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ABSTRACT: Porous membranes were prepared through
the thermally induced phase separation of poly(ethylene-co-
vinyl alcohol) (EVOH)/glycerol mixtures. The binodal tem-
perature and dynamic crystallization temperature were de-
termined by optical microscopy and differential scanning
calorimetry measurements, respectively. It was determined
experimentally that the liquid–liquid phase boundaries were
shifted to higher temperatures when the ethylene content in
EVOH increased. For EVOHs with ethylene contents of
32–44 mol %, liquid–liquid phase separation occurred be-
fore crystallization. Cellular pores were formed in these
membranes. However, only polymer crystallization (solid–
liquid phase separation) occurred for EVOH with a 27 mol %

ethylene content, and the membrane morphology was the
particulate structure. Scanning electron microscopy showed
that the sizes of the cellular pores and crystalline particles in
the membranes depended on the ethylene content in EVOH,
the polymer concentration, and the cooling rate. Further-
more, the tendency of the pore and particle sizes was exam-
ined in terms of the solution thermodynamics of the binary
mixture and the crystallization kinetics. © 2002 Wiley Period-
icals, Inc. J Appl Polym Sci 87: 853–860, 2003

Key words: membranes; phase separation; crystallization;
morphology

INTRODUCTION

Poly(ethylene-co-vinyl alcohol) (EVOH) is a crystalline
random copolymer with hydrophilic vinyl alcohol and
hydrophobic ethylene segments. EVOH has been at-
tracting a great deal of attention in biomedical fields
because of its insolubility in water and its good blood
compatibility. Yamashita et al.,1 Sakurada et al.,2 and
Chen and Young3 investigated hemodialysis with
EVOH membranes and proved the importance of the
EVOH membrane application. It has been asserted in
a patent4 that EVOH membranes have eminent hydro-
philicity, superior mechanical properties, and excel-
lent flexibility. In the patent, it is reported that these
membranes are suitable for microfilters and battery
separators because of their chemical resistance and
good permeability and that they can be applied to
plasmapheresis because of their good blood compati-
bility.

Porous EVOH membranes have mainly been pre-
pared by the traditional wet process, that is, the
immersion–precipitation method.5–10 A homogeneous
polymer solution is immersed in a nonsolvent bath in
this process. The penetration of the nonsolvent into

the polymer solution induces phase separation, and a
porous structure is consequently formed.

An alternative method for producing porous
membranes is thermally induced phase separation
(TIPS).11–19 In the TIPS process, a homogeneous poly-
mer solution melt-blended at a high temperature is
cooled to induce phase separation. Therefore, no non-
solvent is required in the TIPS process. In previous
articles, we reported porous EVOH membranes pre-
pared by the TIPS process.20–22 The porous membrane
structures were formed by solid–liquid (S–L) phase
separation (polymer crystallization) rather than liq-
uid–liquid (L–L) phase separation. The dependency of
the crystalline particle size on the polymer concentra-
tion, cooling rate, and solvent type was reported.20

The permeability of EVOH membranes was examined
with respect to solutes of various sizes.21 Higher sol-
ute rejection and lower water permeance were ob-
tained with an increase in the polymer concentration
in the membrane preparation process and with an
increase in the cooling rate in the TIPS process. The
effect of the ethylene content (EC) of EVOH on the
membrane morphology and solute rejection property
was also investigated.22 Recently, phase diagrams of
mixtures of EVOH and poly(ethylene glycol) (PEG)
were determined.23 Both the L–L phase boundaries
and the crystallization curves were shifted to higher
temperatures when the OH group contents in EVOH
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increased. However, the membrane structure was not
reported in this EVOH/PEG system.

In our previous work, most of the EVOH mem-
branes prepared by the TIPS process were particulate
structures.20–22 In this work, glycerol was used as a
diluent to prepare EVOH membranes by L–L phase
separation. For the EVOH/glycerol mixtures, L–L
phase separation occurred much more easily than S–L
phase separation in the TIPS process. However, scan-
ning electron microscopy (SEM) also showed a simul-
taneous occurrence for both L–L phase separation and
crystallization. Furthermore, the effects of the cooling
rate and polymer concentration on the pore size of the
EVOH membranes were investigated.

