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ABSTRACT: To construct a phase diagram of the polysulfone (PSF)/polyethersulfone
(PES)/N-methyl-2-pyrrolidone (NMP)/water quaternary system, cloud point measure-
ments were carried out by a titration method. The miscible region in the PSF/PES/
NMP/water quaternary system was narrow compared to the PSF/NMP/water and
PES/NMP/water ternary systems. The binary interaction parameters between PSF and
PES were estimated by water sorption experiments. The calculated phase diagram
based on the Flory–Huggins theory fit the experimental cloud points well. In addition
to the usual polymer–liquid phase separation, polymer–polymer phase separation,
which resulted in a PSF-rich phase and a PES-rich phase, was observed with the
addition of a small amount of nonsolvent. The boundary separating these two modes of
phase separation could be well described and predicted from the calculated phase
diagrams with the estimated binary interaction parameters of the components. © 1999
John Wiley & Sons, Inc. J Appl Polym Sci 74: 2113–2123, 1999
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INTRODUCTION

The phase inversion method is widely used to
prepare a variety of polymeric membranes for
microfiltration to gas separation.1 This process is
based on the phenomenon of liquid–liquid phase
separation in which a homogeneous polymer so-
lution undergoes phase separation into a poly-
mer-rich phase and a polymer-lean phase by the

exchange of solvent and nonsolvent in a coagula-
tion bath. The final morphology obtained by im-
mersion precipitation strongly reflects the ther-
modynamics and kinetics of the system involved.
The equilibrium thermodynamics of the ternary
system of polymer/solvent/nonsolvent is very im-
portant to understand and predict membrane
structure,2–4 because the diffusion mechanism
and kinetics of phase separation are dictated by
the location and quench depth in the phase dia-
gram. One has to also consider the combination of
liquid–solid and liquid–liquid phase equilibria
when a crystallizable polymer is used.5–7
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Polysulfone (PSF) and polyethersulfone (PES)
are important as polymer membrane materials
because of their chemical resistance, mechanical
strength, thermal stability, and transport proper-
ties.8,9 There are several reports on experimental
phase diagrams in ternary mixtures of PSF/sol-
vent/nonsolvent10–14 and PES/ solvent/nonsol-
vent.11,15 It was found for both systems that liq-
uid–liquid phase separation was not accompanied
by crystallization and a small amount of nonsol-
vent was required to achieve liquid demixing.
This was mainly attributed to the hydrophobic
characteristics of the polymer as indicated in the
literature.2,13 It would be interesting to investi-
gate the solution thermodynamics when these
two polymers are present because PES is slightly
less hydrophobic than PSF.9,11,16,17 There is also a
chance to control the rheological properties of the
casting solution by changing the blend ratio of
PSF and PES, especially when a concentrated
solution is needed.

This article deals with liquid–liquid phase sep-
aration in a quaternary solution of PSF/PES/N-
methyl-2-pyrrolidone (NMP)/water. The objec-
tives of this work were to obtain the cloud point
curve for the quaternary system and to provide a
sound thermodynamic foundation based on the
Flory–Huggins theory. The importance and impli-
cation of liquid demixing in the quaternary sys-
tem are discussed when two polymers are used.

THERMODYNAMICS OF QUATERNARY
SYSTEMS

The Flory–Huggins lattice treatment18,19 is used
to describe the thermodynamics of the quaternary
system because of its simplicity. It is assumed
that only binary interactions are significant and
interaction parameters are constant, although
slightly concentration-dependent parameters were
reported for the system studied in this work.15,20

The Gibbs free energy of mixing (DGm) in quater-
nary solutions is given by

DGm/RT 5 n1ln f1 1 n2ln f2 1 n3ln f3

1 n4ln f4 1 g12n1f2 1 g13n1f3

1 g14n1f4 1 g23n2f3 1 g24n2f4

1 g34n3f4 (1)

where ni is the number of moles, fi is the volume
fraction of component i, gij is the interaction pa-

rameter between components i and j, R is the gas
constant, and T is the absolute temperature. Sub-
scripts 1–4 refer to the nonsolvent, solvent, first
polymer, and second polymer, respectively. The
effects of the polydispersity of polymer molecules
are neglected. Following Flory’s recommenda-
tion,18 the number-average molecular weight is
used for polymers.

