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ABSTRACT: Porous membranes were prepared from a polymer blend system by the
thermally induced phase separation (TIPS) process. The polymer blend system was
isotactic polypropylene (iPP)/polybutene (PB) and the diluent was diphenyl ether
(DPE). Two types of porous membranes were prepared by the extractions of DPE alone
and both DPE and PB after the phase separation. The effect of the addition of PB to the
iPP solution on the phase diagram was investigated and the phase separation kinetics
was measured by the light scattering method. The addition of PB resulted in the higher
solute rejection property and lower water permeance. By the further extraction of PB
from the porous iPP/PB membrane prepared by the extraction of DPE, the water
permeance was approximately doubled, maintaining almost the same rejection
property. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 84: 1701–1708, 2002; DOI 10.1002/app.
10550
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INTRODUCTION

Thermally induced phase separation (TIPS) is a
method of making microporous membranes.1–11

TIPS is applied to a wide range of polymers that
could not be used in the traditional phase inver-
sion membrane formation due to the solubility
problems. A variety of thermally stable, chemi-
cally resistant membranes were produced by the
TIPS process on a commercial scale.

In the TIPS process, only one polymer compo-
nent and diluent, that is, two-component system,
have been mainly used. Few studies have re-

ported on the formation of porous membranes
from a two-polymer blend and diluent system.
Castro produced microporous membranes by
TIPS process from several two polymer blend/
diluent systems such as polypropylene/chlori-
nated polyethylene/diluent, polyethylene/chlori-
nated polyethylene/diluent, and others.1 The
membrane formation from hydroxylate polypro-
pylene/polypropylene/diluent system was re-
ported by Chung and Lee.12

In contrast to the small number of works on the
TIPS process, polymer blend was widely used to
improve thermal, rheological, and mechanical
properties.13 Also in the field of membrane, ultra-
filtration 14,15 and gas separation membranes
16–18 were prepared from polymer blend systems.
The advantage of the use of polymer blend in the
TIPS process is that pore size can be controlled by

Correspondence to: H. Matsuyama (matuyama@chem.
kit.ac.jp).
Journal of Applied Polymer Science, Vol. 84, 1701–1708 (2002)
© 2002 Wiley Periodicals, Inc.

1701



the addition of second polymer due to the change
of thermodynamics and kinetic properties. Fur-
thermore, the properties of membrane materials
such as hydrophilicity can be changed in the
blend system, as shown in the study of Chung and
Lee.12 If only the one polymer component can be
dissolved in a certain diluent, the polymer can be
rinsed away and high porosity will be achieved in
the porous membrane.

In this work, polypropylene/polybutene blend
membrane was produced by the TIPS process.
The phase diagram and the pore growth kinetics
were investigated. Because only polybutene (PB)
could be rinsed away by toluene, two types of
porous membranes were prepared by the extrac-
tions of diluent alone and both diluent and poly-
butene after the phase separation. The mem-
brane properties such as the solute rejection and
water permeability were compared for the two
membranes.

EXPERIMENTAL

Materials

Polymers used were isotactic polypropylene (iPP,
Mw � 250,000; Aldrich Chemical Co.) and PB
(�90% polyisobutene, Mn � 1290; Aldrich Chem-
ical Co.). Diphenyl ether (DPE; Nakalai Tesque
Co., Kyoto, Japan) was used as the diluent with-
out further purification. Extractants for DPE and
for PB were methanol and toluene, respectively.

Phase Diagram

Homogeneous two-polymer (iPP � PB) diluent
samples were prepared by a method previously
described.7 The sample was placed between a pair
of microscope cover slips. To prevent diluent loss
by evaporation, a Teflon film of 100 �m thickness
with a square opening was inserted between the
coverslips. The sample was heated on a hot stage
(Linkam, LK-600PH) at 453 K and cooled to 298 K
at a controlled rate of 10 K/min. The temperature
of the stage was manipulated by a Linkam
L-600A controller. Cloud points were determined
visually by noting the appearance of turbidity
under an optical microscope (Olympus BX50,
Tokyo, Japan).

To obtain the spinodal points, the sample on
the hot stage was quenched and maintained at
various desired temperatures below the cloud
point at the maximum cooling rate of 130 K/min.

