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Abstract
The equilibrium phase behavior of ethylene vinyl alcohol (EVAL) copolymer in mixtures of DMSO (dimethylsulfoxide,
solvent) and water (nonsolvent) was studied for different temperatures. Both crystallization-induced gelation and liquid-liquid
demixing were observed. From the determined phase diagram of this system at 25°C, three regions may be identified, i.e., a
homogeneous region, a gel region, and binodal region in which both types of phase transition take place. At higher
temperatures, crystallization isotherm was found to intersect the binodal phase boundary, which is analogous to the phase
behavior reported by Stokes and Berghmans for several binary systems.
Keywords: Poly(ethylene-co-vinyl alcohol); EVAL copolymer; Phase diagram; Crystallization; Liquid-liquid demixing;
Interaction parameter

1. Introduction
The mechanism of membrane formation has been
extensively studied for the past few decades. Various
models were proposed, in which the aspects of equilibrium phase behavior and its relation to membrane
morphology and permeative/selective characteristics
were most frequently addressed [1-5]. Porous membranes are usually prepared by the immersion-precipitation process and the major forms of phase
transformation of this process include liquid-liquid
demixing and crystallization [5-8]. Polymer precipitated by liquid-liquid demixing is known to produce
*Correspondingauthor.

membranes with open or closed cellular structures
[1-8]. The role of crystallization in the precipitation
process was, however, often overlooked and the equilibrium phase behavior of crystallization was rarely
discussed. Until recently, some independent research
of Cheng and Bulet reported observation of spherulitic
crystallization of aliphatic polyamides from waterformic acid solutions [5,8]. The equilibrium phase
behavior of water-formic acid-Nylons systems were
studied by Cheng et al. [9]. Both equilibrium crystallization isotherm and binodal phase envelop were
obtained. Following Cheng's approach, this work
provides complete phase diagram of the ternary system, water-DMSO-poly(ethylene-co-vinyl alcohol)
(EVAL).
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In 1979, Yamashita et al. utilized EVAL copolymer
to produce membranes having improved permeability characteristics for the dialysis of blood [10].
Later, Sakurada et al. reported that using EVAL
membrane in hemodialysis, efficient nonanticoagulant
hemodialysis for renal failure patients was achieved
[11]. Recently, EVAL copolymer membrane has
attracted plenty of research interest in multiple fields
of biomedical science [12-19]. In this current
research, the isothermal phase behavior of EVAL in
mixtures of dimethylsulfoxide (DMSO) and water
(nonsolvent) was investigated for the temperature
range between 25°C and 85°C. Since EVAL copolymet is a crystalline polymer [20,21], it is rather
difficult to determine the liquid-liquid demixing
phase envelop using cloud point data (the composition
at which the turbidity changes) along. In a previous
publication [12], cloud points measured by a titration
method were given for water-DMSO-EVAL system
at room temperature for a wide concentration
range. These data differ somewhat from the present
experimental results. In our opinion, this is caused by
the fact that crystallization requires a considerably
longer induction time than what was given for
solutions to precipitate in the previous titration
experiments. The data in this report are considered
to be true equilibrium points and will be discussed in
relation to the formation and properties of EVAL
membranes. In addition, the variation of the onset
of phase transformation with temperature, which leads
to opalescence and separated layers in the solution,
will be discussed.

solvent and polymer. Expressing the concentration
dependence of Flory-Huggins interaction parameters
(X12, X13, and X23) [23] in Eq. (1) in different forms,
Altena [24], McHugh [25] and Cheng [9] have formulated #~ and #~ as a function of volume fraction
and molar volume of each component. Since volume
fractions of all components add up to 1 in both phases,
for each phase
¢~ + ¢~ + ¢7 = 1

(2)

¢~+¢7+¢7=

(3)

1

Eqs. (1-3) describe the composition of the equilibrium phases. Given interaction parameters and molar
volumes, these equations were used to compute the
binodal of the water-DMSO-EVAL system in this
report.

