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ABSTRACT: The effect of diluents on isotactic polypropylene (iPP) membrane formation
via thermally induced phase separation was investigated. The diluents were methyl
salicylate (MS), diphenyl ether (DPE), and diphenylmethane (DPM). The cloud-point
curve was shifted to a lower temperature in the order iPP–MS, iPP–DPE, and iPP–
DPM, whereas the crystallization temperature was not influenced so much by diluent
type. Droplet-growth processes were investigated under two conditions: quenching the
polymer solution at the desired temperature and cooling at a constant rate. Although
droplet sizes were in the order iPP–MS, iPP–DPE, and iPP–DPM in both cases, the
difference was more pronounced with the constant cooling rate condition. Scanning
electron microscopy indicated that interconnected structures were obtained when the
polymer solution was quenched in ice water. The effect of the diluents on these
structures was observed. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82: 169–177, 2001
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INTRODUCTION

Thermally induced phase separation (TIPS) is
one of the major techniques for the preparation of
polymeric porous membranes by controlled phase
separation.1–11 TIPS is mainly classified into two
types: solid–liquid (S–L) TIPS, in which the poly-
mer crystallizes out of solution, and liquid–liquid
(L–L) TIPS, in which the solution separates into a
polymer-rich matrix phase and a polymer-lean
droplet phase. A typical phase diagram is shown
in Figure 1 for when these two processes occur
sequentially. In the TIPS process, a polymer is

dissolved in a diluent at a high temperature. With
the cooling of the solution, L–L phase separation
is induced when the solution goes inside the
binodal line. When a crystallization temperature
is reached, S–L phase separation (polymer crys-
tallization) occurs, and the structure is fixed.
Then, the diluent is removed by extraction, evap-
oration, or freeze drying, and a porous membrane
is obtained.

In the TIPS process, how the diluent should be
selected is an important problem for controlling
the pore size. The compatibility of polymer and
diluent directly reflects thermodynamic proper-
ties such as the binodal line and crystallization
temperature. As the compatibility becomes lower,
the binodal line is shifted to a higher tempera-
ture,7 as shown by the arrow in Figure 1, whereas
the crystallization temperature is less influenced
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by the compatibility. This means that the region
between the binodal line and the crystallization
temperature becomes wider in the case of low
compatibility, which results in a longer time for
pore growth in the cooling process. Furthermore,
when the position of the binodal line changes,
kinetic properties such as the phase-separation
rate and pore-growth rate may be changed be-
cause these rates are functions of the tempera-
ture and composition of phase-separated solu-
tions.

Lee et al.12 investigated the relation between
L–L phase separation and crystallization by ap-
plying a systematic change in the interaction in
polypropylene–diluent systems. A series of dial-
kyl phthalates with a different number of carbon
atoms in the alkyl chain was used as the diluent.
The L–L phase-separation temperature de-
creased remarkably when the number of carbon
atoms in the diluents increased, whereas the
melting-point curve remained constant. However,
they did not report the effect of diluents on the
kinetic properties of the pore-growth rate and so
on. The phase behaviors of a ternary mixture of
diluent–diluent–polyethylene were investigated
by Vadalia et al.13 to control systematically L–L
phase separation and crystallization by changing
the composition of two diluents. They showed that
a ternary solution could be considered a pseudo-
binary polymer solution with various diluent
qualities. Kinetic properties were also beyond
their interest.

In this work, the effect of diluents on polypro-
pylene membrane formation was investigated

with three kinds of diluents. The droplet-growth
rates in three systems were investigated and dis-
cussed on the basis of the phase diagram.

EXPERIMENTAL

Materials

The polymer was isotactic polypropylene (iPP; Al-
drich Chemical Co.; weight-average molecular
weight 5 250,000). Methyl salicylate (MS), diphe-
nyl ether (DPE), and diphenylmethane (DPM)
were used as diluents without further purifica-
tion. These diluents were purchased from Nacalai
Tesque Co. (Kyoto, Japan).

Table I Solubility Parameters

Substance Solubility Parameter (MPa1/2)

Polypropylene 18.8a

MS 21.7a

DPE 20.7b

DPM 19.5b

a Reference 15.
b Reference 16.

Figure 2 Phase diagrams for the three polymer–dil-
uent systems: cloud points for (F) iPP–MS, (Œ) iPP–
DPE, and (■) iPP–DPM and crystallization tempera-
tures for (E) iPP–MS, (‚) iPP–DPE, and (h) iPP–DPM.
Dotted lines are the calculated spinodal lines.

