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ABSTRACT: The different molecular weight Polyethyl-
ene glycol (PEG) was chosen to be the nucleating agent to
investigate the effects of nucleating agents on the porous
structure of polyphenylene sulfide (PPS) via thermally
induced phase separation (TIPS). The pore structures were
changed with the addition of PEG, due to the different
mechanism on pattern formation. Moreover, some effecting
factors, such as the molecular weight and concentration of

PEG, were used to control the pore structure and size.
With addition of nucleating agent, it can be estimated that
the pore size (radius) should be about 0.5 � 0.05 lm and
the porosity should be above 70%. � 2007 Wiley Periodicals,
Inc. J Appl Polym Sci 107: 2475–2479, 2008

Key words: thermally induced phase separation; PPS;
nucleating agent

INTRODUCTION

Since TIPS method first was used by Castro in 1980s,1

this method has gained much interest. In 1990s, Lloyd
et al.2–8 systematically studied the phase separation
mechanism, effecting factors of TIPS method about
PP, PE, and PVDF. H. Matsuyama’s research group9–17

further investigated the formation of porous struc-
ture of TIPS method about effecting factors and the
control of porous structure in different systems.
Recently, the work teams in Korea performed many
researches on biodegradable polymer membrane as
drug delivery carrier and tissue engineering scaf-
folds.18–20 The research for special property of po-
rous structure by TIPS method is the recent impor-
tant direction. For the solvent-resist and thermal-
resist porous structures, the polymer materials that
included the fluorinated polymers,21,22 PEEK,23,24

polyoxymethylene,25 etc. had been investigated.
Polyphenylene sulfide (PPS) is a kind of semicrys-

talline polymer that has high melting temperature
(265.68C) and high glass transition temperature
(103.98C). PPS is insoluble in most common solvents
under 2008C, so it is regarded as the high performable
polymer material that has excellent solvent and ther-
mal resist. We have done some researches about PPS
porous structure prepared by TIPS method, which

relate to the possibility of preparation of PPS porous
structure, the selection of diluents, and then polymer
blending etc.26,27 There are many different effecting
factors on pattern formation, such as selection of
diluents, polymer concentration, cooling rate, etc.

The nucleating agents also play one of the impor-
tant role in preparation of porous structure sample
via TIPS.28,29 In this article, The different molecular
weight Polyethylene glycol (PEG) was chose to be as
the nucleating agents. The mechanism on pattern
formation was investigated. Moreover, some effect-
ing factors to control the pore structure and size,
such as the molecular weight and concentration of
PEG, were also tested.

EXPERIMENTAL

Materials

PPS is commercial product of Chengdu Letian Plas-
tic Co. (Cheng Du city, Mn 5 94,000 Dalton, Tm is
265.68C and Tg is 103.98C, density of PPS is 1.44 g/
cm3). Diphenyl ketone (A.R, Tm is 48.58C, Tb is
305.58C), ethanol and nucleating agents, such as PEG
800, PEG 1000, and PEG 4000, are of reagent grade
from of Beijing Chemical Factory.

Porous sample preparation

The steps prepared for porous polymer samples are
stated below. First some polymer (PPS), diluent
(diphenyl ketone) and nucleating agents with special
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weight ratio were put in a test tube and mixed. After
the test tube was full of nitrogen, it was sealed with
stopper. The test tube was then put in an electric
heating apparatus and heated to 20 � 308C above
the cloud point temperature of solution for 30 min,
and then mixed by stirrer, until PPS was completely
dissolved in the diluent. Finally, the test tube was
put into cooling medium. The diluent in the samples
was extracted by acetone and dried in vacuum dry-
ing oven at 808C for 12 h. The samples were then
obtained.

Scanning electron microscopy observation

The porous samples were fractured in liquid nitrogen
and mounted vertically on sample holders. The surfa-
ces of the samples were sputtered with Au/Pd
in vacua. A scanning electron microscope (SEM; Hita-
chi, Tokyo, Japan, S-4300) with an accelerating voltage
of 30 kV was used to observe the porous structure.