2.2. The crystallizationequilibrium
As an equilibrium is established between the liquid
phase and the polymer crystal in a ternary system, the
chemical potentials per repeating unit of polymer are
equal in both phases. It follows that [23]:
d#~ = d#~

(4)

where #~ and/z~ are the chemical potentials of polymer per repeating unit in phases "7 and 6. Using a
modified Flory-Huggins expression for the chemical
potential and a temperature-dependent enthalpy of
fusion, Cheng has derived an equation for the crystallization equilibrium [9]:

C(1- ~---~)-ATIn~--~-B (TZ-TTm)
2. Theory

Vu ln¢3 + Vu 1

2.1. The liquid-liquidphase equilibrium

(i = 1,2, 3)

Vu

gu
_~_¢2) __g-~¢1¢2)('12
+ (V~¢IX13 +V2¢2X23)(¢l

At equilibrium between two phases (a and/3) in the
ternary system at a specified temperature and pressure,
the chemical potential of each component in these two
phases are equal [22], i.e.,
~i = ~//3

Vu

-¢31- Vii*1--7*2
v.

2

(1)

where #~ and #{ are the chemical potentials of
component i in phases a and/3. In this report components 1, 2, and 3 denotes, respectively, nonsolvent,

• ¢3(¢1 + ¢2) = 0

(5)

where Vi is the molar volume of component i; Vu the
volume of polymer per mole repeating unit; Xlz, X13
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and X23 are interaction parameters for the ternary
system. X13 and X23 are expressed as functions of
~b2and ~b3,whereas Xl2 is assumed to be function only
of h2 --- ~b2/(1 - ~b3) (i.e., Xl2 are equal along lines of
constant ¢1/~b2) [7,9]. In Eq. (5), parameters A, B and
C are related to the heat of fusion of polymer (AHf)
and the heat capacities of the polymer in the solid (Cc)
and melt (Cm) states. If Cc and Cm can be assumed to
be linear functions of temperature, namely Cm=a+bT,
and C~=c+dT, then one obtains A = a - c , B = b - d , and
C = A H f - A T m - B T m / 2 . Given the values of the interaction parameters, Eq. (5) can be solved to obtain the
crystallization curve. On the other hand, one can
determine the interaction parameters by using a
regression method, provided that experimental phase
equilibrium data are available. The details of computation are shown by Cheng [26].

Binary interaction parameter between component 1
(water) and 2 (DMSO), X12, may be determined using
vapour liquid equilibrium data [9,24,25]. Xt2 is
expressed in terms of composition of the liquid phase,

X2)

+ xl lnxl + x2 lnxz - xl In ~bl - x2 In ~2]/x1~2
(6)
where xi is the mole fraction of component i in the
liquid phase and A 0 the Wilson's parameter. Assuming
that ~12 has the functional form suggested by Koningsveld and Kleintjens [27], parameters a, b, and c in
Eq. (7) can be found by least square regression.
X12 = a

b
1 - c~2

(7)

For a ternary system, following Yilmaz and McHugh
[25], ~12 is assumed to be function only of ~bJ(l -~3).
Thus, ternary X12 is obtained by replacing t~2 with
he=~b2/(1-~3) in Eq. (7).
Binary interaction parameter between component 1
(water) and 3 (polymer), Xi3, may be determined
using data from equilibrium sorption experiments
[28]. The following equation is employed:
ln~s = In O, + (1 - 1 ) 4~3 + X,3~b~

where pO is the saturation pressure of the nonsolvent
and xn the degree of polymerization of the polymer.

3. Experimental
3.1. Material

EVAL copolymer containing ca. 56 mole percent
vinyl alcohol (intrinsic viscosity = 0.87 dL/g,
Mn=56000 g/mol) was kindly supplied by Kuraray
Co., Ltd., Japan. Intrinsic viscosity was measured with
a Ubbehode viscometer at 30+0.1°C in a 85 wt%
phenol aqueous solution [29]. Dimethylsulfoxide
(DMSO, Baker Analyzed, reagent grade, d=
1.096 g/ml) was used as received. Water was double
distilled and deionized before use.
3.2. Gelation and liquid-liquid demixing boundaries

2.3. Binary interaction parameters Xl2 and Xt~

Xl2 = I-x1 ln(xl + Al2X2) - x2 ln(A21xl +

57

(8)

