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SYNOPSIS 

Polydimethylsiloxane (PDMS)/polystyrene (PSt) interpenetrating polymer network (IPN) 
membranes were prepared by the bulk copolymerization of styrene and divinylbenzene in 
the PDMS networks. The interpenetration of PDMS and PSt resulted in the improvement 
of mechanical properties of PDMS. Transmission electron microscope (TEM) observation 
demonstrated that the PDMS/PSt IPN membranes have microphase-separated structures 
consisting of a continuous PDMS phase and a discontinuous PSt phase. When an aqueous 
ethanol solution was permeated through the PDMS/PSt IPN membranes by pervaporation, 
the PDMS/PSt IPN membranes exhibited ethanol permselectivity, regardless of the PDMS 
content. The effects of their microphase-separated structures on the permeability and 
selectivity for aqueous ethanol solutions are discussed experimentally and theoreti- 
cally. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Many studies on developments of polymer mem- 
branes have been undertaken for the separation and 
concentration of aqueous ethanol solutions by per- 
vaporation.' In pervaporation, the permeability and 
selectivity of membranes depend on both the solu- 
bility and diffusivity of the permeants in them. The 
solubility of the permeants into the membranes is 
governed mainly by the affinity of the membranes 
for the permeants, which results from their chemical 
structures. The diffusivity of the permeants in the 
membranes is influenced mainly by the physical 
structures of the membranes. Therefore, the physical 
and chemical structures must be precisely designed 
for the development of high-performance mem- 
branes. 

As ethanol-permselective membranes for the 
concentration of aqueous ethanol solutions, the 
polydimethylsiloxane (PDMS) membrane, the 
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poly[ 1-(trimethylsily1)-1-propyne] (PTMSP) mem- 
brane, and their derivatives are well The 
ethanol permselectivities of their membranes are 
attributed to their stronger affinity for ethanol and 
to the relatively high diffusivity of the ethanol in 
the membranes. Therefore, the ethanol permselec- 
tivity of the membranes can be enhanced by im- 
proving their affinity for ethanol and the diffusivity 
of ethanol in the membranes on the basis of the 
design of their physical and chemical structures. 

There are some studies on the permeation and 
separation of aqueous ethanol solutions through the 
PDMS membrane by pervaporation. The PDMS 
membrane is ethanol permselective, since it has a 
stronger affinity for ethanol than for water. The high 
diffusivity of ethanol in the PDMS membrane, 
which results from free rotation of Si-0 bonds, 
also causes excellent ethanol permselectivity. Al- 
though the PDMS membrane has many advantages 
such as low surface free energy, high gas perme- 
ability, and good biocompatibility,'8-22 its mechanical 
properties are rather poor. Therefore, the PDMS 
membrane is often reinforced by using an inorganic 
filler like silica and introducing a rigid polymer.23 
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T o  remove the disadvantages of the PDMS mem- 
brane, a variety of graft and block copolymers con- 
taining dimethylsiloxane were also synthesized as 
membrane materials. 

Polymer blending is a promising technique for 
the improvement of physical and chemical properties 
of  material^.'^ However, blending of general poly- 
mers is difficult because there are few combinations 
of miscible polymers. Since phase separation gen- 
erally takes place in the blending of immiscible 
polymers, improvement of physical and chemical 
properties of materials is rarely achieved. 

One of the methods to blend various polymers is 
the formation of an interpenetrating polymer net- 
work (IPN), which is defined as a combination of 
two polymers in network form.2"3* IPN attracts our 
attention, since improvement of the material prop- 
erties is expected. Therefore, IPNs containing 
PDMS as a component were synthesized and their 
properties have been extensively inve~tigated.~'-~' 
He et al.38 obtained polydimethylsiloxane (PDMS)/ 
poly(methy1 methacrylate) (PMMA) IPNs by an in 
situ sequential synthesis and examined some prop- 
erties of the resulting IPNs. They revealed that in- 
terpenetrating the PMMA networks in the PDMS 
networks can improve the poor mechanical prop- 
erties of the PDMS networks. The PDMS/PMMA 
IPNs have such a structure in the PDMS compo- 
nent, which is the first-formed network, and con- 
stitutes the continuous phase. As such morphology 
of the membrane significantly affects the membrane 
performance, the morphology must be controlled by 
the volume fraction of each component, preparation 
conditions, etc. 

