temperature � 25°C, downstream pressure � 5 Torr, feed solution � 100 ppm 1,2-DCE in water).

Figure 8 Effect of the thickness of the top layer on the separation factor and total permeation rate (oligo-SiH3/vinyl-PDMS
mass ratio � 0.2, viscosity of vinyl-PDMS � 500 cs, feed temperature � 25°C, downstream pressure � 5 Torr, feed solution
� 100 ppm 1,2-DCE in water).
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oligo-SiH3 to vinyl-PDMS, the total permeation rate in-
creased, but the separation factor decreased. Vinyl-
PDMS has an extremely flexible structure, and the poly-
mer chains can be entangled with one another. Through
the crosslinking of a PDMS network with oligo-SiH3, the
entangled PDMS chains can be separated, and enlarged
interspaces among the polymer chains can be expected.
The mass-transfer resistance through the membrane can
be reduced as the interspaces among polymer chains

increase. This is the reason that the total permeation rate
increased. The reduction of the separation factor can be
attributed to more water through the membrane than
1,2-DCE as the total permeation rate increased. Figure 5
shows the effect of the mass ratio of oligo-SiH3 to vinyl-
PDMS on the permeation rates of water and 1,2-DCE.
The permeation rate of water increased more quickly
than that of 1,2-DCE with an increasing mass ratio of
oligo-SiH3 to vinyl-PDMS.

Figure 9 Permeation rate of water versus the inverse thickness of the top layer. The membranes are those presented in Figure
8(feed temperature � 25°C, downstream pressure � 5 Torr, feed solution � 100 ppm 1,2-DCE in water).

Figure 10 Permeation rate of 1,2-DCE versus the inverse thickness of the top layer. The membranes are those presented in
Figure 8 (feed temperature � 25°C, downstream pressure � 5 Torr, feed solution � 100 ppm 1,2-DCE in water).
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Effect of the viscosity of vinyl-PDMS on the
membrane performance

Figure 6 shows the effect of the viscosity of vinyl-PDMS on
pervaporation. When the viscosity of vinyl-PDMS was
lower than 2000 cs, the total permeation rate increased, but
the separation factor decreased with increasing viscosity.
The crosslinking density of the composite membranes was
expected to decreased when high-viscosity vinyl-PDMS
was used. This is because vinyl-PDMS with a high viscosity
has a longer chain structure. The longer the PDMS chains
are, the looser the crosslinking networks are. This is the
reason that the separation factor decreased and the perme-
ation rate increased. The total permeation rate slightly in-

creased and the separation factor slightly decreased when
the viscosity of vinyl-PDMS was higher than 2000 cs. This
may be the reason that the network properties of the poly-
mer membranes reached their ultimate values with a fur-
ther increase in the viscosity of vinyl-PDMS.49 Figure 7
shows that the permeation rate of water increased, but the
permeation rate of 1,2-DCE remained almost constant, as
the viscosity of vinyl-PDMS increased.

Effect of the top layer thickness on the membrane
performance

Figure 8 presents the effect of the top layer thickness
of the composite membranes on the total perme-

Figure 11 Effect of the feed temperature on the separation factor and total permeation rate (oligo-SiH3/vinyl-PDMS mass
ratio � 0.2, viscosity of vinyl-PDMS � 500 cs, downstream pressure � 5 Torr, feed solution � 100 ppm 1,2-DCE in water):
(a) top layer thickness � 35 �m and (b) top layer thickness � 157 �m.
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ation rate and separator factor. With increasing top
layer thickness, the total permeation rate decreased,
but the separation factor increased. It is reasonable
that the increase in the top layer thickness increased

the total mass-transfer resistance. Therefore, the
permeation rate deceased. The diffusion of water
through the membranes became much difficult with
increasing membrane thickness because of the hy-

Figure 12 Effect of the feed temperature on the permeation rates of water and 1,2-DCE. The membranes are those presented
in Figure 11 (downstream pressure � 5 Torr, feed solution � 100 ppm 1,2-DCE in water): (a) top layer thickness � 35 �m and
(b) top layer thickness � 157 �m.
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drophobic characteristics of the PDMS membranes.
Consequently, the separation factor increased. The
presence of a boundary layer could also influence
the mass transfer of dichloroethane 1,2-dichloroeth-
ane (1,2-DCE), and the thicker membrane could ef-
fectively eliminate the effect of the boundary layer
on the mass transfer of 1,2-DCE; therefore, both the
permeation rate and separation factor of 1,2-DCE
increased.