The gelation and liquid-liquid demixing boundaries
were determined by cloud point method described in a
previous publication [9]. A specific amount of EVAL
copolymer (dried in oven at 50°C) was mixed with a
suitable amount of DMSO and sealed in a Teflonlinked bottle (20 ml). The mixture was then blended
for two days at room temperature until polymer was
completely swelled. To this solution was added a
known quantity of nonsolvent. Local precipitation
may be observed. This mixture (10 g total) was agitated in a roll mill at room temperature for several
hours and then put in an oven until a clear homogeneous solution was obtained. To examine the effect
of the equilibrium phase behavior, the solution was
placed in an isothermal thermostat which was maintained at 25°C, 45°C, 65°C and 85°C, respectively, for
a period of three days. With different nonsolvent
content, three types of phase-separated results may
be observed: (i) the solution precipitated into a translucent or a white gel (e.g., Fig. l(b)); (ii) solution
becomes a clear liquid phase coexistent with a white
solid (e.g., Fig. l(c)); (iii) solution undergoes liquidliquid phase transition into two clear liquid phases.
The equilibrium gelation point (case (i)) was identified
as the composition at which a sharp increase in
turbidity was observed by a turbidity bridge (Digital
turbidimeter, Orbeco-Hellige, USA). Case (ii) indicates a systems having concurrence of gelation and
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Fig. 1. Observedphaseseparationof EVALin water-DMSOsolutions. (a) A one-phasehomogeneoussolution; (b) solutionprecipitatedinto a
gel; (c) solution becomes a clear liquid coexistent with a gel.

liquid-liquid demixing. For case (iii), which was
observed only for low polymer concentrations and
high temperatures, the location of binodal in the
ternary phase diagram was determined.

3.3. Characterization of gels

bath wherein precipitation takes place and the membrane solution becomes a white solid. The formed
membrane was soaked in water to remove DMSO and
then in acetone and dried in open air. SEM photomicrographs of the dried membranes were taken in
different views.

The thermal property of the equilibrium crystalline
EVAL gels were studied using a differential scanning
calorimeter (DuPont 2200) for the temperature range
of 25°C to the melting points of the gels. Dried gels of
EVAL were prepared by removing solvent and nonsolvent in a cryogenic evaporator (Lubconco lyophilizer, USA). The morphology of the dried gel was
examined using a scanning electron microscope at
20 kV.

3.5. Equilibrium absorption of water of amorphous
EVAL

3.4. Membrane preparation and characterization

4. Results and discussion

Membranes with porous structures were prepared
using direct immersion-precipitation method. A
homogeneous solution composed of EVAL and
DMSO was spread uniformly on a glass plate (ca.
220 Ixm). This solution was directly immersed into a

4.1. Phase behavior of water-DMSO-EVAL at 25°C

EVAL pellets were fused in a mechanical press at
6000 psi and 185°C The EVAL melt was subsequently
quenched in liquid nitrogen to form amorphous EVAL
films. Equilibrium water absorption was measured by
Cahn Counter balance at 25°C.

In Fig. 2, phase diagram of water-DMSO-EVAL at
25°C is shown. The data points (denoted by & )
represent the experimental gelation boundary. A solu-
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Fig. 2. Phase diagram of water-DMSO-EVAL at 25°C. A: measured gel points. 0 : measured binodal points, i : measured equilibrium
absorption of water by EVAL Line XY: computed crystallization line. Region VUT: computed liquid-liquid demixing envelop.

tion above this boundary is homogenous and transparent as shown in Fig. 1(a). EVAL polymer may be
dissolved in DMSO to form a good solution in which
the EVAL relaxes and behaves like an expanded coil.
As water (nonsolvent) is added to this solution, the
strong interaction between water and DMSO reduces
the solvation character of EVAL in DMSO. When the
solution is brought within the gelation miscibility gap,
the water-DMSO mixture acts as a precipitant and the
EVAL coil collapse and gelation occurs. The solution
becomes an opaque paste-like gel consisting of small
aggregates dispersed in a liquid phase, as shown in
Fig. l(b). A DSC thermogram of this gel (point A and
Fig. 2) is shown in Fig. 1(b). A DSC thermogram of
this gel (point A in Fig. 2) is shown in Fig. 3 for the
process of heating the gel from 25°C to 90°C at a rate
of 10°C/rain. A broad melting peak with a minimum at
54°C was observed, which corresponds to the melting
of crystallites of EVAL copolymer in the gel. Films of
EVAL copolymer were prepared by freeze drying of
the gels and the morphology of these crystalline solids
were examined using SEM. A typical result is shown
in Fig. 4. As can be observed that the EVAL film is
consisted of interconnected globular particles. These
particles were formed initiated by crystallization
nucleation of EVAL in DMSO-water mixture. The
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Fig. 3. DSC thermogram of a crystalline gel (point A in Fig. 2).
Tm=54°C; Enthalpy of fusion, AH=9.021 J/g,