Porous sample porosity

The porosity, Ak, is defined as the volume of the
pores divided by the total volume of the porous
sample. The dry porous sample was soaked in the
pure alcohol for 10 h. Then the sample was taken
out; the alcohol on the surface of the sample was
softly wiped up by filter paper. Finally, the sample
was weighed quickly. For a sample, the porosity
was tested for five times. The data were the average
of those results. The formula of the porous sample
porosity is the following:

Ak ¼ ðW0 �WÞ�q
�qW0 þ ðq� �qÞW 3 100%

W is the total weight of the dry porous sample; W0

is the weight of the wet porous sample; �q is the
polymer density; q is the absolute alcohol density.

RESULTS AND DISCUSSION

Effect of PEG on the formation of porous sample

When the PPS concentration is beyond 30 wt % in
PPS/diphenyl ketone system, the PPS porous sample
will be the spherical structure.26 The spherical struc-
tures in Figure 1(a,c) are the typical structure of
nucleation growth mechanism of L-L phase separa-
tion. The character of spherical structure has worse
pore structure and nonuniform pore sizes. When the
PPS sample is prepared with 2 wt % PEG and
cooled in 208C air, the compact branch-like struc-
tures can be got in Figure 1(b,d). The addition of a
nucleating agent for TIPS at 208C, generates a porous
structure with significantly smaller pores. In previ-

ous literature, heterogeneous nucleation is defined
by Binsbergen24 as nucleation due to the presence of
a second phase and occurring at the interface
between this second phase and the parent phase.
The surface of the foreign phase is made unstable by
the crystalline phase, and hence facilitates nuclea-
tion. The addition of a nucleating agent increases the
nucleation density24 and thereby decreases final
spherulitic size. So the pore size decreases by this
reason [Fig. 1(b,d)]. For the change of phase separa-
tion mechanism, the addition of PEG may change
the surface energy of spherulites and make the
phase separation proceed faster, giving both smaller
spherulites and probably the different phase separa-
tion mechanism.

According to the analysis of experimental results
(Fig. 1), in the process of phase separation, the nucle-
ating agent can change the nucleation density, so the
pore density increases and the pore size decreases.
Moreover, the nucleating agent also can result in the
change of phase separation mechanism and the pore
structure changes from sperulites to branch like.

Effect of molecular weight of PEG

PEG 8000PEG 1000 and PEG 4000 were respectively
added to the PPS/diphenyl ketone system to investi-
gate the effect of molecular weight of PEG.

Figure 2(a–h) are the SEM images with different
molecular weight PEGs at the PPS concentration of

Figure 1 The SEM images of PPS membrane under differ-
ent condition (cooled in 208C air, PEG is 2 wt %) PPS is
30 wt %: (a) without PEGs, (b) PEG 4000 PPS is 40 wt %:
(c) without PEGs, (d) PEG 4000.
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30 wt %. Without the nucleating agent PEG, the pore
structure is spherical and the pore size is micron.
With the increase of PEG of molecular weight, the
pore structure is changing from spherical [Fig. 2(a–c)]

to branch-like (Fig. 2d) and the pore size is about
0.5 lm [Fig. 2(e–h)]. The pore structure is deter-
mined by the mechanism of phase separation, but
the mechanism affected by the nucleating agent

Figure 2 The SEM images with different molecular weight PEG (PPS is 30 wt %, cooled in 208C air, PEG is 2 wt %) (a)
without PEG; (b) PEG 800; (c) PEG 1000; (d) PEG 4000 (low power); (e) without PEG; (f) PEG 800; (g) PEG 1000; (h) PEG
4000 (high power).