EXPERIMENTAL

Materials

Four kinds of EVOHs with different ECs were kindly
supplied by Kuraray Co. (Tokyo, Japan). The degrees
of polymerization were not very different in the four
EVOHs. The properties of the EVOHs are listed in
Table I. The numbers following EVOH denote the
molar percentage of ethylene. For example, EVOH
with 44 mol % ethylene was abbreviated EVOH44.
The diluent was glycerol of an extra-pure reagent
grade (Wako Pure Chemical Industries, Ltd., Kyoto,
Japan). All the materials were used as received with-
out further purification.

Phase diagrams

Homogeneous polymer–diluent samples were pre-
pared by a method reported by Kim and Lloyd.17 A
3–8-mg sample was sealed in an aluminum differen-
tial scanning calorimetry (DSC) pan, melted at 473.2 K
for 3 min, and then cooled at two controlled rates of 10
and 100 K/min to 323.2 K with a Perkin Elmer DSC-7.
The onset of the exothermic peak during cooling was
taken as the dynamic crystallization temperature (TC).

Cloud points (Tcloud’s) were determined with a
BX50 optical microscope (Olympus, Tokyo, Japan).
The polymer–diluent sample was placed between a
pair of microscope coverslips. To prevent diluent loss
by evaporation, a 100-�m-thick Teflon film with a

square opening in the center was inserted between the
coverslips. The coverslip sample was placed on an
LK-600 PH hot stage (Linkam, Surrey, UK), heated to
473.2 K for 1 min, and then cooled at a constant rate of
10 K/min to a temperature 5 K above the expected
Tcloud value with a Linkam L-600A controller. Subse-
quently, Tcloud was determined visually at a cooling
rate of 1 K/min from the appearance of turbidity
under the microscope.

SEM observations

The coverslips containing the sample were heated on a
hot stage at 473.2 K for 2 min, as described previously.
The sample was then either immersed in ice water or
cooled at a constant rate of 10 or 100 K/min on a hot
stage to 298.2 K. The sample was recovered from the
coverslips, immersed in water for 1 day for extraction of
the diluent, and freeze-dried with an FD-1000 freeze
dryer (Tokyo RIKAKIKAI Co., Tokyo, Japan). The mi-
croporous membrane was fractured in liquid nitrogen
and mounted vertically on a sample holder. The surface
of the sample was sputtered with Au/Pd in vacuo. The
membrane cross section was viewed with an S-2300
scanning electron microscope (Hitachi Co., Tokyo, Ja-
pan).

Pore and particle size measurements

The pore and particle sizes in the SEM photographs
were measured with a ruler for the determination of
the effect of the polymer concentration and cooling
rate on the pore and particle sizes. About 15 pores or
particles were measured with random selection for
each micrograph, and the measured sizes were aver-
aged. The averaged data obtained by these measure-
ments were taken as the mean pore or particle sizes of
the EVOH membranes.

RESULTS AND DISCUSSION

Figure 1 shows the phase diagrams for various
EVOHs with different ECs. For EVOHs with ECs of
32–44 mol %, the phase diagrams show upper critical
solution temperature (UCST) L–L phase behavior,
which reveals that the L–L phase separation occurred
before the dynamic crystallization (S–L phase separa-
tion) in the lower EVOH concentration. For EVOH
with 27 mol % EC (EVOH27), no structure formation
was detected with the microscope at a temperature
higher than TC, and Tcloud, the border of L–L phase
separation, did not exist in the higher temperature
region. TC approximately agreed with the temperature
at which particles were detected by the optical micro-
scope during cooling, although the latter is not shown
in the figure. Therefore, the EVOH27 membrane struc-
ture was formed by S–L phase separation or by crys-
tallization followed by L–L phase separation. These

TABLE I
Properties of EVOH

Polymer

Ethylene
content
(mol %)