nuclei grow radiality into the shape of spheres. Induction of polymer crystallization from a solution by a
nonsolvent has also been reported by Cheng et al.
[5,6,9] for the systems water-formic acid-Nylons. For
such ternary systems, they pointed out the possibility
of a sequential development of liquid-liquid phase
separation and crystallization in an direct immersionprecipitation process for the formation of porous
membranes. After contact of the polymer solution
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Fig. 4. SEM photomicrographof EVALsolid preparedfrom a gel (point A in Fig. 2).
with nonsolvent, liquid-liquid phase separation takes
place first in most cases and then followed by crystallization. Consequently, an asymmetric structure characterized by a skin and cellular pores was often
observed. In order to prepare a uniform microporous
membrane with a crystallization dominant morphology (characterized by interlocked crystalline particles), liquid-liquid phase separation has to be
sufficiently suppressed. In this regard they suggested
to use a soft bath that contained substantial amount of
solvent and a dope that was in a state of incipient
crystallization. Bulte et al. [8] investigated the
mechanism of formation of Nylon-46 membranes
had also reported observation of membrane structures
formed by liquid-liquid demixing and crystallization.
The equilibrium gelation data at 25°C were used
with Eq. (5) to obtain the best fitted crystallization
isotherm, line XY, in Fig. 2. It appears that line XY
matches very closely the experimental data points.
The best fitted interaction parameters X23, was determined and shown in Table 1. The concentrationdependent interaction parameter for water-DMSO
binary pair, ~(12, was determined separately using
vapour-liquid equilibrium data from literature [30].
Nonlinear regression was then used with Eq. (7) to
find the parameters a, b, and c, and the results are

given in Table 1. At 25°C, EVAL copolymer was
reported to absorb 6.7 wt% water in equilibrium
condition [29]. Using Eq. (8), interaction parameter,
X13, was obtained. Other physical constants for computation are given in Table 2. The heat of fusion at the
melting temperature, AH, and the heat capacities for
EVAL copolymer in the solid and melt states were
determined using DSC measurements.
The best-fitted interaction parameters between
DMSO and EVA, X23, are negative for all compositions. This suggest an exothermic mixing between
DMSO and EVAL over the entire concentration range.
Therefore, it is not appropriate to use solubility parameters, which use positive enthalpic terms, to describe
the interactions between these components. Highly
negative interaction parameters between solvent and
polymer were also reported by Cheng [9] and Bulte
[31] for the formic acid-Nylon systems. It was
claimed that hydrogen bonding and protonation
effects [32,33] are responsible for the strong interaction forces between these molecules. The interaction
parameter between water and EVAL was treated as
being concentration independent since Eq. (8) and
equilibrium absorption data were used. Constant X13
was also employed by Yilmaz [25], Altena [24] and
Cheng [9] in different systems to compute the phase
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Table 1
Physical constants for EVAL copolymer
Tm
(°C)

Cm
(J/mol K)

Cc
(J/mol K)

AH
(kJ/kg)

p
(g/cm3)

M
(g/mol)

163.1

0.0405T÷87.54

0.4749T-83.59

68.62

1.17

56,000

Tin: melting temperature; Co: crystalline heat capacity; Cm: amorphous heat capacity; AH: enthalpy of fusion; p: density.