If the isolated droplets started to form gradually
in the scattered position, the temperature was
considered in the metastable region between the
binodal and the spinodal.19 On the other hand,
when the interconnected structure was immedi-
ately formed all over the position, the tempera-
ture was considered in the unstable region below
the spinodal. Thus, the spinodal point, which is
the border between the metastable region and
unstable region, was determined from the results
at various different temperatures.

A DSC (Perkin–Elmer, DSC-7) was used to de-
termine the dynamic crystallization temperature.
The solid sample was sealed in an aluminum DSC
pan, melted at 453 K for 3 min, and then cooled at
a 10 K/min to 298 K. The onset of the exothermic
peak during the cooling was taken as the crystal-
lization temperature.

Kinetic Study

The light scattering measurement was carried
out to obtain the structure growth data with a
polymer dynamics analyzer (Otsuka Electronics
Co., Hiraka, DYNA-3000).20 The hot stage was
located between a He-Ne laser (5 mW) and a
detector. The sample sealed with two coverslips
was placed on the stage and heated at 453 K.
Then it was quenched to the desired temperature
at a cooling rate of 130 K/min. It was confirmed
that the light scattering occurred after the tem-
perature reached the set value. The time interval
for the measurement was 0.22 s.

Droplet growth kinetics was measured by the
optical microscope in the relatively later stage of
the phase separation. The sample sealed with two
coverslips was heated at 453 K and cooled to 298
K at a cooling rate of 10 K/min. After the temper-
ature reached the cloud point, the droplet size
was observed under a microscope. The image from
the microscope was converted to a video signal.
The video signal was passed through a video
timer and into a videocassette recorder. To obtain
the average droplet size of the polymer-lean
phase, an image analysis (Mitani Co., Fukui,
Japan, Win ROOF) was used.

SEM Observation

The sample sealed with two coverslips was heated
at 453 K and quenched in ice water. Then diphe-
nyl ether was extracted from the membrane with
methanol and the methanol was evaporated. In
some cases, PB in the membrane was further
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extracted with toluene. The microporous mem-
brane was fractured in liquid nitrogen and coated
with Au/Pd. A SEM (Hitachi Co., Tokyo, Japan,
S-800) with an accelerating voltage set to 15 kV
was used to examine the membrane cross sec-
tions.

Solute Rejection Experiment

Membranes used for the filtration experiment
were prepared as follows. The homogeneous poly-
mer-diluent sample was placed between a pair of
copper plates (length: 150 mm, width: 150 mm,
thickness: 0.5 mm). For adjusting membrane
thickness, the Teflon film of 150 �m thickness
with a square opening in the center was inserted
between the copper plates. The copper plates
were heated at 453 K in an oven for 15 min to
cause melt-blending. Then the copper plates were
quenched in ice water. After cooling, diphenyl
ether was extracted from the membrane with
methanol and the methanol was evaporated. In
some cases, PB in the membrane was further
extracted with toluene.

The apparatus and procedure for the filtration
experiment were the same as those described pre-
viously.21 The filtration experiment was con-
ducted by using a stirred cell (Advantec Co.,
UHP-25K). The feed solution was pressurized by
nitrogen gas at 0.1 atm for iPP membrane and at
0.5 atm for iPP/PB blend membrane. Solutes used
were lysozyme from egg white (Seikagaku Co., 6�
crystallized, Mw � 14,600, Stokes radius: 1.69
nm22), ovalbumin (Sigma Chemical Co., Grade V,
98% purity, Mw � 45,000, Stokes radius: 2.53
nm22), ferritin from horse spleen (Nacalai Tesque
Co., Mw � 440,000, Stokes radius: 6.77 nm22) and
polystyrene latex particle (Duke Scientific Co.,
radius: 50 nm). The feed solutions were prepared
by dissolving the proteins in a 0.05 mol/dm3 phos-
phate-buffered solution (disodium hydrogen phos-
phate � potassium dihydrogen phosphate, pH
7.0). The protein concentrations were 0.1 g/dm3

for lysozyme, 0.2 g/dm3 for ovalbumin, and 0.002
g/dm3 for ferritin. The latex particle was dis-
persed in an aqueous nonionic surfactant (0.01%
Triton X-100) at a concentration of 1.03 � 1011

particles/dm3. The solute concentrations in fil-
trate were measured by using a UV spectropho-
tometer (Hitachi Co., U-2000) at the wavelengths
of 280 nm for lysozyme and ovalbumin, 275 nm
for ferritin, and 385 nm for latex particle. Before
the filtration experiments, aqueous propanol so-
lution (50 wt %) was passed through the mem-

brane to fill pores of the membrane with the so-
lution.