Most multicomponent membranes have micro- 
phase-separated structures which result from a very 
small entropy of mixing and positive heat of mixing. 
Since the microphase-separated structures directly 
influence properties and performance of the mem- 
branes, it is important to control the morphology of 
the microphase separation. However, there are few 
studies on the relationship between the microphase- 
separated structures and membrane performance in 
spite of their importance. Previously, we prepared 
graft copolymer membranes with pendant oligodi- 
methylsiloxane by the copolymerization of di- 
methylsiloxane (DMS) macromonomer with methyl 
methacrylate (MMA) and studied the relationship 
between their microphase-separated structures and 
permeation characteristics for aqueous ethanol so- 
lutions through their membranes by per~aporation.~' 
The permeability and selectivity of the graft copol- 
ymer membranes were directly correlated with their 
microphase-separated structures. This led us to  the 

conclusion that the morphology of microphase sep- 
aration of the membranes must be designed and 
controlled for the development of high-performance 
membranes. 

This article describes the relationship between 
microphase-separated structures of PDMS/poly- 
styrene (PSt) IPN membranes and the character- 
istics of permeation and separation for aqueous 
ethanol solutions through these membranes by per- 
vaporation. The PDMS/PSt IPN membranes were 
obtained by the in situ sequential synthesis process 
for the improvement of mechanical properties of the 
PDMS membrane. Permeability and selectivity for 
aqueous ethanol solutions through their membranes 
are discussed on the basis of the Flory-Huggins 
equation and Maxwell's model. 

EXPERIMENTAL 

Materials 

The hydroxyl-terminated PDMS base polymer, 
whose weight-average molecular weight was 20,000, 
was supplied by Toray Dow Corning Silicone Co., 
Ltd. Tetraethyl orthosilicate (TEOS) and stannous 
dibutyldiacetate were used as a crosslinker and a 
catalyst in the polycondensation reaction of the 
PDMS base polymer, respectively. Benzoyl peroxide 
(BPO) as an initiator in the bulk-polymerization of 
styrene was purified by reprecipitation from a chlo- 
roform solution into a methanol solution. Then, di- 
vinylbenzene was used as a crosslinker in the bulk- 
polymerization of styrene. As the other solvents and 
reagents, analytical-grade reagents from commercial 
sources were used without further purification. 

Preparation of PDMS/PSt IPN Membranes 

The PDMS/PSt IPN membranes were prepared by 
the polycondensation of the PDMS base polymer 
and the bulk-polymerization of St as follows: A mix- 
ture of PDMS base polymer, TEOS (excess to the 
PDMS base polymer), and stannous dibutyldiacetate 
(1.0 wt % relative to the PDMS base polymer) for 
the formation of the PDMS network was mixed with 
a mixture of the styrene (St) monomer, divinylben- 
zene (1.0 wt % relative to the St monomer), and 
BPO (1.0 wt % relative to  the St monomer) for the 
formation of the PSt network. Two glass plates with 
polytetrafluoroethylene sheets were separated by 100 
pm of spacer to  form a mold. The resulting mixture 
was transferred into the mold. At first, the PDMS 
network was formed a t  25°C for 8 h. Then, the tem- 
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perature was increased to  80°C and the St monomer 
was bulk-polymerized for 8 h under a nitrogen at- 
mosphere in situ. The resulting IPN membranes 
were immersed in benzene and methanol to  remove 
the monomer, St homopolymer, and other reagents 
and dried sufficiently in uucuo. Since the PDMS/ 
PSt IPN membranes were sufficiently washed in 
benzene, unreacted monomer and polymer which 
were not interpenetrating were completely removed. 
The compositions of the PDMS/PSt IPN mem- 
branes were determined by elemental analysis. 

Determination of Surface Free Energy of PDMS/ 
PSt IPN Membranes 

Contact angles I3 of water and methylene iodide on 
the surface of the PDMS/PSt IPN membranes were 
measured with a contact angle meter (Erma Model 
G-I) a t  25°C. The surface free energy was calculated 
from the contact angle I3 by eqs. (1) and (2), according 
to  Owens's m e t h ~ d ~ " ~ ~ :  

where ys and y, are the surface free energy of the 
solid and the liquid, respectively, and yt, Y$', $, and 
$ are the dispersion force components and polar 
force components of the surface free energy of solid 
and liquid, respectively. 

