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Abstract

The effects of precipitation temperature on the structures of the EVAL membranes formed in a wet phase inversion process were studied.
As the temperature was changed, the phase behavior (liquid–liquid demixing and crystallization boundaries) of the membrane formation
system changed accordingly. Therefore, a wide variety of morphologies of the EVAL membranes could be synthesized at different
temperatures. At low temperatures (e.g., 258C), the membrane solution precipitated into a particulate morphology that was governed by
the polymer crystallization mechanism, whereas at elevated temperatures (e.g., 658C) liquid–liquid demixing process dominated the
precipitation process and the membrane became cellular in its morphology. In the intermediate cases, the membrane exhibited a structure
containing features from both types of phase separations. For the current system, it was found that there existed a good correlation between
the phase behavior and the morphology of the membranes.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The phase inversion process has nowadays become a
standard technique to prepare polymeric porous membranes
[1]. There is a wealth of literature that describes the mechan-
ism of pore formation in this process, and the central theme
of which falls upon the phase demixing process (nucleation
and growth) of an initially homogeneous dope solution that
is brought into a unstable state by diffusional mass transfer
[1,2]. For membranes fabricated from precipitation of crys-
tallizable polymers in nonsolvent–solvent systems, the
pores are formed by liquid–liquid demixing and/or solid–
liquid demixing phase separation processes [3–11]. Liquid–
liquid demixing results in various cellular morphologies
whose pores, either sponge- or finger-like, are formed
from growth of the polymer-poor phase within the
polymer-rich phase. The polymer-rich phase eventually
solidifies and becomes the membrane matrix. Solid–liquid
demixing originated from crystallization of regular seg-
ments of polymer brings particulate features to the morphol-
ogy of the membrane. Such particulate membranes are

being investigated for possible use in plasma protein
separation and microfiltration in our laboratory [12,13].
Under ordinary precipitation conditions, crystallization is
slower than liquid–liquid demixing because of the time
required for orientation of the polymer molecules.

Predictions of the membrane structures dictated by either
type of phase separation process are made possible by con-
siderations of the thermodynamic (phase behavior) and
kinetic (mass transfer) aspects of the immersion–precipita-
tion process [5,6,14,15]. The equilibrium thermodynamics
of the ternary system, water–dimethyl sulfoxide (DMSO)–
poly(ethylene-co-vinyl alcohol) (EVAL), at different tem-
peratures has been described previously [9]. As shown in
Fig. 1, there exist two regions of metastability: one with
respect to liquid–liquid demixing and the other with respect
to crystallization. At 258C, the liquid–liquid demixing
boundary (i.e., binodal) is located inside the crystallization
line. However, because the binodals are less sensitive to
temperature changes, these two types of phase transition
boundaries are closer at higher temperatures and eventually
intersect each other ca. 658C. This suggests that membranes
prepared at high temperatures tend to exhibit structures
derived from liquid–liquid phase separation rather than
crystallization. Such a trend is well demonstrated in the
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membranes precipitated at different temperatures by scan-
ning electron microscopy (SEM). In this work, an attempt
has been made to correlate membrane morphology with the
phase behavior of the membrane formation system. Equili-
brium compositions of the binodal at the precipitation
temperature were measured. These data, when combined
with the crystallization equilibrium isotherm, illustrated
clearly the sequence of precipitation events in the mem-
brane formation process and thereby a good correlation
between phase diagram and membrane morphology was
discovered for this system. To prevent the occurrence of a
finger–macrovoid structure in an instantaneous process,
precipitation was carried out in a bath containing a high
concentration of solvent. Consequently, for the semicrystal-
line EVAL a wide variety of morphologies could be
obtained ranging from cellular to particulate structures at
different temperatures.

2. Experimental

2.1. Material

The membrane material studied in this work is EVAL
which contains ca. 56 mole % vinyl alcohol. This polymer
was kindly supplied by Kuraray Co. Ltd., Japan.
Reagent-grade DMSO (Nacalai Tesque, Kyoto, Japan)
was used as the solvent for EVAL and was used as
received. The nonsolvent for EVAL was deionized and
double-distilled water.

2.2. Equilibrium compositions of the binodal

A solution with composition falling in the binodal region
was prepared at an elevated temperature, and then placed in
a constant temperature bath at 658C to induce liquid–liquid
demixing. The two equilibrium phases were carefully sepa-
rated and their weights were measured. The composition of
the dilute phase, which contained essentially water and
DMSO, was determined by gas chromatography (China Chro-
matography, 8700T). Knowing the overall composition, the tie
line compositions were calculated using mass balance equa-
tions.