Figure 3 The SEM images with different molecular weight PEG (PPS is 40 wt %, cooled in 208C air, PEG is 2 wt %) (a)
without PEG; (b) PEG 800; (c) PEG 1000; (d) PEG 4000 (low power); (e) without PEG; (f) PEG 800; (g) PEG 1000; (h) PEG
4000 (high power).
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because the nucleating agents mainly change the sur-
face energy of spherulites. However, the pore size in
Figure 2 change little. Figure 3(a–h) are the SEM
images with different molecular weight PEG at the
PPS concentration of 40 wt %. Just like Figure 2(a–h),
the same branch-like structures can be obtained.
However, the range of pore size (radius) is clearly
changed from 0.05 to 0.5 lm in Figure 3. The nucle-
ating agents increased the number of nuclei, and
then increased the number of pore, which led to the
decrease of the pore size.

In Figures 2 and 3, keeping the weight of PEG
constant, the pore structure and size is different as
polymer concentration varies. It may be caused by
the different weight ratio of PEG/PPS because the
2 wt % PEG in the paper is weight ratio of PEG/
solution. For the porosities at different condition
(Table I), the similar porosities can be obtained with
the addition of PEG. The reasons of similar poros-
ities may be rejection of diluent when polymer is
solidified or the porosity is varied by exchange of
diluent and extractor in the extraction process.

The best nucleating agent is PEG 4000 among
these agents because the branch-like pore and higher
porosities can be got.

Effect of weight percent of PEG

Figure 4 is the SEM images with the different PEG
4000 concentration. The three PEG concentrations are
set to 0.5 wt %, 2.0 wt %, and 8 wt %. From Figure 4,
when the PEG concentrations is 0.5 wt % and 2.0 wt
% the branch-like structures and the small size pores
are obtained [Fig. 4(a,b,d,4)], due to the change of
surface energy and the increase of nucleation density
with addition of PEG. When PEG concentration is 8
wt %, the broken pore structure [Fig. 4(c,f)] are
formed. It may be caused by the lower melting points
and the excellent fluidity of PEG. When the solution
was cooled at high temperature, L-L phase separation
and polymer crystallization both happened. At the
process of coarsening, PEG gathered together and
formed the large cavity because of its lower viscosity
and excellent fluidity, so the gather of PEG destroyed
the pore structures. The porosities of different PEG
concentration also have the same results (Table II).
When PEG 4000 is 2 wt %, the porosity is about 80.2%.
When PEG 4000 is 8 wt %, the porosity is 81.3%
because it is formed by the gather of PEG [Fig. 4(c)].

Although too high concentration of PEG would
destroy the pore structures because of the gather of

TABLE I
The Porosities of PPS at Different Conditions (PEG is 2 wt %)

Without PEG PEG 800 PEG 1000 PEG 4000

Porosity (PPS is 30 wt %) 83.8% 76.1% 79.0% 80.2%
Porosity (PPS is 40 wt %) 78.4% 77.2% 79.5% 80.0%

Figure 4 The SEM image with the different PEG concentration (PPS is 30 wt %, cooled in 208C air) (a) 0.5 wt %, (b) 2.0
wt %, (c) 8 wt % (low power), (d) 0.5 wt %, (e) 2.0 wt %, (f) 8 wt % (high power).
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overmuch nucleating agent, the concentration of
PEG is better to choose about 2 wt % in this system.

CONCLUSIONS

1. In the process of phase separation, the nucleat-
ing agent can change the nucleation density, so
the pore density increases and the pore size
decreases. Moreover, the nucleating agent also
can result in the change of surface energy, and
thereby the mechanism of phase separation
may be changed.

2. The addition of PEG changes the mechanism of
phase separation and pore structure. For differ-
ent molecular weight PEG 8000PEG 10000PEG
40000 the PEG 4000 is the best nucleating agent
because the branch-like pore can be obtained,
the pore size is about 0.5 � 0.05 lm and the
porosity is above 70%.

3. When the concentration of PEG is too high, the
pore will be destroyed because the gather of
overmuch nucleating agent. For the better pore
structure and pore size, the proper concentra-
tion of nucleating agent should be chosen.
Therefore, the concentration of PEG is better to
choose about 2 wt %, based on the experimental
data.
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