RESULTS AND DISCUSSION

Extraction Behavior

Figure 1 shows the membrane weight after the
extraction. The ordinate is the dimensionless
weight, which is defined as the membrane weight
after the extraction divided by the initial mem-
brane weight. The axis denotes the weight per-
centage of PB added to the iPP solution, in which
the iPP weight percentage was fixed to be 10 wt
%. First, DPE was extracted by methanol and
then PB was extracted by toluene. The data in
both cases are shown in Figure 1. The solid and
dashed lines denote the predicted values when all
DPE and DPE � PB are extracted. The experi-
mental results in DPE extraction (E) and in DPE
� PB extraction (F) agreed with the predicted
solid line and dashed line, respectively. This in-
dicates that almost all DPE and PB could be
effectively extracted. Further, the agreement be-
tween the experimental data and the predicted
lines suggests that the concentration of iPP and
PB in the polymer-lean phase is quite low. When
the polymer concentration in the polymer-lean
phase is high, in which the polymers can flow out
in the extraction process, the experimental data is
expected to be lower than the predicted line.
Therefore, almost all iPP and PB exist in the

Figure 1 Membrane weight after the extraction. (E)
DPE extraction; (F) DPE � PB extraction. The solid
and dashed lines denote the predicted values when all
DPE and DPE � PB are extracted, respectively. Mem-
brane was prepared as follows. The homogeneous poly-
mer–diluent sample was placed between a pair of glass
plates (thickness: 2.8 mm) and after melt-blending, the
glass plates were cooled at room temperature.
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polymer-rich phase and form the membrane ma-
trix.

The shrinkage results after the evaporation of
extractants are summarized in Table I. In both
cases of iPP alone and iPP/PB blend, the shrink-
age degree of the membranes after the extraction
of DPE were low. On the other hand, after the
extraction of PB, the iPP/PB blend membrane
shrunk well and the resultant volume was 69% of
the initial volume. Even after the immersion in
toluene, the iPP membrane did not shrink so
much.

Phase Diagram

Figure 2 shows the phase diagrams. The cloud
point curve and the dynamic crystallization tem-
perature are shown in Figure 2(a) when iPP con-
centration was fixed at 10 wt % and additional PB
concentration was changed. The cloud points de-
creased with the increase of PB concentration
because the total polymer concentration in-
creased. In the polymer concentration region
higher than the critical point, the increase of the

polymer concentration usually leads to the de-
crease of the binodal line in the upper critical
solution temperature-type phase diagram.23 The
crystallization temperature slightly decreased as
the PB concentration increased. However, such
degree of decrease was very small and the crys-
tallization temperature was not influenced so
much by the addition of PB. Because PB is the
amorphous polymer, only iPP can crystallize. As
shown in Table II, the heat of crystallization
slightly decreased with the increase of PB con-
tent. This means that the crystallinity of iPP de-
creased by the addition of PB.

Figure 2(b) shows the phase diagrams when
the ratio of PP to PB was fixed. The cloud points
at the same total polymer concentration de-
creased with the increase of the PB fraction. This
cannot be explained by the increase of the total
polymer concentration, which was the main cause
for the result shown in Figure 2(a). First, we must
consider the change of the compatibility between
the polymer and the diluent. The solubility pa-
rameters for iPP, polyisobutene, and DPE were

Table I Shrinkage Results After the Extraction of DPE and PB

Membrane Typea Extractant
Relative

Membrane Areab
Relative Membrane

Thicknessb
Relative Membrane

Volumeb

iPP alone Methanol 94.0% 97.9% 92.0%
iPP alone Methanol � toluene 88.7% 95.7% 84.9%
iPP/PB blendc Methanol 97.4% 100% 97.4%
iPP/PB blendc Methanol � toluene 77.6% 88.9% 68.9%

aMembrane preparation condition was the same as that used in the membranes for the solute rejection experiment.
bValues relative to the initial values of membranes before the extraction.
ciPP : PB ratio � 1 : 1.