Glass Transition Temperature (7,) Measurement 

Glass transition temperatures (T,'s) of the PDMS/ 
PSt IPN membranes were determined by differential 
scanning calorimetry (DSC) (Rigaku; TAS-200). 
The specimens were heated from about -160 to 
180°C with a heating rate of 20°C/min. 

Transmission Electron Micrograph (TEM) 

Complete PDMS/PSt IPN membranes were em- 
bedded in epoxy resin, and their cross sections were 
cut into thin films (thickness: about 60 nm) with a 
cryomicrotome (Leica; Reichert Ultracut FC-4E) 
under the following operation conditions: knife 
temperature, -130"C, and specimen temperature, 
-140°C. The morphological features were observed 
with a transmission electron microscope (TEM) 
(JEOL JEM-1210) at  an  accelerating voltage of 120 
kV. Since the specimens were not stained, the image 
contrast in transmission electron micrography re- 

sults from the difference in the electron density of 
atoms between silicon and carbon. 

Permeation Measurement 

Pervaporation was carried out using the apparatus 
reported in an earlier article39 under the following 
conditions: permeation temperature, 40°C, and 
pressure of permeation side, 1 X lo-' Torr. The ef- 
fective membrane area was 13.8 cm2. An aqueous 
solution of 10 wt 7% ethanol was used as a feed so- 
lution. The ethanol concentrations in the feed and 
permeate were determined by gas chromatography 
(Shimadzu GC-9A) equipped with flame ionization 
detector (FID) and column (Shimadzu Co. Ltd.; 
Shimalite F) heated a t  200°C. The permeation rate 
in pervaporation was determined from the weight 
of the permeate collected in a cold trap, permeation 
time, and effective membrane area. 

Tensile Measurement 

The tensile strength of the PDMS/PSt IPN mem- 
branes was measured by an Instron tester (Shi- 
madzu: AGS-100A) a t  room temperature a t  a cross- 
head speed of 10 mm/min using dumbbell-shaped 
specimens according to  ASTM D 1708-79. 

RESULTS AND DISCUSSION 

Structures of PDMS/PSt Membrane 

Table I shows the composition of the resulting 
PDMS/PSt IPN membranes determined by ele- 
mental analysis and the glass transition tempera- 
tures (T,'s) of the membranes by DSC. The PDMS 
content in the membrane was higher than that in 

Table I 
Temperatures (TB's) of the PDMS/PSt IPN 
Membranes 

Compositions and Glass Transition 

PDMS/PSt IPN Membrane 

PDMS Content PDMS Content in 
in Feed (mol %) Membrane (mol %) High Low 

Tg ("(2) 

0 0 106.8 - 
30 46.5 109.5 -115.8 
50 66.8 110.1 -112.1 
70 81.6 110.6 -116.9 
90 96.6 96.8 -113.4 

100 100 - -114.1 
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[[ Microphase separated structure ]I 
Figure 1 
membranes. 

Transmission electron micrographs of the cross section of PDMS/PSt IPN 

the feed. This is because all of the St monomer was 
not polymerized and some PSt chains were not in- 
terpenetrating in the PDMS networks. The fact that 
PSt in the PDMS/PSt IPN membrane was not dis- 
solved in benzene suggests that the PSt chains in 
the membranes were interpenetrating in the PDMS 
networks. Furthermore, it was found that every 
PDMS/PSt IPN membrane has two T i s  at  about 
-115 and 110°C. Ts’s of the PDMS and PSt ho- 
mopolymer membranes were -1 14.1 and 1O6.S0C, 
respectively. Therefore, the lower Tg results from 
the PDMS component, and the higher Tg, from the 
PSt component. Both the higher T, and lower TE 
were independent of‘the composition of the PDMS/ 

PSt IPN membranes. The presence of two constant 
T i s  means that the PDMS/PSt IPN membranes 
have heterogeneous structures consisting of a PDMS 
phase and a PSt phase. 

Figure 1 shows transmission electron micrographs 
(TEM) for the cross section of the PDMS/PSt IPN 
membranes with various compositions. Since image 
contrast results from the difference in electron den- 
sity between silicon and carbon, the dark part in 
Figure 1 is assigned to the PDMS phase containing 
silicon whose electron density is higher than that of 
carbon. The TEM observations demonstrated that 
the PDMS/PSt IPN membranes have microphase- 
separated structures. With increasing PDMS con- 
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Figure 2 
branes. 