2.3. Membrane preparation and characterization

Membranes were prepared using the direct immersion–
precipitation method. An appropriate amount of EVAL was
dissolved in DMSO to form a 20 wt% homogeneous solu-
tion. This solution was dispersed uniformly on a glass plate
(ca. 200mm), and then coagulated in a precipitation bath
containing 75 wt% DMSO and 25 wt% water to form a
laminate. The bath with such a high solvent content was a
soft coagulant for EVAL, i.e. the membrane formation will
be very slow. In order to investigate the effect of tempera-
ture on the membrane structure, precipitation was carried
out at three different temperatures, 25, 45 and 658C. The
glass plate and the precipitation medium were kept at the
same temperature as the polymer solution. The residual
nonsolvent and solvent in the nascent membrane were
removed by a series of washing steps. The surface and

Fig. 1. Phase diagram of water–DMSO–EVAL at various temperatures. —B—: measured crystallization data at 258C. —O—: measured crystallization data
at 458C. —X—: measured crystallization data at 658C. —W—: measured binodal at 658C. ——: computed binodal at 258C [9].A—B—A: measured tie line
at 658C.
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interior structures of the membrane were examined by SEM
(S800, Hitachi).

2.4. Light transmission measurements

Light transmission experiments were performed to mea-
sure the time for the onset of phase separation in the casting
solution at different temperatures. The principle of light
transmission experiments is that the light transmittance of
the casting solution will decrease with the appearance
of optical inhomogenities, which can be induced by
liquid–liquid demixing or solid–liquid demixing. A colli-
mated light beam was directed to the membrane solution
immersed in a nonsolvent bath. The light transmittance
was recorded with a data acquisition system. The light
intensity profile was plotted as a function of time. The
detailed experimental setup and procedures were shown in
a previous publication [6].

3. Results

3.1. Light transmission experiments

The results of light transmission experiments for precipi-
tation of a 20 wt% EVAL solution in a precipitation bath
containing 75 wt% DMSO and 25 wt% water at various
temperatures are shown in Fig. 2. It appears that ‘delayed
demixing’ took place in all of the immersion cases. In

particular, the light transmission intensity of the membrane
solution at 658C decreased by only 1% after immersion for
100 s. This implies that the exchange rate between the
coagulant and the solvent was very low in the precipitation
medium.

3.2. Membrane morphologies

The SEM photomicrographs of a membrane prepared by
immersing a 20 wt% EVAL solution in a precipitation bath
containing 75 wt% DMSO and 25 wt% water at 258C are
shown in Fig. 3. This membrane exhibits a typical particu-
late morphology characteristic of EVAL crystallization
[9,15]. Since the bath was very soft (75 wt% DMSO),
liquid–liquid demixing was sufficiently suppressed and
crystallization dominated the precipitation process. From
the light transmission experiment shown in Fig. 2, the com-
position change in the casting solution appeared to be slow.
This implied that the DMSO arriving from the membrane
interior to the surface has compensated the DMSO flowing
into the bath. As a result, a flat concentration profile in the
membrane was expected during the immersion–precipita-
tion process in this soft bath [15]. And since the polymer
volume fraction in the membrane bulk was essentially con-
stant, nucleation of crystallization took place across the
entire membrane solution virtually simultaneously. These
nuclei then grew radially until their fronts met and joined
with adjacent particles.

From the phase diagram of water–DMSO–EVAL at 258C
in Fig. 1, the binodal boundary is below the crystallization
line, which provides, in terms of thermodynamics, a favor-
able condition for crystallization to occur earlier than
liquid–liquid demixing. However, nucleation of liquid
pores in liquid–liquid demixing is ordinarily more rapid
than nucleation of polymer crystallites in crystallization
since the latter requires rearrangements of the polymer
chains into the crystalline lattice. Thus, the actual sequence
of events in the phase separation process depends also on
kinetic factors. It is possible that liquid–liquid demixing
dominates the entire phase separation process, even though
the binodal is inside the crystallization boundary. Such is the
case when various dopes are immersed in the water bath
[9,15]. As has been shown previously, the membrane thus
formed exhibited a cellular structure derived from growth of
liquid nuclei being surrounded by the polymer-rich phase.
For the present immersion case, the bath contained a sub-
stantial amount of solvent so that before liquid–liquid phase
separation could occur, crystallization commenced and the
nascent membrane developed into the particulate structure.
This is evident from the SEM pictures shown in Fig. 3,
which comprises aggregated particles and the cellular pore
is hardly observable. Therefore, it is sufficient for us to
correlate, in the current delayed-demixing system, the
membrane formation mechanism simply by thermodynamic
factors without resorting to kinetics.

In Fig. 1, the crystallization line in the phase diagram

Fig. 2. Light transmission for precipitation of a 20 wt% EVAL solution in a
precipitation bath containing 75 wt% DMSO and 25 wt% water at 25, 45
and 658C.
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shifts toward the nonsolvent-polymer axis in a manner
roughly parallel to that at 258C. Unlike the crystallization
line which changes substantially with temperature, the bino-
dal is affected by temperature only slightly. This leads to the
fact that these two types of phase boundaries intersect each
other at elevated temperatures. And there exists a region
where liquid–liquid demixing can occur exclusively in the
absence of crystallization. This implies that the casting
membrane solution may enter into the binodal directly
when the dope is immersed at 658C in a precipitation bath
containing 75 wt% DMSO and 25 wt% water. The mea-
sured tie line shown in Fig. 1 has the equilibrium composi-
tion of the dilute phase near the precipitating bath
containing 75 wt% DMSO and that of the polymer-rich
phase just below the intersection of crystallization line
and binodal boundary, which provides an opportunity for
a liquid–liquid demixing dominant precipitation process in
this bath. This is evident in the SEM photomicrograph of the
membrane shown in Fig. 4. The membrane has a skin layer
on the top surface with a few small holes and demonstrates
clearly the characteristics of a cellular morphology in the
cross-section, while no particle structure resembling crystal-
lization is observed. As the polymer solution was brought
into contact with the precipitation bath by immersion, their
interfaces soon reached equilibrium [6,14,15]. The compo-
sition of the membrane interface, being dictated by the