Figure 2 Phase diagrams for polymer blend/diluent system. (a) Constant iPP concen-
tration (10 wt %). (F) cloud point; (E) crystallization temperature. (b) Constant ratio of
PP to PB. (F) cloud point (iPP alone), (Œ) cloud point (iPP : PB � 2 : 1), (f) cloud point
(iPP : PB � 1 : 1), (E) crystallization temperature (iPP alone), (‚) crystallization tem-
perature (iPP : PB � 2 : 1), (�) crystallization temperature (iPP : PB � 1 : 1)
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reported as 18.8,24 16.5,24 and 20.7 MPa1/2,25 re-
spectively. When the PB fraction in the polymer
blend increases, the solubility parameter differ-
ence between the polymer blend and the diluent
becomes large and thus the compatibility de-
creases, which suggests that the cloud point
should be shifted to the high-temperature posi-
tion.6 Because this expectation is opposite to the
experimental result, the result cannot be ex-
plained by the change of the compatibility. The
addition of PB brings about the decrease of the
average molecular weight because the molecular
weight of PB is much lower than that of iPP.
When the molecular weight is lower, the cloud
point is shifted to the lower temperature position
due to the entropy effect.23 This may be the rea-
son for the decrease of the cloud point brought
about by the increase of PB fraction.

The spinodal points were 0.7 and 0.5°C lower
than the binodal points in the cases of iPP alone
(15 wt %) and iPP (10wt %) � PB (5 wt %) system,
respectively.

Kinetic Study

An example of the light scattering measurement
is shown in Figure 3. The time shown in this
figure corresponds to the elapse of time after the
phase separation occurs. Clear maxima of the

scattered light intensity Is were observed each
time. This indicates that the phase separation
mechanism is not the nucleation and growth
mechanism (NG mechanism) but the spinodal de-
composition (SD).26 The peaks of Is shifted to a
smaller angle with time, which means that the
phase-separated structure was growing in this
time scale.20

The scattered angle is related to the wave num-
ber as:

q � �4�n/�0�sin��/2� (1)

where n is the solution refraction index and �0 is
the wavelength of light in vacuo. The relation
between qm, which is the wave number where
maximum scattered light intensity appears, and
the average interphase periodic distance �m is
given by

Figure 4 Time course of �m in both iPP alone (15 wt
%) and iPP/PB systems (iPP 10 wt % � PB 5 wt %). (a)
Quench depth: 1.2 K for iPP alone and 1.3 K for iPP/PB
blend, (b) quench depth: 2.2 K for iPP alone and 2.3 K
for iPP/PB blend.

Figure 5 Time course of average droplet diameter.
Cooling rate was 10 K/min.

Table II Heat of Crystallization

PB Weight Percent 0 2 5 10

Heat of crystallization
[J/g-iPP] 107 101 87.9 82.7

iPP concentration was fixed to be 10 wt%.

Figure 3 An example of light scattering measure-
ment. IPP 10 wt % � PB 5 wt %, quench depth � 1.3 K.
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qm � 2�/�m (2)

By using eqs. (1) and (2), the time course of �m
can be obtained from the light scattering experi-
ment result. Figure 4 shows the time course of �m
in both iPP alone and iPP/PB blend systems (iPP :
PB � 2 : 1). At almost the same quench depth,
which is defined as the difference between the
spinodal temperature and the experimental tem-
perature, the larger �m was obtained in the iPP
system than in the iPP/PB blend system. In both
two-quench depth cases, the difference of �m
hardly changed as time passed. This means that
at the early stage of SD, �m is lower in the blend
system and, however, the growth rate of �m in the
later stage was almost the same in the two sys-
tems. �m in the early stage of SD can be related as
radius of gyration Rg as 27:

�m � Rg	�Ts � T�/T
�2/3 (3)

where Ts and T are the spinodal temperature and
experimental temperature, respectively. In the
iPP/PB blend system, the average molecular
weight is smaller than in the iPP system, as de-
scribed above. Thus, the smaller Rg value in the

blend system led to the smaller �m in the early
stage of SD.

Average droplet diameter determined from the
optical micrograph is plotted with time in Figure
5. In these experiments, temperature was not
fixed and gradually decreased at a constant cool-
ing rate of 10 K/min. The droplet sizes increased

Figure 6 Cross sections of the membranes. (a) iPP alone (10 wt %, DPE extraction),
(b) iPP 10 wt % � PB 5 wt % (DPE extraction), (c) iPP 10 wt % � PB 10 wt % (DPE
extraction), (d) iPP 10 wt % � PB 10 wt % (DPE � PB extraction).