Crystallization
temperature

(°C)
Degree of

polymerization

EVOH44 44 154.8a 940
EVOH38 38 155.1a 960
EVOH32 32 165.2a 1080
EVOH27 27 165.9a 1000

a Determined by DSC at the cooling rate of 10 K/min in
this work.
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phase behaviors can be explained by the solubility
parameters of these EVOHs and glycerol, which are
summarized in Table II.22 As the EC in EVOH in-
creased, the solubility parameter veered far from the
diluent value, and this led to worse compatibility. The
worse the compatibility was, the more easily L–L
phase separation occurred in the polymer–diluent so-
lution.23 Therefore, as shown in Figure 1, the L–L
phase boundaries were shifted to higher temperatures
when the ECs in EVOH increased. The L–L phase
boundary was intersected with a crystallization curve

at a monotectic point. The polymer concentrations at
the monotectic points of EVOH44, EVOH38, and
EVOH32 were approximately 63, 42, and 18 wt %,
respectively. For EVOH38 and EVOH32, at the poly-
mer concentration lower than the monotectic point,
almost horizontal crystallization curves inside the L–L
phase region were obtained, and this revealed a be-
havior typical of L–L phase separation.24 Moreover,
the crystallization temperature in the L–L phase re-
gion depended on the monotectic point value. As
shown in Figure 1, the higher the EVOH concentration
was at the monotectic point, the higher the horizontal
crystallization temperature was. For EVOH with 44
mol % EC, however, the crystallization temperature
inside the L–L phase region showed a decreasing ten-
dency. From a theoretical point of view, the horizontal
crystallization curve could be obtained in the L–L
phase region only when the polymer concentrations in
the polymer-rich and polymer-poor phases followed
the binodal line during cooling. As shown in Figure 1,

Figure 2 Model phase diagrams and cooling process. (a)
Explanation of the result shown in Figure 1, (b) explanation
of the result shown in Figure 7.

Figure 1 Phase diagram for various EVOHs with different
ECs: (—) EVOH44, (–) EVOH38, (– � –) EVOH32, and (. . .)
EVOH27.

TABLE II
Solubility Parameters

Substance Solubility parameter [(MPa)1/2]

Polyethylene 15.76a

Poly(vinyl alcohol) 25.78a

EVAL27 23.07b

EVAL32 22.57b

EVAL38 21.97b

EVAL44 21.37b

Glycerin 33.8a

a Ref. 25.
b Estimated by interpolation from two solubility parame-

ters of polyethylene and poly(vinyl alcohol).22
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the L–L immiscible region of EVOH44 was very broad,
indicating that a considerably long time was required
for the polymer concentration to follow the binodal

line during cooling. As schematically shown by the
dotted line in Figure 2(a), when the cooling rate was
lower, the actual concentration of the polymer-rich
phase could be closer to the binodal line. This resulted
in the TC value being higher than that at a high cooling
rate, although it was still lower than the monotectic
point temperature. Therefore, this deviation from the
monotectic point temperature shown in Figure 2(a)
became smaller with a decreasing cooling rate. In fact,
as shown in Figure 3, when the samples were cooled at
the rate of 1 K/min, the crystallization curve for the
concentration lower than the monotectic point more
closely approached the horizontal type than those
cooled at the rate of 100 K/min. This agreed with our
expectations.

Figure 4 shows the cross sections of the membranes
formed at a cooling rate of 10 K/min with various
initial polymer concentrations of EVOH38. Because
the monotectic point in this system was approximately
42 wt %, as shown in Figure 1, L–L TIPS occurred
before crystallization for 10–40 wt %. Therefore, cel-
lular pores derived from L–L phase separation were
obtained in all cases, and the pore size decreased with
increasing polymer concentration. The spherulite
formed by polymer crystallization was observed in the
40 wt % sample. As shown in Figure 1, Tcloud of the 40
wt % sample was a littler higher than the crystalliza-

Figure 3 Effect of the cooling rate on TC in the EVOH44/
glycerol systems: (F,Œ) TC and (E) Tcloud.