Table 2
Summary of interaction parameter data
Binary system

Interaction parameter, X~j

Water (1)/DMSO (2)
Water (1)/EVAL (3)
DMSO (2)/EVAL (3)

- 1.302+ 1.08/(1.0-0.8602)
1.956
-1.2+0.243

0i: volume fraction of component i (i=1: water, i--2: DMSO, i=3:
EVAL).

separation boundaries. Very good match between
calculated and measured results were reported by
these authors. In the current case, the value of X13
was found to be 1.956. This large positive value is
consistent with the general understanding that water is
a harsh nonsolvent for EVAL copolymer.
In this report, the liquid-liquid phase equilibrium
boundary was determined by solving Eqs. (1-3) and
the results were compared with those obtained from
cloud point measurements of case (ii) situation. The
interaction parameters and physical constants
employed in binodal computations are given in
Tables 1 and 2. The calculated binodal (line VUT)
and tie lines are shown in Fig. 2 together with the
experimental liquid-liquid demixing data points
(denoted by 0 ) . These points represent the composition at which liquid-liquid demixing first occurs in a
series of samples with increasing amount of nonsolvent (i.e., the amount of liquid phase above the
white gel is diminutive). Line VTU appears to agree
with the measured data points over a wide concentration range. This implies that it is possible to measure
the binodal with reasonable accuracy even in systems
with crystallization. The data point at 02=0 in Fig. 2
(denoted by II) depicts the measured equilibrium
water absorption of amorphous EVAL at 25°C. The
calculated result (i.e., point 7) fits perfectly the experimental data. This further assure a reliable binodal
calculation.

4.2. Membrane formation with crystallization and
liquid-liquid demixing
The binodal and crystallization boundaries divide
the phase diagram at 25°C (Fig. 2) into three parts.
Any solution above the crystalline line (region XYZ)
is single-phase and homogeneous. The region defined
by the binodal and the crystallization lines (approximately region TUXYW in Fig. 2 and called the "gel
region", hereinafter) is metastable exclusively which
respect to crystallization. Any composition in this
region will precipitate into a gel induced by crystallization. The region within the binodal phase envelop
(region VUT) is metastable with respect to both
liquid-liquid phase separation and crystallization.
Therefore, both types of phase transformation are
anticipated in this region. In an immersion-precipitation process for preparing EVAL copolymer membranes, a uniform dope solution (usually in region
XYZ) is allowed to contract with a nonsolvent. As a
result of the exchange of solvent and nonsolvent in the
membrane solution, the composition may be brought
across the binodal into region VUT wherein both types
of precipitation are likely to occur. In this case, the
morphology of the formed membranes depends upon
the relative rate of crystallization and liquid-liquid
demixing. Because initiation of liquid-liquid demixing is in general more rapid than nucleation of polymer crystallization which requires a de-solvation and
rearrangement of polymer [5,6], liquid-liquid demixing is kinetically favored and often commences the
precipitation process. The liquid microdroplets form
surrounded by polymer-rich phase and grow into the
cellular pores in the final membrane. Since the polymer-rich phase is always supersaturated with respect
to crystallization, EVAL copolymer eventually crystallizes to form the solid matrix of the final membrane.
However, crystallization occurs at a late stage at which
liquid pores have fully developed, the morphology is
shown in Fig. 5. This membrane is prepared by
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contacts the nonsolvent bath, a concentrated layer
forms just beneath the membrane-bath interface.
The composition of this layer is at the end of the
tie line. Because this layer is rich in polymer, it is
mechanically strong and thus cannot be broken by
liquid-liquid demixing and/or crystallization occurred
underneath it. As a result, a thin and continuous dense
skin is often observed in the final membrane.
4.3. Effect o f temperature on the miscibility envelops

Fig. 5. SEM photomicrograph of an EVAL membrane. Dope
composition (point R in Fig. 2): Ol=0.l, ¢~2=0.905, q~3=0.094.
Bath: 70 wt% DMSO in water.

immersing a good dope solution (point R in Fig. 2)
into an aqueous bath containing 70 wt% DMSO.
Liquid-liquid demixing (i.e., the circular cellular
pores) is evident in this membrane. Vestige of
crystallization can only be seen at the cell walls in
the form of particles. In contrast to Fig. 5, a membrane
with a structure dominated by crystallization may be
prepared using the same bath and an incipient
dope with respect to crystallization (point Q in
Fig. 2). The structure of this membrane is shown in
Fig. 6. It resembles the structure of the dried
gel shown in Fig. 4. The crystalline particles are
largely spherical. Cellular pores resulted from
liquid-liquid phase separation is not evident in this
membrane.
The tie lines of this system (Fig. 2) are very steep
and all have negative slopes. This is frequently the
case in which membrane solution precipitates into
asymmetric structures. As the membrane solution

