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ABSTRACT: Poly(ethylene-co-vinyl alcohol) (EVOH 32) / 1,3-propanediol mixtures are processed by thermally induced phase separa-
tion for the formation of porous membranes. The crystallization line was determined both by the cloud-point and DSC methods.
Two precursor solution compositions, four quench temperatures and various aging times were explored. It is found possible to gener-
ate both polymer-crystallization controlled morphologies (for high quenches and/or sufficiently aged dopes), especially globular
microporous ones, and novel nano-scale porous morphologies dominated by intra-binodal phase separation (for low quenches and
limited or no precursor solution aging). Structural characterization of the membranes was accomplished via application of scanning

electron microscopy and wide angle X-ray diffraction. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40374.
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INTRODUCTION

Poly(ethylene-co-vinyl alcohol) (EVOH) is a semicrystalline ran-
dom copolymer commercially available mostly with a 27-47%
mol ethylene content. EVOH copolymers of appropriate compo-
sition serve as optimized intermediates of hydrophobic polyeth-
ylene and overly hydrophilic (hence water/moisture sensitive)
polyvinyl alcohol for various applications; certain EVOH prod-
ucts have attracted a great deal of attention in the biomedical
field because they are blood compatible and wettable.! For
example, hemodialysis by means of EVOH membranes has been
investigated by Yamashita et al. with promising results.” Sakur-
ada et al. used EVOH membrane to carry out efficient nonanti-
coagulant hemodialysis for renal failure patients.” In addition to
applications, porous EVOH membranes
employed successfully in several other fields; e.g. as a microfil-

biomedical are
tration membranes in fine separation processes, as electrolyte
separators in fuel cells, etc.,*® because of the membranes’ supe-
rior chemical resistivity and permeability.

One convenient method for producing symmetric porous mem-
branes is through the so-called thermal induced phase separation
(TIPS) process.”™® In this process, also describable as thermal
phase inversion, a homogeneous polymer solution formed at an
elevated temperature is rapidly cooled to a lower temperature;
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during the quench, one or more two-phase regimes are crossed
and phase separation processes lead to the formation of networks
of solid and low-viscosity liquid domains. Subsequent removal of
the separated liquid phase gives rise to a continuous polymer
matrix with statistically evenly distributed pores along the mem-
brane thickness (at least when a symmetric structure is concerned,
which is the usual case for ordinary TIPS). In a typical TIPS pro-
cess, a third component acting as a nonsolvent is not a necessity,
as the diluent itself ceases to support a single phase solution at the
quenching temperature. Phase separation is induced either when
the diluent turns into a bad solvent (in terms of the Flory-Huggins
chi parameter, y, which, as the temperature drops, increases and
leads to the appearance of a binodal) or when a liquidus is crossed
(this is an additional cause of solution phase separation in the case
of crystallizable polymers). The nonnecessity of a third compo-
nent, usually employable in the form of a nonsolvent bath, is an
advantage of the TIPS method, compared to the quasi-alternative,
nonsolvent induced phase separation (also known as ‘immersion
precipitation’ or ‘wet phase inversion’) method, for which the
maintenance of a fixed bath composition, necessary for a repro-
ducible structural outcome, is always a difficult task.

EVOH membranes prepared by the TIPS process have been
extensively studied by Matsuyama and Shang et al.“'*** Vari-
ous porous structures, stemming both from solid-liquid (S-L)
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phase separation (i.e., polymer crystallization) and/or liquid—
liquid (L-L) phase separation mechanisms, were obtained by
changing the preparation conditions, such as polymer concen-
tration, ethylene content of EVOH, cooling rate, solvent type,
etc. For example, for the EVOH-glycerol binary system, mem-
branes prepared from EVOH with high ethylene contents (e.g.,
38%) often exhibited a cellular morphology; yet, those with low
ethylene contents (e.g., 27%) tend to give particulate morphol-
ogy. This is undoubtedly associated with the phase behavior of
these systems. For the EVOH(38)-glycerol case, there exists a
monotectic point at a 42 wt % EVOH content; at lower poly-
mer contents a binodal dome emerges and the liquidus becomes
metastable. On the other hand, for the EVOH(27)-glycerol case,
only crystallization is experimentally observed, and a submerged
binodal is expected. In addition, phase diagrams of mixtures of
EVOH and poly(ethylene glycol) (PEG) have been determined.*
Both the L-L phase separation and the crystallization bounda-
ries were found to shift to higher temperatures for EVOH with
higher vinyl alcohol content. However, the membrane structure
was not reported in this EVOH/PEG system.