Figure 4 Micrographs of the cross sections of EVOH38 membranes (cooling rate � 10 K/min) with various polymer
concentrations: (a) 10, (b) 20, (c) 30, and (d) 40 wt %.
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tion temperature. Therefore, polymer crystallization
occurred just after the L–L phase separation.

Figure 5 shows the membrane structures with
EVOH32. As shown in Figure 1, the monotectic point
in this system existed between 10 and 20 wt %. There-
fore, only well-connected cellular pores were obtained
in the 10 wt % sample. However, both spherulites and
cellular pores were obtained in the samples with poly-
mer concentrations of 20–40 wt %. In these cases, the
L–L phase separation occurred just after the polymer
crystallization. Moreover, the SEM micrographs
showed the same decreasing tendency in the pore size
with an increasing polymer concentration as shown in
Figure 4. The porosity in the 40 wt % sample was
smaller than that in the 10, 20, and 30 wt % samples.
This can be explained by the smaller volume fraction
of the polymer-poor phase in the 40 wt % sample.

Figure 6 shows the cellular pore size of various
EVOHs samples cooled at 10 K/min. As described
previously, the pore size decreased with an increasing
polymer concentration in three EVOH cases. This de-
crease was due to two factors.26 First, as the polymer
concentration increased, there was less time for coars-
ening of the polymer-poor phase droplet. The droplet
was formed by phase separation when the tempera-
ture reached the binodal point and could grow during
the cooling until the temperature reached the crystal-

lization temperature. Finally, the membrane structure
was solidified by crystallization. As the polymer con-
centration increased, the region between the binodal

Figure 5 Micrographs of the cross sections of EVOH32 membranes (cooling rate � 10 K/min) with various polymer
concentrations: (a) 10, (b) 20, (c) 30, and (d) 40 wt %.

Figure 6 Effect of the polymer concentration on the pore
size (cooling rate � 10 K/min).
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and crystallization temperatures became narrow, as
shown in Figure 1. This meant less time for the coars-
ening. Second, coarsening of the droplets was slower
for higher polymer concentrations because of the
higher viscosity of the polymer-rich matrix and the
smaller volume fraction in the polymer-poor droplet
phase. At the same polymer concentrations for these
three kinds of EVOHs, the pore size increased with EC
increasing from 32 to 44 mol %. This result was attrib-
utable mainly to the higher binodal line shown in
Figure 1, which led to a longer time for the coarsening
of droplets in the polymer samples with higher ECs.

The structures of the EVOH27 membranes cooled at
10 and 100 K/min are shown in Figure 7. When the
samples were cooled at a rate of 100 K/min, SEM
micrographs showed only the particulate structures,
which were typical structures for the polymer crystal-
lization, and no cellular pores were detected because
only the crystallization temperature was detected in
the EVOH27 case, as shown in Figure 1. However, at
the cooling rate of 10 K/min, the 20 and 30 wt %
samples showed both the spherulite and cellular pore
structures, whereas the 40 wt % sample showed only
the particulate structure. This result can be explained

Figure 7 Micrographs of the cross sections of EVOH27 membranes: (a–c) cooling rate � 100 K/min, (d–f) cooling rate � 10
K/min, (a,d) polymer concentration � 20 wt %, (b,e) polymer concentration � 30 wt %, and (c,f) polymer concentration � 40
wt %.
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by Figure 2(b). In the EVOH27 case, the binodal line
existed below the dynamic crystallization curve, and
this meant that crystallization occurred before L–L
phase separation during cooling. However, for a low
cooling rate of 10 K/min, there was more time before
structure solidification. Therefore, L–L phase separa-
tion could occur in addition to polymer crystallization.
As shown by line 1 in Figure 2(b), the binodal line in
the low polymer concentration region was close to the
crystallization curve, and this meant that L–L phase
separation was likely to occur after the crystallization.
However, at the higher polymer concentration, shown
by line 2, Tcloud was much lower than the crystalliza-
tion temperature, which only led to the occurrence of
crystallization until crystalline growth ceased. There-
fore, both spherulites and cellular pores were detected
in the 20 wt % and 30 wt % samples, and only a
particulate structure was detected in the 40 wt %
sample in Figure 7.