Stress-strain curve of PDMS/PSt IPN mem- 

tent, the PDMS phase increased gradually. Regard- 
less of the composition of the PDMS/PSt IPN 
membranes, however, all membranes had a mor- 
phology such as  that of some spherical PSt domains 
that exist in the PDMS matrix. In general, for a 
polymer blend, even if the two polymer components 
are well mixed with each other, they are often phase- 
separated to some extent. Then, the two components 
tend to  form two mutually continuous phases in 
which the first-formed network is p r e d ~ m i n a n t . ~ ~ . ~ : ’  
In a previous article,39 we examined the structures 
of the methyl methacrylate-dimethylsiloxane graft 
copolymer (MMA-g-DMS) membranes by TEM and 
observed the microphase-separated structures in the 
MMA-g-DMS membranes. However, the morphol- 
ogy of the PDMS/PSt IPN membranes is quite dif- 
ferent from that of the MMA-g-DMS membranes. 
Such a difference in the morphology is attributed to 
the difference between the blend and the graft co- 
polymer. In contrast to  the MMA-g-DMS mem- 
brane, the PDMS/PSt IPN membrane was prepared 
by the bulk-polymerization of St in the PDMS net- 
works. Therefore, PSt components are liable to form 
large domains in the continuous PDMS phase and 
have difficulty forming the continuous phase. This 
is the reason why the PDMS/PSt IPN membranes 
have microphase-separated structures consisting of 
PSt domains and the continuous PDMS phase, re- 
gardless of the PDMS content in the membrane. 

It is well known that  a PDMS membrane has 
excellent ethanol permselectivity: Ethanol is pref- 
erentially permeated from an aqueous ethanol so- 
lution through the membrane by pervaporation. 
However, the disadvantage of the PDMS membrane 
is weak mechanical strength. The mechanical 
strength of the PDMS membrane can be improved 

by the introduction of another component that has 
strong mechanical properties. Since PSt chains in- 
terpenetrated the PDMS chains in the PDMS/PSt 
IPN membrane, improvement of the mechanical 
strength of such a membrane can be expected. 
Therefore, we also investigated the mechanical 
strength of the PDMS/PSt IPN membranes. The 
relationship between the PDMS content and tensile 
strength of the PDMS/PSt IPN membranes is 
shown in Figure 2. The tensile strengths of the 
PDMS/PSt IPN membranes were twice that of the 
PDMS membrane. This indicates that the inter- 
penetration of PSt in the PDMS networks can im- 
prove mechanical properties of the PDMS mem- 
branes. As revealed from TEM observations, how- 
ever, the PDMS/PSt IPN membranes consist of PSt 
domains and the continuous PDMS phase. The dis- 
continuity of the PSt component in the PDMS/PSt 
IPN membrane causes insufficient improvement of 
their tensile strength. 

Characteristics of Permeation and Separation for 
Aqueous Ethanol Solutions Through the 
PDMS/PSt IPN Membrane 

Figure 3 shows the effect of the PDMS content on 
ethanol concentration in the permeate and normal- 
ized permeation rate through the PDMS/PSt IPN 
membranes by pervaporation. The ethanol concen- 
tration in the permeate through the PSt membrane 
is much lower than that in the feed. This result 
agrees with that in a previous article44 and means 
that the PSt membrane is water-permselective in 
spite of the hydrophobicity of PSt. For the PDMS/ 

0 20 40 60 80 100 
PDMS conternt (rnol’+) 

Figure 3 Effect of the PDMS content on (0) the ethanol 
concentration in the permeate and (0) the normalized 
permeation rate for an aqueous solution of 10 wt % ethanol 
through the PDMS/PSt IPN membranes at  4OoC by per- 
vaporation. Dashed line is the feed composition. 
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PSt IPN membrane having a PDMS content of more 
than 40 mol %, on the contrary, the ethanol con- 
centration in the permeate was about 50 wt %. This 
leads us to  the conclusion that the PDMS/PSt IPN 
membranes have ethanol permselectivity at a similar 
level to  the PDMS membrane. Furthermore, since 
the PDMS/PSt IPN membrane with a PDMS con- 
tent of 40 mol % has stronger mechanical properties 
than those of the PDMS membrane as described in 
the previous section, the membrane possesses both 
strong mechanical properties and excellent ethanol 
permselectivity, namely, IPN formation of PDMS 
and PSt enabled us to improve the disadvantage of 
the PDMS membrane while retaining the ethanol 
permselectivity. On the other hand, the normalized 
permeation rate increased gradually with increase 
in the PDMS content. The diffusivity of permeants 
in the PDMS phase is higher than in the PSt phase 
because of the lower Tg of PDMS than that of PSt. 
Therefore, the higher the PDMS content becomes, 
the larger the normalized permeation rate the 
PDMS/PSt IPN membranes exhibit. 