In the current research, we investigate key and novel aspects of
TIPS fabrication of porous membranes from the 1,3-propane-
diol/EVOH binary pair; mixtures of the latter type are fre-
quently described as ‘dope’ (i.e. viscous solution) in the
literature of polymer membrane fabrication via various versions
of phase inversion (wet phase inversion for flat membranes, wet
spinning of hollow fiber membranes, thermal phase inversion
for flat membranes etc). Special attention has been paid to the
effect of the cooling scheme, particularly the quenching depth,
and the dope ageing process. The latter process is of consider-
able interest, as it affects substantially the membrane morphol-
ogy; yet ageing as a potentially important membrane
morphology affecting factor is hardly ever mentioned in the
TIPS literature. We have found that, by manipulating the cool-
ing scheme alone, it is possible to affect the identity of the
dominant morphology-determining phase separation process;
morphologies dominated by either L-L phase separation or crys-
tallization events could be obtained. For example, we have
found that it is possible to generate lacy-type bi-continuous
morphology (derived from spinodal decomposition) in addition
to the crystallization-dominated particulate morphology
obtained by Matsuyama et al."*>?* from the same system.
Under certain conditions, the obtained bi-continuous mem-
branes exhibit a pore size in the 50-150 nm range. While we
are aware of nanoporous polymeric membranes that have been
prepared by self-assembly or template-etching methods,*** we
believe that this is the first time that symmetric bi-continuous
membranes with such a low pore-size scale (50-150 nm) are
obtained by either thermal or wet phase inversion process. The
membrane preparation details and the effects of the preparation
parameters, cooling scheme and polymer concentration, on the
membrane morphology are discussed in the sections that follow.

METHODS

Material
Poly(vinyl alcohol-co-ethylene) (EVOH 32, a copolymer with a
32% ethylene mole content and M, = 21,500 g/mole) was pur-
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chased from Aldrich. 1,3-propanediol was used as the diluent
(latent solvent) for EVOH. All materials were used as received.

Phase Diagram Determination

The gelation (crystallization) phase boundaries for the binary
system 1,3-propanediol/EVOH were determined by the cloud
point method."**™* A specific amount of polymer (dried in an
oven at 60°C) was mixed with the diluent and sealed in a glass
bottle with a Teflon-lined cap. The mixture was blended on a
roller at 130°C until the polymer was completely dissolved. This
solution was then put in a thermostatically controlled oven
maintained at a constant temperature for 14 days. The gelation
points were identified as the compositions at which homogene-
ous solutions began to gel.

For comparison with the above gelation data, the melting and
crystallization points for various precursor mixtures were deter-
mined by differential scanning calorimeter (MDSC 2920, TA
Instrument Ltd., DE, USA). The sample was prepared by weigh-
ing the polymer and the solvent (typically 10-15 mg) into an
aluminum liquid pan. The samples were heated to 200°C at a
rate of 10°C/min, kept at this temperature for 1min, and then
cooled to room temperature at the same rate. The onset of the
exothermic peak during cooling was taken as the dynamic crys-
tallization temperature.

Membrane Preparation and Characterization

EVOH membranes were prepared in the form of a flat sheet by
the TIPS method. First, polymer was dissolved in 1,3-propane-
diol at 130°C on a roller to form a 20 or 30 wt % homogene-
ous solution. The solution was cooled and, before it gelled,
placed in the cell for subsequent quenching experiments. As
shown in Figure 1, the cell consists of two stainless steel plates
(~2 mm thick) and a Teflon sheet (200 um thick) having a
square opening in the center. The Teflon sheet was sandwiched
between the stainless steel plates to give a space of constant
height. The sample was again heated at 130°C in an oven for 30
min to ensure complete dissolution of the polymer gel. Subse-
quently the sample was immersed in an isothermal water bath
(60°C, 45°C, 25°C, or 5°C) to induce phase separation. The
nascent membrane was soaked in water, in which the diluent,
1,3-propanediol, was extracted from the obtained membrane.
The wet membrane was freeze-dried and characterized by the
following methods:

1. Morphologies of the membranes were observed using a field
emission scanning electron microscope (FESEM, Leo 1530,
Carl Zeiss, Oberkochen, Germany). A piece of membrane
sample was vacuum-dried and then attached to a sample
holder by conductive copper tapes. The cross section of the
membrane was obtained by fracturing the membrane in lig-
uid nitrogen. Silver paste was applied at the edges of the
sample to enhance conductivity. Then, the sample was sput-
tered with a thin layer (~2 nm) of Pt-Pd alloy and observed
under a low acceleration voltage, 2 kV, by means of an in-
lens detector. The pore and particle sizes in the SEM photo-
graphs were measured based on the calibrated scale, as
shown in Table 1.
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Figure 1. Schematic representation of the cell for membrane preparation.

2. The structure of EVOH crystals in the membrane was deter-
mined by a wide angle X-ray diffractometer (XRD, D8
Advance, Bruker, Karlsruhe, Germany). The operation
parameters included: source intensity = 40 kV/40 mA, 4 =
1.54 A (copper K, line), source slit width = 0.6 mm, incre-
ment = 0.05°/step, scanning speed = 3 s/step, and scanning
range = 10° < 20 < 30°. Crystallinity of the sample
was determined by deconvolution of the diffraction peaks
into amorphous and crystalline contributions, as shown in
Table I, following a curving fitting method described in the
literature.”® The curve fitting scheme incorporated Gaussian
and Lorenztian functions in a mixed form by means of a
commercial software, GRAMS/AI .

RESULTS AND DISCUSSION

Phase Diagram of the EVOH/1,3-Propanediol System
The phase diagram for the EVOH/1,3-propanediol system is shown
in Figure 2. The filled squares (M) stand for the observed gelation

Table I. Preparation Conditions and Properties of EVOH Membranes
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Figure 2. Phase diagram of the 1,3-propanediol/EVOH system. (a) Meas-
ured gelation points and DSC data; and (b) schematic binodal and spino-
dal drawn for the explanation of morphology formation.

points arising from S-L phase separation. Above these points there
exists a one-phase region, in which homogeneous solutions can be
prepared with long-term stability, whereas below these points, the
prepared dopes would precipitate via crystallization into white gels.
Because L-L phase separation was not observed over the studied com-
position range, the binodal and spinodal are assumed to be located
below the gelation line; as the latter gelation is associated with crystal-
lization the binodal is a “submerged” overall metastable one.

DSC has been used to determine the melting temperature and
crystallization temperatures (cooling rate = 10°C/min) of the
gels with different compositions. As shown in Figure 2(a), the
temperatures of the gelation points are close to the DSC melting
point ([, T,, peax)s yet they are much higher than the dynamic
crystallization temperatures (7¢y). This is because the gelation
points were determined after allowing the sample to approach
phase equilibrium (upon standing for 14 days at a fixed temper-
ature), while T, were obtained through a dynamic process. In

the latter case, the value of T, depends on the dissolution state

ry
of the sample and the cooling rate for crystallization. For an

initially well dissolved sample, T,

cooling rate because of a lower degree of super-cooling (over-

increases with decreasing

shooting). That is, a T, closer to the gelation point could be
obtained by reducing the cooling rate of the DSC runs.

Dope (wt.%)  Cooling temperature (°C)

Dope reached time (min)®

Crystallinity® XRD (%)  Pores/particles size SEM (um/nm)

20 60 ~5
45 ~4
25 ~2
5 ~1
30 45 ~4
25 ~2

426 1.2 Particles (1-2 um)
431 +0.7 Particles (0.2-0.5 um
428 + 06 1-2 um

419+14 50-150 nm

423 +04 Particles (0.5-1 um)
42811 0.2-1 um

@Micro-thermocouple measurement.
5 Amorphous and crystalline regions being sorted by curve fitting technique.