Figure 8 shows the effect of the cooling rate on the
particle size of EVOH27 membranes. When the poly-
mer solutions were cooled at a rate of 100 K/min, the
particle size increased with an increasing polymer
concentration. As shown in Figure 1, TC became
higher with an increasing EVOH27 concentration.
Therefore, for the higher EVOH 27 concentration, the
polymer mobility was higher at the beginning of the
crystallization because of the high temperature, and
the crystallization period from the onset to cessation of
the crystallization at the low temperature was longer if

the crystallization was stopped at the same tempera-
ture for any concentration. This could lead to larger
particles because of the higher crystalline growth for
the higher EVOH27 concentration. This tendency was
the same as that obtained previously.20 At the same
polymer concentration, the samples cooled at the rate
of 10 K/min showed larger particles than those cooled
at the rate of 100 K/min because of the longer time for
spherulite growth. However, for a cooling rate of 10
k/min, the particle size decreased with an increasing
concentration of EVOH27, and this was the opposite
of the result at the cooling rate of 10 K/min. In this

Figure 9 Micrographs of the cross sections of EVOH38
membranes (polymer concentration � 10 wt %): (a) cooling
rate � 10 K/min, (b) cooling rate � 100 K/min, and (c)
quenched in ice water.

Figure 8 Effect of the cooling rate on the particle size for
EVOH27.
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slow-cooling condition, the spherulites could grow
and finally contact one another because of the longer
time for crystallization. The decrease in the particle
size was probably due to the increased spherulite
impingement, which resulted from the increased pop-
ulation density of spherulites at the higher polymer
concentration.17

Figure 9 shows the effect of the cooling rate on the
EVOH38 membrane structure. The membrane directly
quenched in ice water is also included in this figure.
This quenching technique induced faster cooling than
100 K/min. As the cooling rate increased, the pore size
decreased, and this tendency agreed with results pre-
viously reported.27

The effect of the cooling rate on the cellular pore
size of 10 wt % EVOH membranes with 44, 38, and 32
mol % ECs is shown in Table III. The pore size de-
creased with an increasing cooling rate, and this ten-
dency was obtained for all EVOHs. For example, the
pore size ranged from 1 to 5.8 �m for EVOH38. The
reason for this result is that the droplet coarsening
period from Tcloud to the structure solidification was
longer in the lower cooling rate condition.

CONCLUSIONS

Hydrophilic microporous membranes were prepared
from various EVOHs with different ECs. Glycerol was
used as a diluent. The phase diagrams of these
four polymer–diluent system were determined. For
EVOHs with ECs of 32–44 mol %, the Tcloud values,
which were the border of L–L phase separation, were
observed. All phase diagrams in which L–L phase
boundaries were observed showed UCST-type phase
behavior. When the EC of EVOH increased, the mix-
ture became less compatible, and this shifted the L–L
phase boundary and monotectic point to a higher
temperature. However, for EVOH with 27 mol % EC,
the binodal line existed below the crystallization (S–L
phase separation) curve. For the EVOH44–diluent
system with a large L–L immiscible region, when the
concentration was lower than the monotectic point
value, TC was influenced by the cooling rate. The
lower the cooling rate was, the more horizontal the
dynamic crystallization curve became.

The effects of the initial polymer concentration and
cooling rate on the membrane structures were inves-
tigated. Well-connected cellular pore structures were
obtained when the initial polymer concentration was
lower than the monotectic point value. The pore size
decreased with increases in both the polymer concen-
tration and the cooling rate. For EVOH with a 27 mol
% EC, polymer crystallization occurred before L–L
phase separation during the cooling. At the low cool-
ing rate, the particle size decreased with the increase
in the polymer concentration, whereas the opposite
tendency was obtained at the high cooling rate.
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