The permeation and separation of aqueous 
ethanol solutions through polymer membranes by 
pervaporation are based on the solution-diffusion 
mechanism.' In this mechanism, the surface char- 
acteristics of the membranes are important factors 
to determine the sorption of the permeants into the 
membranes. We focused on the surface character- 
istics of the PDMS/PSt IPN membranes and tried 
to  clarify the reason why the membranes exhibit 
excellent ethanol permselectivity, regardless of the 
PDMS content. 

Contact angle measurements can elucidate sur- 
face characteristics of the membranes. Furthermore, 
the surface free energy calculated from the contact 
angles becomes an indicator for the hydrophilicity 
and the stability of the membrane ~urface .~ '  We 
measured the contact angles of water and methylene 
iodide on the PDMS/PSt IPN membranes and cal- 
culated their surface free energy to investigate the 
surface characteristics of the membranes. The re- 
sults are plotted in Figure 4. The contact angles of 
water on the PDMS/PSt IPN membranes were more 
than 90". Such large contact angles of water dem- 
onstrate that the PDMS/PSt IPN membranes have 
very hydrophobic surfaces. The surface free energy 
of the PSt membrane was about 35 erg/cm2, and the 
surface free energy of the membrane decreased 
sharply by interpenetrating PDMS. The surface free 
energy of the PDMS/PSt IPN membranes was con- 
stant a t  a PDMS content of more than 40 mol %. 
The surface free energy of the PDMS/PSt IPN 
membranes was approximately the same as that of 

the PDMS membrane. This is because the PDMS 
component is more dominantly localized at the 
membrane surface to  make the surface more stable, 
i.e., the measurement of the surface free energy re- 
vealed that the surface of the PDMS/PSt IPN 
membrane is almost covered with the PDMS com- 
ponent. This conclusion is not in conflict with the 
result of the TEM observation that the PDMS com- 
ponent forms a continuous bulk phase containing 
PSt domains in the PDMS/PSt IPN membrane as 
shown in Figure 1. The PDMS phase localized a t  
the membrane surface must have an affect on the 
solubility of the permeants into the PDMS/PSt IPN 
membrane. 

The solubility of the permeants into the mem- 
brane is determined by the relationship among wa- 
ter, ethanol, and the membrane on the basis of the 
Flory-Huggins e q ~ a t i o n . ' , ~ ~ - ~ ~  Especially, the affinity 
of water and ethanol for the membrane is an  im- 
portant factor to govern the concentration of ethanol 
incorporated into the membrane. Therefore, we cal- 
culated the theoretical ethanol concentration in the 
PDMS/PSt IPN membrane using the Flory-Hug- 
gins equation as follows: At first, the surface com- 
position of the PDMS/PSt IPN membrane was pre- 
sumed from the surface free energy in Figure 4. 
Polymer-solvent interaction parameters between 
the PDMS or PSt membrane and water (X13)  were 
obtained by eq. (3) from the degree of swelling of 
the membrane in water. Polymer-solvent interac- 
tion parameters between the PDMS or PSt mem- 
brane and ethanol (&) were also determined in a 
similar manner: 

where V, is the volume fraction of polymer; x, the 
polymer-solvent interaction parameter; ul ,  the mo- 
lar volume of the solvent; p,  the density of the poly- 
mer; and M,, the molecular weight between two 
crosslinking points. 

Furthermore, as an interaction parameter be- 
tween water and ethanol (X12), we used the values 
calculated by eq. (4)48: 

X'Z = - 

where xi is the weight fraction of components i; uir 
the volume fraction of component i in a binary liquid 
mixture; and AGE, the excess free energy of mixing 
data. 
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Figure 4 Effect of the PDMS content on the contact 
angle of water (0) on the PDMS/PSt IPN membranes 
and (0)  their surface free energies. 