MQL{T%“’B WWW.MATERIALSVIEWS.COM
1

40374 (3 of 8)

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40374

95UB01 7 SUOWIIOD AITERID 9|qeal|dde au Aq peusenol ale sepie VO ‘8N Jo o 1o} Akeiqi]auluO AB[IA UO (SUONIPUOD-PUE-SLLR)W0D A8 1M Afelq 1 Ul UO//SdNY) SUONIPUOD pue SWIe | 8Y) 89S *[£20z/70/8T] uo Ariqiauluo Ae|im ‘“Aiseaiun Buexwe 1 Aq 17201 dde/z00T 0T/10p/w00 A8 imAkeiq 1 jput|uoy/:sdny wouy pepeojumod ‘ZT ‘7T


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

Figure 3. Cross-sectional morphologies of the EVOH membranes pre-
pared by TIPS at 45°C. Polymer concentration in the dope: (a) 20 wt %
and (b) 30 wt %.

Morphologies of EVOH Membranes Formed by TIPS

Effects of Cooling Bath Temperature and EVOH Concentra-
tion. The cross-sectional morphologies of the membranes
formed at different quenching temperatures are shown in
Figures 3-5. The starting mixture contains either 20% or 30%
EVOH dissolved in 1,3-propandiol. In the case of quenching in

2 um

Figure 4. Surface morphology of the EVOH membrane prepared by
quenching a 20 wt % dope to 45°C.
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Figure 5. Cross-sectional morphologies of the EVOH membranes pre-
pared by TIPS at 25°C. Polymer concentration in the dope: (a) 20 wt %
and (b) 30 wt %.

45°C bath, the formed membranes exhibit a particulate mor-
phology for either dope composition, as shown in Figure 3. The
latter type of morphology derives typically from polymer crys-
tallization occurring in the dope that is brought into the crystal-
lization zone.”>** The semi-crystalline particles have the shape
of a sphere and form a network via interlinks; voids between
particles form a network as well and, hence, the porosity is of
the open type. As no cellular pores are observed in these mem-
branes, it is possible that no liquid-liquid demixing, especially
of the type of nucleation and growth of liquid micelles, has
occurred at this quenching temperature and structure formation
is controlled nearly exclusively by polymer crystallization; this
has been argued repeatedly in the literature for related diluent/
EVAL systems.”' * Yet, in principle, it is not impossible that
the final structure bears some imprint from an addtional spino-
dal decomposition process; our group has provided a detailed
model of such a situation for a three-component (polymer/sol-
vent/nonsolvent) system.’® The latter model can be applied here
as well by simply assigning the role of the solvent/nonsolvent
pair to the diluent plus quenching.

The comparison of Figure 3(a,b) suggests that higher polymer
concentration gives rise to larger globules. This phenomenon
has also been reported by Shang et al.*** and Matsuyama

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40374
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et al,”** and reflects a difference in nucleation density.
Although one might expect that the larger temperature jump
for the 30% precursor should favor nucleation more than the
20% precursor (AT for 30% and 20% precursor are 55°C and
70°C, respectively), it should not be overlooked that in the for-
mer case the precursor exhibits an enhanced viscosity. The vis-
cosity effect is opposite to that of the temperature jump effect
and, in the case of high quenches, it might well be the one that
prevails. As is well known, a subcritical embryo may grow into
a nucleus or re-dissolve in the solution; further growth requires
that polymer chains can successfully deposit and rearrange on
the embryo. In a very viscous dope, such as the 30% precursor,
molecular motion becomes sluggish, and transportation of
EVOH by solution diffusion to the embryo surface is not as
effective as that for the 20% precursor. As the AT difference for
the two dopes is only 15°C, the viscosity effect controls nuclea-
tion; polymer nucleates more sparingly in the more concen-
trated dope case and hence the corresponding membranes
exhibit larger polymer domains. Morphology of the surface of
the membranes bears close resemblance to that of the cross sec-
tion. As shown in Figure 4, for the case of quenching the 20%
dope to 45°C, some of the crystalline particles appear as trun-
cated spheres with the flat sides deriving from growth against
the stainless plate of the cell.