Figure 7 Relation between apparent solute rejection
coefficient and solute Stoke radius. (‚) iPP alone (10 wt
%, DPE extraction), (�) iPP 10 wt % � PB 10 wt %
(DPE extraction), (F) iPP 10 wt % � PB 10 wt % (DPE
� PB extraction).
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initially with time and reached constant values in
all polymer cases. When temperature crossed the
cloud point in the cooling process, phase separa-
tion occurred and the droplet growth continued
until the temperature reached the crystallization
temperature. By the addition of PB, the constant
droplet size clearly decreased. As shown in Figure
2(a), the region between the cloud point and the
crystallization temperature decreased with the
increase in amount of PB. Thus, in the polymer
blend with the higher PB content, the droplet
growth soon stopped and the resultant droplet
size was smaller.

SEM Observation

Figure 6 shows the cross sections of the mem-
branes. As the PB content in the blend membrane
increased [Fig. 6(a)–(c)], the pore size decreased
because of the increase in the total polymer con-
centration. This result agreed with the result in
Figure 5, although the cooling conditions in the
two cases were different. It is expected that after
the PB extraction, the thickness of the polymer
fibrils becomes thinner due to the effusion of PB
from the matrix phase, which probably leads to
the larger pores. However, between the mem-
brane structures after the PB extraction [Fig.
6(d)] and before the PB extraction [Fig. 6(c)], a
clear difference cannot be recognized at this mag-
nification.

Solute Rejection

Figure 7 shows the relation between the apparent
solute rejection coefficient Ra and the solute
Stokes radius. The apparent rejection coefficient
is defined as (1 � Cs/C0), where C0 and Cs are the
solute concentrations in the feed and filtrate
phases. In Table III, the pure water permeance
are summarized in three cases. The water per-
meance is defined as the volumetric flow rate
divided by the membrane area and the pressure
difference. From Figure 7 and Table III, the ad-
dition of PB increased the solute rejection coeffi-
cient remarkably and lowered the water per-

meance due to the formation of the smaller pores,
as shown in Figure 6. By the extraction of PB, the
water permeance was approximately doubled,
maintaining the same solute rejection property.
This indicates that the use of the polymer blend
system in the TIPS process has the advantage of
obtaining the higher permeability by the extrac-
tion of one polymer component. The extraction of
PB brings about the enlargement of pores,
whereas the membrane shrinkage shown in Table
I brings about the pore size reduction. If the
former effect compensates for the latter, almost
the same solute rejection properties are obtained
in the cases after and before the PB extraction, as
shown in Figure 7. The higher water permeance
in the extraction of PB may be due to the forma-
tion of small pores, through which only water
molecules can permeate and the larger solute can-
not permeate. Further detailed investigation is
necessary to confirm this.

CONCLUSION

Porous membranes were prepared from iPP/PB
blend system by the TIPS process. The addition of
PB to the iPP solution lowered the cloud point,
whereas the dynamic crystallization temperature
hardly changed. The kinetic studies by the light
scattering showed that the structure formed at
the early stage of the spinodal decomposition was
smaller in the blend system than in the iPP sys-
tem. However, the structure growth rate in the
latter stage was almost the same in both systems.
When the polymer solution was cooled at the con-
stant cooling rate of 10 K/min, the droplet sizes
increased first and reached constant value. The
constant droplet sizes decreased with the increase
of the PB content because of the smaller region
between the cloud point and the crystallization
temperature.

The addition of PB increased the solute rejec-
tion and lowered the water permeance owing to
the formation of smaller pores. The extraction of

Table III Water Permeance of Membranes Prepared in Various Conditions

Membrane Type Extracted Species Water Permeance [m3/(m2 s Pa)]

iPP alone (10 wt %) DPE 3.29 � 10�9

iPP/PB blend (iPP10 wt % � PB 10 wt %) DPE 2.35 � 10�10

iPP/PB blend (iPP10 wt % � PB 10 wt %) DPE � PB 4.51 � 10�10
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PB from the membrane was effective to improve
the water permeance.
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