Finally, the resulting interaction parameters were 
substituted in eq. (5)4"47 and the volume fractions 
of water and ethanol in the PDMS/PSt IPN mem- 
brane, &, d,, were obtained from the volume frac- 
tions of water and ethanol in the feed solution, V,, 
v,: 

The results are shown in Figure 5. The dotted 
line indicates a theoretical ethanol concentration in 
the PDMS/PSt IPN membrane on the assumption 
that the membrane has a homogeneous surface con- 
sisting of both the PDMS phase and the PSt phase. 
Since the PDMS/PSt IPN membrane has a heter- 
ogeneous surface a t  which the PDMS component is 
predominantly localized, the theoretical ethanol 
concentration in the membrane was higher than that 
in the case of a homogeneous surface. An aqueous 
solution of 10 wt % ethanol was theoretically con- 
centrated to about 82 wt % ethanol using the 
PDMS/PSt IPN membrane. The hydrophobicity of 
the PDMS and PSt components causes preferential 
incorporation of ethanol from an aqueous ethanol 
solution. The preferential incorporation of ethanol 
results in the ethanol permselectivity of the PDMS/ 
PSt IPN membranes in pervaporation. A t  a PDMS 
content of more than 40 mol %, furthermore, the 
ethanol concentration in the membrane was kept 
constant at  82 wt %. This is attributed to the fact 
that the surfaces of the PDMS/PSt IPN membranes 
at  more than 40 mol % are almost completely cov- 

ered with the PDMS component. The constant and 
high ethanol concentration in the PDMS/PSt IPN 
membranes can be the reason why the PDMS/PSt 
IPN membranes with PDMS content of more than 
40 mol % exhibit excellent ethanol permselectivity 
at  a similar level to the PDMS membrane. 

Relationship Between Microphase-separated 
Structures and Characteristics of Permeation and 
Separation for Aqueous Ethanol Solutions 

In a previous article,39 we investigated the relation- 
ship between the microphase-separated structures 
of the MMA-g-DMS membranes and the charac- 
teristics of permeation and separation for aqueous 
ethanol solutions through the membranes. It was 
found that the microphase-separated structure of 
the membrane directly affects the characteristics of 
permeation and separation for aqueous ethanol so- 
lutions. Therefore, it is important to study the 
ethanol permselectivity of the PDMS/PSt IPN 
membranes from the standpoint of their micro- 
phase-separated structures. 

Maxwell's equation is applied to the permeation 
of gas through a membrane that has a microphase- 
separated model structure consisting of a continuous 

Surface 

***....... .**- 
*......**a 

*......a*. 

Bulk 

70 I I 

0 20 40 60 80 100 

PDMS content (mol%) 

Figure 5 Relationship between the PDMS content and 
the theoretical ethanol concentration in the PDMS/PSt 
IPN membrane calculated on the basis of the Flory-Hug- 
gins equation. The feed solution is an aqueous solution of 
10 wt % ethanol. The line is the theoretical ethanol con- 
centration a t  the membrane surface, calculated on the as- 
sumption that the surfaces of the PDMS/PSt IPN mem- 
branes are covered with the PDMS component on the 
basis of the results of the surface free-energy measure- 
ments. The dashed line is total theoretical ethanol con- 
centration in the membrane, calculated on the basis of 
the composition of the membrane. 
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Maxwell model 
Two-component membrane 

I PI +2P2 -2V2(P, -PI)  
PI + 2p2 - V,(P, - PZ) 

P = P, 

Figure 6 Conception of Maxwell’s model for the per- 
meation of aqueous ethanol solutions through membranes 
with microphase-separated structures consisting of a con- 
tinuous phase and a discontinuous phase. 

phase and a discontinuous phase as shown in Figure 
We considered the relationship between the 6..4”,“0 

microphase-separated structure of the PDMS/PSt 
IPN membrane and the characteristics of perme- 
ation and separation for an aqueous ethanol solution 
by Maxwell’s equation. When the normalized per- 
meation rates of an aqueous ethanol solution 
through a continuous phase and a discontinuous 
phase are PI and P2, respectively, the total normal- 
ized permeation rate of an aqueous ethanol solution 
through the membrane, P, is represented by the vol- 
ume fraction of each phase, V,, V,, as follows: 

(6) 
P, + 2P2 - 2V,(P, - P J  
P1 + 2P2 - V,(P, - Pz) 

P = P1 

We calculated the theoretical normalized per- 
meation rate for an  aqueous ethanol solution 
through the PDMS/PSt IPN membrane using 
Maxwell’s equation on the assumption that  the 
membrane consists of a continuous PSt phase and 
a discontinuous PDMS phase or of a continuous 
PDMS phase and a discontinuous PSt phase. 