Figures 9 and 10 show the permeation rates of water
and 1,2-DCE plotted as a function of the inverse top
layer thickness at various downstream pressures. The
permeation rate of 1,2-DCE was only linearly propor-
tional to the inverse thickness for the thicker mem-
brane, as indicated by the dotted line in Figure 9.
There was a deviation of the permeation rate of 1,2-
DCE from Fick’s diffusion law50 for the thinner mem-
brane. The deviation could be attributed to the effect
of the boundary layer on the mass-transfer process. It
is well known that the boundary layer plays a critical
role in the mass-transfer resistance for the pervapora-
tion of VOCs.51–53 Normally, two kinds of mass-trans-
fer resistances exist in the pervaporation of VOCs. One
is original from the intrinsic membrane, and another is
from the boundary layer. The effect of the boundary
layer is more significant on thinner membranes than
on thicker membranes.54 This is the reason that the
thinner membrane showed obvious characteristics of
deviation from Fick’s diffusion law, as shown in Fig-
ure 9. Because the boundary layer had little effect on
the transfer of water through the membrane, the per-
meation rates of water nearly followed Fick’s diffusion
law, as shown in Figure 10. Although the Reynolds

number was lower (�97) in this study, the evaluation
of the membrane performances by the compositions of
the membranes and the operation conditions was still
reasonable because we kept the Reynolds number con-
stant for each measurement.

Effect of the feed temperature

Figure 11 shows the effect of the feed temperature
on the total permeation rate and separation factor
for membranes with different top layer thicknesses.
With an increasing feed temperature, the total per-
meation rate increased, but the separation factor
decreased. This was because the frequency and am-
plitude of the PDMS chain motion increased at a
higher feed temperature.55 This could lead to a
looser structure of the membranes. Therefore, the
total permeation rate increased as the feed temper-
ature increased. The reduction of the separation
factor was the reason that more water could transfer
through the membranes than 1,2-DCE when the

Figure 13 Natural logarithm of the permeation rate versus the inverse feed temperature. The membranes are those
presented in Figure 11 (downstream pressure � 5 Torr, feed solution � 100 ppm 1,2-DCE in water).

TABLE III
Activation Energies of 1,2-DCE and Water

Thickness of the
top layer (�m)

Activation energy (kcal/mol)

Water 1,2-DCE

35 12.3 2.8
157 14.2 3.8

The membranes are those in Figure 13; 1,2-DCE � 100
ppm in solution. The regression coefficients in Figure 13
were larger than 99%.
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feed temperature increased. Figure 12 shows that
the permeation rates of water and 1,2-DCE in-
creased with an increasing feed temperature for
membranes with different thicknesses. Water had a
faster permeation rate than 1,2-DCE. Figure 13
shows that an Arrhenius relationship exists between
the permeation rate (both water and 1,2-DCE) and
the feed temperature. The activation energies of

water and 1,2-DCE through the membranes are
listed in Table III. As expected, the activation ener-
gies of water and 1,2-DCE increased as the top layer
thickness increased. Meanwhile, the activation en-
ergy of 1,2-DCE (2.8 or 3.8 kcal/mol) was lower than
that of water (12.3 or 14.2 kcal/mol). This means
that the composite membranes preferred to transfer
1,2-DCE.

Figure 14 Effect of the feed composition on the permeation rate and separation factor (oligo-SiH3/vinyl-PDMS mass ratio
� 0.2, viscosity of vinyl-PDMS � 500 cs, feed temperature � 25°C, downstream pressure � 5 Torr, thickness of the top layer
� 70 �m).