When the dopes (20% and 30% EVOH) were quenched into
the 25°C bath, membranes with morphologies characteristic of
L-L demixing of spinodal decomposition type were obtained, as
shown in Figure 5. The pores and the polymer matrix inter-
twine into the lacy-like bi-continuous network evidencing prev-
alence of spinodal decomposition during the course of phase
demixing. For the present binary system with submerged bino-
dal and spinodal, both crystallization and L-L phase separation
may occur depending on the details of quenching. If the bath
temperature is higher than that for L-L demixing, cf. schematic
binodal and spinodal in Figure 2(b), then crystallization is the
only possible means for phase demixing, which corresponds to
the case of quenching to 45°C shown in Figure 3. However, if
the dope is quenched into the spinodal region (e.g. 25°C and
5°C in the present study), L-L demixing via spinodal decompo-
sition (SD) would take place largely prior to crystallization and
dominate the porous structural formation, based on the fact
that SD is an essentially spontaneous process, whereas for crys-
tallization there is an activation energy barrier to overcome.
During SD separation and subsequent ripening of the SD-
derived structure, crystallization may occur and eventually fix
the microporous structure. Furthermore, DSC measurements
show that it takes ~11 min for crystallization to commence at
25°C (cf. onset of crystallization), when the dope is cooled
from 130°C at the rate of 10°C/min. For the present TIPS
setup, the dope reached 25°C in ~2 min, according to micro-
thermocouple temperature data (Table I). Therefore, SD is
expected to take place first and lead to a lacy structure (often a
characteristic SD outcome) before the nucleation of semicrystal-
line domains. Still the phases and/or compositions resulting
from SD separation are not equilibrium ones and this is more
generally true irrespectively of the exact intrabinodal (NG or
SD) phase separation mode, when the latter prevails within a
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Figure 6. Cross-sectional morphologies of the EVOH membrane prepared
by quenching a 20 wt % dope at 130°C to 5°C. (b) is the high magnifica-
tion image of (a).

submerged miscibility gap. Consequently polymer crystallization
is possible at a later stage; in our case the latter event leaves its
mark in the form of a particulate polymer fine structure on the
SD-derived lacy skeleton.

Comparison of Figures 5(a,b) reveals that the pore size
decreases with increasing polymer concentration. A possible
main reason for the latter trend is the following: if we simplify
the situation by assuming that phase separation occurs when
the quenching process approaches the spinodal, then for a
higher polymer concentration the spinodal will be reached at a
lower temperature (which will favor a smaller original phase
separation wavelength and slower coarsening). We also note
that some larger pores (1 um range) are present as well; this is
clearer in the case of the 20 wt % dope. Two families of pores
can result from a two-stage L-L separation process.”’ At the
same time it is of interest to find that the walls of the larger
pores appear to have undergone deformation as lower density
material was pulled between regions of more dense material;
deformation possibly occurs during solidification and it is
expected to be easier for a lower polymer fraction, hence for a
higher-porosity, less-robust porous structure.

When the dope was quenched to 5°C, the pores of the formed
membrane became very small, ca. 50-150 nm and, quite inter-
estingly, they remained interconnected, as shown in Figure 6. In
other words, the membrane appears as a mat consisting of two
interwoven networks (a nano-porous network and a polymer
framework) with a characteristic dimension at the nano-scale; a
bi-continuous morphology at such a small length scale might
be reported for the first time in the thermal/wet phase inversion
membrane literature. Obviously, for a low quenching tempera-
ture, the dope ends up deeply into the spinodal region, cf., Fig-
ure 2. For a given overall composition, lower quenches are
expected to give rise to smaller spacings.’**> The concentrated
polymer-rich phase and the enhanced viscosity (even possibly a
glass transition) inhibit the growth and coarsening of the amor-
phous phases resulting from spinodal decomposition. Conse-
quently, the porous structure is fixed at an earlier stage, and
small yet continuous main pores form. These findings show

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40374

60T

95UB01 7 SUOWIIOD AITERID 9|qeal|dde au Aq peusenol ale sepie VO ‘8N Jo o 1o} Akeiqi]auluO AB[IA UO (SUONIPUOD-PUE-SLLR)W0D A8 1M Afelq 1 Ul UO//SdNY) SUONIPUOD pue SWIe | 8Y) 89S *[£20z/70/8T] uo Ariqiauluo Ae|im ‘“Aiseaiun Buexwe 1 Aq 17201 dde/z00T 0T/10p/w00 A8 imAkeiq 1 jput|uoy/:sdny wouy pepeojumod ‘ZT ‘7T


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Figure 7. Cross-sectional morphologies of the EVOH membranes pre-
pared by quenching the dope aged at 60°C for (a) 1 hr and (b) 2 hr. Tem-
perature of the quenching bath is 25°C. EVOH concentration is 20 wt %.

that the membrane structure, including pore structure and pore
size, can be manipulated by a precise control of the quenching
temperature. In addition, on the basis of the microstructures
presented in Figures 3, 5, and 6, it follows that in principle one
might impose a thermal gradient along the thickness of the
dope and attain an asymmetric membrane structure that exhib-
its nano-porosity at the top and porosity at the micron scale
towards the bottom.