Figure 1 Typical phase diagram in TIPS process.
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Phase Diagram

A homogeneous solid polymer–diluent sample was
prepared with a method previously described.8 The

solid sample was chopped into small pieces and
placed between a pair of microscope coverslips. To
prevent diluent loss by evaporation, we inserted a
Teflon film 100 mm thick with a square opening
in the center between the coverslips. The cover-
slip sample was heated on a hot stage (Linkam
LK-600PH) at 443 K for 1 min and then cooled at a
controlled rate of 10 or 100 K/min with a Linkam
L-600A controller. We determined cloud points vi-
sually by noting the appearance of turbidity under a
microscope (Olympus BX50, Tokyo, Japan).

Differential scanning calorimetry (DSC; Perkin-
Elmer DSC-7) was used to determine the crystalli-
zation temperature for the dynamic phase diagram.
The solid polymer–diluent sample was sealed in an
aluminum DSC pan, melted at 473 K for 5 min, and
then cooled at 10 K/min to 298 K. The onset of the
exothermic peak during the cooling was taken as
the crystallization temperature.

Droplet-Growth Measurement

The hot stage was placed on the platform of the
optical microscope. Droplet-growth processes

Figure 3 Relation between x and 1/T.

Figure 4 Optical micrographs of droplets formed in the iPP–MS system at 415.3 K
with a polymer concentration of 10 wt %: (a) 0.5, (b) 2.0, (c) 6.0, and (d) 10.0 min.
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were investigated under two conditions: quench-
ing the polymer solution at a desired temperature
and cooling at a constant rate. The sample sealed
with two coverslips was placed on the stage and
heated at a temperature 10 K higher than the
cloud point for 5 min. Then, it was quenched to
the desired temperature at a cooling rate of 130
K/min or cooled to 298 K at the constant cooling
rates of 10 and 100 K/min. The image from the
microscope was converted into a video signal. To
obtain the average droplet size of the polymer-
lean phase, we used image analysis. The image
analysis software package was Win ROOF (Mi-
tani Co., Fukui, Japan).

Measurement of Polymer-Rich Phase Viscosity

Viscosity was measured with a falling-sphere vis-
cometer.14 A homogeneous solid polymer–diluent
sample was heated in a glass bottle at 443 K to
cause melt blending. Then, the polymer solution
was poured into a glass cylinder with a radius of
5.03 3 1023 m, and the cylinder was immersed in
an oil bath with the temperature controlled at the
desired value. A stainless steel sphere with a
radius of 3.18 3 1023 m was dropped, and the
time necessary to move the constant length was
measured. The relation between the viscosity and
falling time is available in the literature.14

Scanning Electron Microscopy (SEM) Observations

In the sample cooled at the controlled rate, the
diluent was extracted with methanol, and the
methanol was evaporated to produce the micro-
porous membrane. The same treatment was done
for the sample quenched immediately in the ice
water after the sample was heated on the hot
stage to cause melt blending. The microporous
membrane was fractured in liquid nitrogen and
mounted vertically on a sample holder. The sam-
ple of the membrane was sputtered with Au/Pd in
vacuo. A scanning electron microscope (Hitachi
Co. S-2150, Tokyo, Japan) with an accelerating
voltage of 15 kV was used to examine the mem-
brane cross sections.

RESULTS AND DISCUSSION

Phase Diagram

Figure 2 shows the phase diagrams in three poly-
mer–diluent systems. The iPP–MS system
showed the highest cloud-point curve. In the or-
der of iPP–MS, iPP–DPE, and iPP–DPM, the
cloud-point curve was shifted to the lower tem-
perature, whereas the crystallization tempera-
ture was not influenced so much by the diluent

Table II Volume Fraction of the Droplet Phase, Interfacial Tension, and
Matrix Phase Viscosity

System
Volume Fraction of
the Droplet Phase

Interfacial Tension
(mN/m)

Matrix Phase Viscosity
(Pa s)

iPP–MS 0.37 0.021 1.2
iPP–DPE 0.31 0.011 1.8
iPP–DPM 0.38 0.014 5.4

Figure 5 Time course of the average droplet size with
a polymer concentration of 10 wt %. In the three sys-
tems, the temperatures at which the polymer solutions
were quenched were 3.0 K lower than the cloud-point
temperatures.
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type. This weak effect of the diluents on the crys-
tallization temperature agrees with results re-
ported previously.12,13 The solubility parameters
for iPP, MS, DPE, and DPM are summarized in
Table I. The difference in the solubility parame-
ters between iPP and MS is largest and decreases
in the order iPP–MS, iPP–DPE, and iPP–DPM.
This means that the compatibility increases in
this order. Because the high compatibility brings
about the decrease of the cloud-point curve, the
tendency in the cloud points can be explained by
the change in the compatibility.