In Fig. 7, experimental data points for the onset of
gelation of EVAL solutions are given for a series of
temperatures, 25°C, 45°C, 65°C and 85°C, respectively. It can be seen that liquid-liquid demixing and
gelation dominate different regions of the phase diagram for different temperatures. The isotherms at
25°C and 45°C represent the compositions of the
phases that are in equilibrium with the EVAL copolymer crystalline gels. At 45°C, some of the gels
which were formed at 25°C gaining enough thermal
energy fuse and become homogeneous solutions. The
one-phase region, thus, becomes larger than that at
25°C. It is interesting to notice that the gelation line at
45°C shifts toward nonsolvent-polymer axis in a
manner roughly parallel to the gelation line at
25°C. Pure liquid-liquid demixing was not observed
at 45°C. As the temperature is increased to 65°C, both
liquid-liquid demixing (in the absence of crystallization) and crystallization-induced gelation were
observed and these boundaries intersect at ~b2=0.74.
Liquid-liquid demixing occurs at low polymer concentrations (~3 < ca. 0.12), in which the original precipitated gel separates into two homogeneous
solutions in equilibrium, whose compositions are
located at the binodal (tie line ends). For high polymer
concentrations (0.3>q~3>0.12), crystallization dominates and equilibrium gels are formed. As in the case
of gelation at 45°C, this gelation line moves downward roughly parallel with the gelation line at 25°C.
The calculated binodal at 25°C is also shown in Fig. 7.
Unlike the gelation boundary which changes substantially with temperature, the binodal is affected only
slightly for the range between 25°C and 85°C. A
phenomenon which is comparable to the current case
has been reported by Stokes and Berghmans [34,35]
for the binary poly(vinyl alcohol)/ethylene glycol
system (nonsolvent was not used). In a cooling
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Fig. 6. SEM photomicrograph of an EVAL membrane. Dope composition (point Q in Fig. 2): ~ - 0 . 0 8 2 , ~b2=0.831, 03=0.087. Bath: 70 wt%
DMSO in water.
DMSO
0.0

o.,/
o.o

WATER

o.'1

o.'2

aries intersect each other in certain concentrations.
This suggests that phase transition of a binary polymer-solvent system caused by temperature variation
can alternatively be brought to happen by adjusting the
quantity of nonsolvent in the polymer solution. In a
similar way, instances of transition from gelation to
liquid-liquid demixing for ternary systems was also
observed by Wijmans et al. for poly(2,6-dimethyl-1,4phenylene oxide) in various solvent-nonsolvent pairs
[7].

1.o

o.'~

\,2.o.,
o.'4

o.s

EVAL

Fig. 7. Phase diagram of water-DMSO-EVAL at various

temperatures. @: measured gelation data at 25°C. A: measured
gelation data at 45°C. •: measuredbinodal at 65°C. O: measured
gelation data at 65°C. DI: measuredbinodal at 85°C. I1: measured
gelation data at 85°C. Line AB: computedbinodal at 25°C.
process, this system was found to exhibit both crystallization and liquid-liquid demixing, and because
liquid-liquid phase demixing is less sensitive to temperature changes, these two phases transition bound-

5. Conclusions
Phase transformation boundaries of the ternary
system, water-DMSO-EVAL copolymer, were
obtained over a wide temperature range. The following points may be drawn from the determined phase
diagram of this system.
(1) At temperature lower than 45°C, the phase
diagram contains three regions (i.e., a single-phase
region, a gel region, and a binodal region) defined by
the crystallization and liquid-liquid demixing isotherms. In the gel region, precipitation occurs only
by nucleation and growth of polymer crystallites. In
the gel region, liquid-liquid demixing initiates phase
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separation and crystallization o f the p o l y m e r - r i c h
phase follows.
(2) At higher temperatures, the binodal and crystallization lines intersect. Thus, a fourth region exists in
which l i q u i d - l i q u i d d e m i x i n g in the absence o f crystallization dominates.
(3) The n o r m a l l y u n o b s e r v a b l e a m o r p h o u s phase
b e h a v i o r o f crystalline E V A L in aqueous D M S O
solutions can be d e t e r m i n e d by interaction parameters
that are fitted with crystallization data.
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