Effect of Precursor-Aging on the Membrane Morphology. In
addition to the morphology control based on the quenching
temperature, membrane morphology can be adjusted via aging
of the dope below the gelation temperature for a certain period
of time before quenching. While the availability of dope aging
as an additional morphology-controlling parameter tends to be
overlooked in the TIPS literature, the morphological effect
through proper tuning of the aging process can be, at least in
some cases, a quite remarkable one. It is also pertinent to note
that a strong aging effect is possible in the case of wet phase
inversion of semicrystalline polymers, as it has been demon-
strated previously by us.’>* For the cases of aging the dope at
60°C for 1 and 2 hr prior to quenching in a 25°C bath, the
formed membranes exhibit two very different morphologies, as
shown in Figure 7. Aging for 1 hr gives rise to a lacy skeleton
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similar to that of a corresponding membrane prepared without
aging (c.f. Figure 5); however, this membrane exhibited a more
pronounced particulate microstructure. In contrast, when the
same dope was aged for 2 hr before quenching, a morphology
dictated by polymer crystallization was produced. The mem-
brane structure consists of globular entities of ca. 1 ym with lit-
tle evidence for a spinodal decomposition process. Through
aging the dope at 60°C, a point sufficiently below the gelation
line yet above the binodal, polymer nuclei or prenucleation
embryos are expected to form without the interference of L-L
demixing. Upon quenching this incipient dope to 25°C, it is
possible that polymer crystallization would override L-L separa-
tion and dominate structural development, depending on the
aging time (or equivalently on the level of crystalline domains/
nuclei developed during aging). Apparently, during the 2-hr
aging period crystal nuclei have grown to such an extent that
polymer crystallization can compete effectively with L-L separa-
tion upon quenching to 25°C. On the other hand, when the
dope was aged only for 1 hr, the formed nuclei might have
been few; hence, after the dope was quenched, spinodal decom-
position took place first to produce the lacy matrix, and then
crystallization followed on the soft gel-phase to generate aggre-
gated small particles, 100-200 nm; more precisely most of the
latter particles result from crystallization following SD but some
might correspond to small nuclei that have formed during the
limited (1 hr long) aging. Spinodal decomposition can proceed
without being affected by a dispersion of a limited number of
crystalline nuclei; the latter will be engulfed by the structure
that will result from SD, and/or they might serve as nuclei for
the subsequent polymer crystallization. It might also be noted
that if crystallization during aging is extensive, a substantial
horizontal shift of the composition of the solution that under-
goes further phase separation is also possible. For example the
solution composition might shift from outside the binodal to
the metastable regime of the binodal or to the spinodal regime
or to the critical regime. However, as the compositional shift
becomes stronger as the original crystallization becomes more
extensive the pertinent morphological consequences might,
overall, often be one of the secondary significance. Then for
quenches to the right of the binodal the consequences might
well be stronger for the less concentrated dopes. Finally if there
is a feature related to spinodal decomposition in Figure 7(b)
that might be a superimposed coarsened SD structure at the
scale of few micrometers; at the latter scale areas rich in glob-
ules appear to alternate with areas free of matter.