Figure 15 Effect of the feed composition on the permeation rates of water and 1,2-DCE. The membranes are those presented
in Figure 14 (feed temperature � 25°C, downstream pressure � 5 Torr).
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Effect of the feed composition

Figure 14 presents the total permeation rate and sep-
aration factor as a function of the feed composition.
The total permeation rate decreased, but the separa-
tion factor increased, as the 1,2-DCE concentration
increased in the feed. As the concentration of 1,2-DCE
increased, the driving force of 1,2-DCE through the
membranes increased. Therefore, more 1,2-DCE could
be transferred through the membranes. The PDMS
membranes were swollen as more 1,2-DCE was ab-
sorbed.56 Although the resistance of mass transfer
through the swollen membranes could be reduced, the
swollen PDMS increased the hydrophobic property of
the membranes, and this hindered the transfer of wa-
ter, as shown in Figure 15. This is the reason that the
separation factor increased with an increasing concen-
tration of 1,2-DCE in the feed.

Effect of the downstream pressure

Figure 16 shows the effect of the downstream pressure
on the total permeation rate and separation factor for
membranes with different thicknesses. With increas-
ing downstream pressure, the separation factor in-
creased, but the total permeation rate decreased. The
driving force of permeation was proportional to the
pressure difference between the feed and permeate
side. The increase in the downstream pressure re-
sulted in the reduction of the driving force, and the
total permeation rate subsequently decreased. In com-
parison with the partial pressure of 1,2-DCE (78.9 Torr
at 25°C),57 the partial pressure of water in the feed
mixture (23.5 Torr at 25°C)58 was closer to the down-
stream pressure (5–15 Torr). The permeation rate of
water was more sensitive to the variation of the down-

Figure 16 Effect of the downstream pressure on the separation factor and total permeation rate (oligo-SiH3/vinyl-PDMS
mass ratio � 0.2, viscosity of vinyl-PDMS � 500 cs, feed temperature � 25°C, feed solution � 100 ppm 1,2-DCE in water):
(a) top layer thickness � 35 �m and (b) top layer thickness � 550 �m.



stream pressure. Therefore, the permeation rate of
water decreased more quickly than that of 1,2-DCE
with increasing downstream pressure, as shown in
Figure 17. A similar result was observed for the per-
vaporation of VOCs with organophilic membranes.57

CONCLUSIONS

Novel PDMS membranes were prepared through the
crosslinking of oligo-SiH3 and vinyl-PDMS on the sur-
face of a PSF ultrafiltration membrane with a platinum
complex as the catalyst. A smooth and rubbery top
layer was obtained when the mass ratio of oligo-SiH3
to vinyl-PDMS was greater than 0.2. The composite

membranes prepared from vinyl-PDMS with a viscos-
ity of 500 cs and a mass ratio of oligo-SiH3 to vinyl-
PDMS of 0.2 demonstrated a compact structure and
durable characteristics. The composite membranes
were evaluated by the pervaporation of 1,2-DCE from
dilute 1,2-DCE/water solutions. The activation energy
of water through the membranes was almost 4 times
higher than that of 1,2-DCE. The membrane showed
the characteristics of preferential selection to 1,2-DCE,
and the separation factor was 600–2300. A faster per-
meation rate of 1,2-DCE was achieved with increases
in the feed temperature and feed concentration. On
the other hand, the permeation rate of 1,2-DCE de-
creased with increases in the top layer thickness and

Figure 17 Effect of the downstream pressure on the permeation rates of water and 1,2-DCE. The membranes are those
presented in Figure 16 (feed temperature � 25°C, feed solution � 100 ppm 1,2-DCE in water): (a) top layer thickness � 35
�m and (b) top layer thickness � 550 �m.
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downstream pressure. The permeation rate of 1,2-DCE
was 0.4–13 g/m2 h; it depended on the membrane
composition, top layer thickness, feed temperature,
feed composition, and downstream pressure.
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