The resulting theoretical normalized permeation 
rates are shown in Figure 7, together with experi- 

mental normalized permeation rate. The theoretical 
normalized permeation rate calculated on the as- 
sumption of a continuous PDMS phase is much 
larger than that based on the assumption of a dis- 
continuous PDMS phase. As can be seen from Table 
I, the PDMS component has a lower Tg than that 
of the PSt component. This leads us to the inference 
that the diffusivity of the permeants in the PDMS 
phase is higher than in the PSt phase. Therefore, it 
can be easily understood that the membrane having 
a continuous PDMS phase exhibits a larger theo- 
retical normalized permeation rate than that having 
a discontinuous PDMS phase. On the other hand, 
the experimental normalized permeation rate 
through the PDMS/PSt IPN membrane is close to 
the theoretical normalized permeation rate on the 
assumption of the continuous PDMS phase rather 
than that based on the assumption of the discontin- 
uous PDMS phase, regardless of the PDMS content. 
This indicates that all the PDMS/PSt IPN mem- 
branes prepared in this study have microphase-sep- 
arated structures consisting of a continuous PDMS 
phase and discontinuous PSt phase. This conclusion 
is consistent with the results of the TEM observa- 
tions. We previously clarified that the MMA-g-DMS 
membranes change from water- to ethanol perm- 
selectivity by the DMS content because of the 
changes from the discontinuous DMS phase to  the 
continuous DMS phase. Since the PDMS compo- 
nent forms a continuous phase in the PDMS/PSt 
IPN membrane, the membrane exhibits ethanol 
permselectivity reflecting the characteristics of the 

0 20 40 60 80 100 
PDMS content (mol%) 

Figure 7 Relationship between PDMS content and 
normalized permeation rate of an aqueous solution of 10 
wt % ethanol through the PDMS/PSt IPN membranes 
by pervaporation: (-) theoretical normalized perme- 
ation rate in the case that the PDMS phase is continuous; 
(------) theoretical normalized permeation rate in the case 
that the PSt phase is continuous by Maxwell’s equation. 
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Figure 8 Tentative illustration on the relationship be- 
tween the microphase-separated structures of the PDMS/ 
PSt IPN membranes and the permselectivity for an 
aqueous ethanol solution. 

PDMS component, regardless of the PDMS content. 
Furthermore, the localization of the PDMS com- 
ponent on the membrane surface is an  important 
factor in providing the excellent ethanol permselec- 
tivity, as the localized PDMS component a t  the 
membrane surface gives rise to  the more preferential 
incorporation of ethanol than water. The perme- 
ability and selectivity for aqueous ethanol solutions 
through the PDMS/PSt IPN membranes can be ex- 
plained by the tentative permeation mechanism 
shown in Figure 8. In the solution process of the 
permeants into the PDMS/PSt IPN membrane, 
ethanol is more predominantly sorbed into the 
membrane than is water, because the membrane 
surface covered with the PDMS component has a 
much stronger affinity for ethanol than for water. 
In the diffusion process, furthermore, the ethanol 
and water sorbed in the PDMS/PSt IPN membrane 
prefer to diffuse in the continuous PDMS phase 
rather than the discontinuous PSt phase due to  
lower Tg of PDMS than that of PSt. As a result, the 
PDMS/PSt IPN membranes shows ethanol perm- 
selectivity a t  a similar level to the PDMS membrane, 
regardless of the PDMS content. 

CONCLUSIONS 

The characteristics of permeation and separation 
for aqueous ethanol solutions through PDMS / PSt 
IPN membranes by pervaporation were investigated 
from the standpoint of their microphase-separated 
structures. All the PDMS/PSt  IPN membranes had 
a microphase-separated structure in which PSt do- 
mains exist in a continuous PDMS phase. An 
aqueous solution of 10 wt % ethanol through the 
PDMS/PSt  IPN by pervaporation was concentrated 
to about 50 wt %. The PDMS/PSt  IPN membranes 

with PDMS content of more than 40 wt % showed 
ethanol permselectivity to the same extent as  did 
the PDMS membrane. Furthermore, the mechanical 
properties of the PDMS/PSt  IPN membranes could 
be improved by the introduction of PSt without 
lowering the ethanol permselectivity of the PDMS 
membrane. The permeation mechanism of aqueous 
ethanol solutions through the PDMS/PSt  IPN 
membranes was discussed on the basis of solution- 
diffusion theory and Maxwell’s model. 
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