The depth of quench also affects the membrane morphology
considerably, even for aged dopes; this is illustrated in Figure 8.
The dope aged at 60°C for 2 hr was immersed in the 5°C bath
(i.e. a low quench). Unlike the crystallization-dominant mor-
phology shown in Figure 7(b) (25°C bath), this membrane
exhibits a bi-continuous lacy structure again. This suggests that
spinodal decomposition has occurred extremely fast and dic-
tated the phase demixing process in this low quench case, even
though there might exist substantial amount of crystalline
nuclei in the original dope. However, polymer crystallization
did follow spinodal decomposition and left its imprint in the
form of crystalline particles on the pore wall, as shown in the
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Figure 8. Cross-sectional morphology of the EVOH membrane prepared
by quenching the dope aged at 60°C for 2 hr. Temperature of the quench-
ing bath is 5°C. EVOH concentration is 20 wt %.

inset of Figure 8. X-ray diffraction data given in a subsequent
section (XRD Analyses of the Membranes) support this mor-
phological observation. It is interesting to note that the pore
size of this membrane is about 1-2 um, i.e. significantly larger
than the nanopores shown in Figure 6 for the same quenching
temperature, but without going through the dope-aging proce-
dure. This may be explained as follows. When nuclei or small
crystalline entities were generated during aging, pure liquid sol-
vent was rejected simultaneously to the vicinity of the crystalli-
tes. These liquids dilute the EVOH solution surrounding the
crystallites, which upon quenching, gives rise to a more porous
morphology.

Upon dope aging at 80°C for 2 hr, and subsequent immersion
into a 25°C bath, a morphology characteristic of spinodal
decomposition is observed (Figure 9); the latter resembles the
one obtainable without aging [c.f. Figure 5(a)]. As the gelation
point is close to 80°C for this precursor solution composition
(c.f. Figure 2), aging to form nuclei is not effective in this case
(in general, it takes a few days for this particular dope to

Figure 9. Cross-sectional morphology of the EVOH membrane prepared
by quenching the dope aged at 80°C for 2 hr. Temperature of the quench-
ing bath is 25°C. EVOH concentration is 20 wt %.
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(a) Effect of colling bath Temp.
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Figure 10. XRD diffractograms of EVOH membranes prepared under dif-
ferent conditions. (a) EVOH concentration = 20 wt %, bath temperature =
5°C, 25°C, 45°C, 60°C, amorphous and crystalline regions being sorted by
curve fitting technique for the membrane quenched at 5°C; (b) Curves a:
20 wt % EVOH, 45°C bath, b: 30 wt % EVOH, 45°C bath, c: 20 wt %
EVOH, 25°C bath, d: 30 wt % EVOH, 25°C bath. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

become gel exhibiting crystallinity). As a result, even after a 2-
hr aging process, spinodal decomposition dictates the phase
separation process and a bicontinuous lacy-structure results.

XRD Analyses of the Membranes

The crystal structures of various membranes were determined
by XRD analysis. As shown in Figure 10, the diffraction patterns
of all prepared membranes are similar. The diffraction peaks at
20.0° and 22.0° correspond to the reflection of (110) and (200)
planes, typical for the EVOH32 in its crystalline phase.’”™’
The diffraction patterns could be decomposed into amorphous
(a broad amorphous area around 20 = 20.0°) and crystalline
contributions by a curve fitting technique. As an example,
the decomposed patterns of the membrane M50 are shown in
Figure 10(a), from which the crystallinity was calculated to be
43%.’>> The crystallinities of other membranes were deter-
mined in the same manner (Table I). It is of interest that the
crystallinity levels for all formed membranes are close to each
other, irrespectively of EVOH content in the dope or at different
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cooling baths. This implies that although crystallization may
occur at different stages of the TIPS process and yield mem-
branes with different morphologies, for the present system, the
crystallinity level appears to be a largely inherent feature of the
particular (as regards composition and molecular weight) poly-
mer, at least when solidified from concentrated solution, while
the contribution of the choice of parameters such as aging time
and quenching temperature is, within limits, only a weak one.

CONCLUSIONS

From the study of the 1,3-propanediol/EVOH phase diagram
and the morphologies of the membranes formed via versions of
the TIPS process the following conclusions can be drawn:

1. The moderate proximity of the polymer liquidus and the
submerged binodal allow for widely different membrane
structures in the case of TIPS processing of 1,3-propanediol/
EVOH dopes, while aging of the precursor solution offers
additional structural options.

2. High quenches and/or sufficiently aged dopes lead to globu-
lar microporous membranes with crystallization processes
dominating structure formation.

3. Low quenches and limited or no aging of the precursor
solution lead to nanoporous membranes with morphology
dominated by spinodal decomposition.

The authors thank the National Science Council of Taiwan for
the financial support (NSC 96-2628-E-032-001-MY3).
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