Equating polymer chemical potentials in two
phase-separated phases based on the Flory–Hug-
gins theory17 gives the following two equations
describing the binodal line:18

$~f2
b!2 2 ~f2

a!2%x 5 lnS1 2 f2
a

1 2 f2
bD 1 S1 2

1
rD~f2

a 2 f2
b!

(1)

r$~1 2 f2
b!2 2 ~1 2 f2

a!2%x

5 lnSf2
a

f2
bD 1 ~r 2 1!~f2

a 2 f2
b! (2)

where f2
a and f2

b are the polymer volume fractions
in the polymer-rich and polymer-lean phases, re-

spectively; x is the interaction parameter; and r is
the ratio of the polymer molar volume to the di-
luent molar volume. As a first approximation, the
cloud points were assumed to be representative of
the coexistence curve.18 With f2

a shown in Figure
2 and eqs. (1) and (2), x at each temperature T
was estimated. Figure 3 shows the relation of x
and 1/T. Straight lines were obtained in all three
cases. Flory’s theory gives the following equation
for spinodal lines:

1
n1~1 2 f2!

1
1

n2f2
2

2x

n1
5 0 (3)

where n is the molar volume and the subscripts 1
and 2 denote diluent and polymer, respectively.
The spinodal lines calculated from eq. (3) with x
parameters from Figure 3 are shown in Figure 2
as dotted lines.

Droplet-Growth Process

Figure 4 shows examples of optical micrographs of
droplets formed in the iPP–MS system. Droplet size
clearly increased as time proceeded. The time
course of the average droplet size, which was ob-
tained by image analysis of the optical micrograph,

Figure 6 Droplet growth under nonisothermal conditions with cooling rates of (a) 10
and (b) 100 K/min with a polymer concentration of 10 wt %.
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is shown in Figure 5. In this experiment, the poly-
mer solution was quenched to the desired temper-
ature, and the temperature was maintained. In
three systems, temperatures at which the polymer
solution was quenched were 3.0 K lower than the
respective cloud-point temperatures. The quench

depths from the calculated spinodal temperatures
were about 1.5 K and were almost the same in the
three cases. The initial droplet sizes were almost
identical for the three systems. As time proceeds, a
difference in the droplet sizes with the diluent type
became more pronounced. The iPP–MS system

Figure 7 Cross sections of membranes prepared by cooling at 10 K/min and 100
K/min with a polymer concentration of 10 wt %.
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showed the largest droplet, whereas the iPP–DPM
system showed the smallest.

For droplet growth, several mechanisms such
as coalescence and Ostwald ripening have been
reported.19 Recently, McGuire et al.20 proposed a
coalescence-induced coalescence mechanism. In
this model, forces created as a result of a coales-
cence event cause a flow of the matrix fluid, which
then impacts nearby droplets and causes more
coalescence. They showed good quantitative
agreement between the model and the experimen-
tal droplet-growth data in the iPP–DPE system.
The droplet-growth rate in this mechanism is de-
pendent on the polymer–diluent interfacial ten-
sion, increases with increasing volume fraction of
the droplet phase, and decreases with increasing
viscosity of the polymer-rich matrix phase.20,21

The volume fraction of the droplet phase, interfa-
cial tension, and viscosity of the polymer-rich ma-
trix phase are summarized in Table II for three
systems. The volume fraction of the droplet phase
was obtained from the phase diagram shown in
Figure 2. Heinrich and Wolf22 measured the in-
terfacial tension between the coexisting phases of
the polystyrene/methylcyclohexane and polysty-
rene/cyclohexane systems. The following general-
ized equation, useful at least for typical vinyl
polymers, was presented:

s~mN/m! 5 0.153Nu
0.5Df2

3.85 (4)

where Nu is the number of monomeric units and
Df2 is the difference in the polymer volume frac-
tions in the coexisting phases. As a first approxi-
mation, the interfacial tension was estimated by
eq. (4) in this work. The droplet phase fractions
are hardly influenced by the kind of diluents.
Thus, the difference in the droplet-growth rate
shown in Figure 5 cannot be explained by the
difference in the droplet phase fractions. Also, for

the interfacial tension, the difference by the di-
luents is not so pronounced. In addition, the effect
of the interfacial tension on the droplet growth is
less than that of the matrix phase viscosity.20

Contrary to the previous two factors, the differ-
ence in the viscosities of the polymer-rich phase is
remarkable. The viscosity in the iPP–DPM sys-
tem is 4.5 times larger than that in the iPP–MS
system. Therefore, the difference in the droplet-
growth rates is mainly attributable to that in the
matrix phase viscosity. The diluent change brings
about the change of the location of the binodal
line. When the binodal line is located at the
higher temperature, the viscosity of the polymer-
rich phase becomes lower, which leads to the
higher droplet growth. This is the case in the
iPP–MS system.