equilibrium chemical potential, became close to the
composition of the polymer-rich phase. This resulted in
the possibility that the diffusion trajectory of the membrane
solution might not enter the crystallization region, or the
polymer-rich phase being slightly supersaturated with
respect to crystallization, and that liquid–liquid demixing
was the possible precipitation process in this bath condition.

The structure of the membrane prepared at 458C using a
20 wt% EVAL solution in a precipitation bath containing
75 wt% DMSO and 25 wt% water at 458C is shown in Fig. 5.
This membrane also exhibits a cellular porous cross-section.
However, the walls of the pores, unlike those observed in
the membranes prepared at 658C, are composed of irregular
particles. Such a structure represents the intermediate case
between membranes prepared at 25 and 658C (Figs 3 and 4,
respectively). In other words, liquid–liquid demixing and
crystallization were equally important during the membrane
formation process. Since the pores are largely circular and
regular, it was likely that liquid–liquid demixing had taken
place first and before it was completed, polymer crystalliza-
tion started at the pore wall [11,15]. It was also possible that
liquid–liquid demixing and crystallization occurred almost
simultaneously [11,15]. Such a result is consistent with the
phase diagram shown in Fig. 1. At 458C, the binodal bound-
ary should be below the crystallization line but they are
close to each other. This provides a condition for the binodal

Fig. 3. SEM photomicrographs of a membrane prepared by immersing a 20 wt% EVAL solution in a precipitation bath containing 75 wt% DMSO and 25 wt%
water at 258C. (A) top surface; (B) cross-section.
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to be entered and liquid–liquid demixing initiated before
crystallization was initiated. As a result, the morphology
formed exhibited features from both types of phase separations.

4. Discussion

The formation of a porous structure in a membrane is
dictated by the sequence of the phase transition events in
the precipitation process. When liquid–liquid demixing pre-
cedes crystallization, a cellular structure will be formed. On
the other hand, crystallization may dominate the precipita-
tion process to yield particulate morphology. Many para-
meters, such as the compositions of the casting solution
and the precipitation bath and the temperature of the system,
are known to exert particular influences on the morphology
of the membranes formed. In this study, a variety of
morphologies (ranging from cellular to particulate) were
produced for the EVAL membranes by immersion–precipi-
tation at different temperatures. In general, the structures of
the precipitated membranes may be predicted by examining
the thermodynamics (phase behavior) of the system and
kinetics (mass transfer) in the immersion process. The
phase diagram represents the ultimate equilibrium states
in response to various interactions in the system. The
mass transfer property mainly involves the rate of solvent

and nonsolvent exchange relative to the polymer compo-
nent. Therefore, the locations of crystallization and the
liquid–liquid demixing boundaries, and the kinetics of
these transitions will determine the weight of each transition
on the final membrane morphology. Because crystallization
is a slow process in comparison with liquid–liquid demix-
ing, membranes form into a particulate morphology only in
cases when liquid–liquid demixing is sufficiently sup-
pressed, such as in systems with slow mass transfer rates.

The structures of EVAL membranes are more compli-
cated than normal noncrystalline membranes because they
contain characteristics derived from both the liquid–liquid
demixing and crystallization processes. On the basis of the
data presented in this report, it is obvious that by adjusting
the immersion temperature, the membrane structure can be
effectively modified in coagulation baths having a high
solvent content. In such a bath, the exchange rate between
coagulant and solvent is slow; hence, before the membrane
solution enters the binodal to initiate liquid–liquid demix-
ing, there exists a period of time long enough for the nuclea-
tion of crystallization to be inducted. This leads to the
formation of a large variety of morphologies with different
contents of both types of phase separation. At 258C, the
membranes formed exhibit a particulate structure (charac-
teristic of crystallization), whereas at 658C a cellular
structure (characteristic of liquid–liquid demixing) is

Fig. 4. The SEM photomicrographs of a membrane prepared by immersing a 20 wt% EVAL solution in a precipitation bath containing 75 wt% DMSO and
25 wt% water at 658C. (A) top surface; (B) cross-section.
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obtained. Such a system is thermodynamically controlled
and a good correlation between the phase diagram and
membrane morphology is established. In contrast, only
liquid–liquid demixing may occur during membrane forma-
tion for amorphous polymers. Therefore, since the binodals
are less sensitive to temperature changes in the phase dia-
gram, the structures of noncrystalline membranes will not
have significant changes at different temperatures, such as
EVAL membranes having a temperature switch between
particulate and cellular morphologies.
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