Figure 6 shows droplet growth under a noniso-
thermal condition when the polymer solution was
cooled to 298 K at a constant rate of 10 or 100
K/min. The difference in the droplet sizes in the
three systems was more pronounced in Figure
6(a) than in Figure 5. Arrows in Figure 6(a) indi-
cate points where the solution temperature
reached the crystallization temperature. The
droplet growth almost stopped when the crystal-
lization occurred. As the binodal line was shifted
to the higher temperature, the region between the
binodal line and the crystallization temperature
became wider. This means the time interval for
the droplet growth was longer. Thus, the largest
droplet was obtained in the iPP–MS system,
whereas the iPP–DPM system gave the smallest
droplet. When the cooling rate was as fast as 100
K/min, the difference in the droplet sizes was not
so large, as shown in Figure 6(b). This is because
even in the iPP–MS system with the highest
binodal line, the time interval for the droplet
growth was short because of the fast cooling rate.

Table III Comparison Between Pore Size and Droplet Size

Cooling Rate (K/min) System
Pore Size

(mm)
Droplet Size

(mm) Pore Size/Droplet Size

10 iPP–MS 35.3 41.0 0.86
iPP–DPE 19.6 25.7 0.76
iPP–DPM 7.7 9.5 0.81

100 iPP–MS 9.7 13.5 0.72
iPP–DPE 6.0 8.3 0.72
iPP–DPM 5.8 5.9 0.98
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Membrane Structure

Figure 7 shows cross sections of membranes pre-
pared by cooling at 10 and 100 K/min. The ten-
dency in the pore sizes is the same as that in the
droplet size shown in Figure 6, indicating that the
pore size is directly related to the droplet size.
The pore size measured by SEM and the droplet
size measured by optical microscopy are com-
pared in Table III. The pore sizes were about 80%
of the droplet size. A similar tendency was re-
ported by Kim et al.23 As they pointed out, the
smaller pore size is probably due to shrinkage of
the sample during the extraction of the diluent
and the subsequent drying.

The membrane structures are shown in Figure
8 when the polymer solution was quenched in
ice water. In all cases, interconnected structures,
which are typical in the early stage of spinodal
decomposition (SD), were obtained. These struc-
tures are in contrast to pore structures in Figure
7. In the L–L phase separation of a polymer solu-
tion, two different mechanisms have to be consid-
ered; nucleation and growth (NG) and SD.24 The
NG mechanism occurs in a metastable region in
the phase diagram between the binodal and spi-
nodal lines. However, SD is the expected mecha-
nism in an unstable region inside the spinodal
line. In this case, because the cooling rate was
extremely high in quenching in the ice water, the
phase separation occurred in the unstable region,
and the structure was fixed without enough coars-
ening. The structure in the iPP–MS system was
somewhat larger than in the iPP–DPM system.
Thus, even in the rapid quenching process, a dil-
uent effect on the membrane structure appeared.
The larger structure in the iPP–MS system may
be due to the longer time for the structure growth
brought about by the wider region between the
binodal line and the crystallization temperature.

CONCLUSION

1. Phase diagrams were obtained for three iPP–
diluent systems. The cloud-point curve was
shifted to the lower temperature in the order
iPP–MS, iPP–DPE, and iPP–DPM. This or-
der can be explained by the compatibility
between iPP and diluents. The crystalliza-
tion temperature was not influenced so much
by the diluent type.

2. The droplet-growth process was followed
by optical microscopy. When the polymer

solution was quenched and the tempera-
ture was maintained at a constant value,
the droplet-growth rate decreased in the
order iPP–MS, iPP–DPE and iPP–DPM.
The main reason for this tendency was the
difference in the matrix phase viscosity.

Figure 8 Membrane structures for a polymer solu-
tion quenched into ice water with a polymer concentra-
tion of 10 wt %.
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When the solution was cooled at a constant
cooling rate, the difference in the droplet
sizes in three systems was pronounced.
This was attributable to the difference in
the time interval for the droplet growth.

3. Under the condition of a constant cooling
rate, the pore size measured by SEM was
directly related to the droplet size by opti-
cal microscopy, whereas the former was
larger than the latter. When the polymer
solution was quenched in the ice water,
interconnected structures were obtained.
The structure in the iPP–MS system was
somewhat larger than in the iPP–DPM
system.
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