When the proper derivatives of the Gibbs free
energy of mixing are taken, the chemical poten-
tial of the mixing of component i(Dmi) may be
written as

Dm1/RT 5 ln f1 2 f2~v1/v2! 2 f3~v1/v3!

2 f4~v1/v4! 1 ~1 1 g12f2 1 g13f3

1 g14f4!~1 2 f1! 2 g23f2f3~v1/v2!

2 g34f3f4~v1/v3! 2 g24f2f4~v1/v2! (2)

Dm2/RT 5 ln f2 2 f1~v2/v1! 2 f3~v2/v3!

2 f4~v2/v4! 1 ~1 1 g12f1~v2/v1! 1 g23f3

1 g24f4!~1 2 f2! 2 g13f1f3~v2/v1!

2 g14f1f4~v2/v1! 2 g34f3f4~v2/v3! (3)

Dm3/RT 5 ln f3 2 f1~v3/v1! 2 f2~v3/v2!

2 f4~v3/v4! 1 ~1 1 g13f1~v3/v1!

1 g23f2~v3/v2! 1 g34f4!~1 2 f3!

2 g12f1f2~v3/v1! 2 g14f1f4~v3/v1!

2 g24f2f4~v3/v2! (4)

Dm4/RT 5 ln f4 2 f1~v4/v1! 2 f2~v4/v2!

2 f3~v4/v3! 1 ~1 1 g14f1~v4/v1!

1 g24f2~v4/v2! 1 g34f3~v4/v3!!~1 2 f4!

2 g12f1f2~v4/v1! 2 g13f1f3~v4/v1!

2 g23f2f3~v4/v2! (5)

where vi is the molar volume of component i. The
conditions for an equilibrium between the two
liquid phases I and II are

Dmi
I 5 Dmi

II ~i 5 1, 2, 3, 4! (6)

The material balance requires

O fi
I 5 O fi

II 5 1 (7)
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Given a set of interaction parameters and tem-
perature, six coupled nonlinear equations [eqs. (6)
and (7)] can be solved for the individual tie lines of
coexisting phases with the selection of two of the
concentrations as independent variables. We se-
lected f3

I and f4
I (volume fractions of two poly-

mers in phase I) as independent variables with a
constant ratio of f3

I and f4
I . The Newton–Raphson

method based on a least-square procedure was
employed to solve the simultaneous equa-
tions.2,3,21

To calculate the phase diagram numerically, a
set of six interaction parameter values should be
known at a given temperature. The following val-
ues relevant for a system consisting of water (1),
NMP (2), PSF (3), and PES (4) were used in the
calculations:

g12 5 1.4 g13 5 2.7 g14 5 1.6
g23 5 0.24 g24 5 0.5 g34 5 0.2

The g12 value was found to be concentration de-
pendent.15 Instead of the value of 1.0 used in
other works,15,21 a value of 1.4 was used consid-
ering the practical concentration range of the ex-
periment.14 The g13 and g14 values may be deter-
mined by the water sorption method,2,15 and
lower values were chosen for a reason similar to
g12.14,15 The g23 and g24 values were from the
literature.14,15,20 The g34 value was measured in
our laboratory as will be described later.

EXPERIMENTAL

Materials

PSF (Udel P-3500, Mn 5 33500 g/mol and Mw
5 50800 g/mol) from Amoco Performance Prod-
ucts and PES (Ultrason E6020P, Mn 5 11,000
g/mol and Mw 5 58,000 g/mol, porous flake) from
BASF were used after sufficient drying. NMP (mi-
cropure electronic grade) from International Spe-
cialty Chemical was used as received. Water with
an electrical resistance above 18 MV was used.

Cloud Point Measurement

Cloud points were determined by the titration of
polymer solutions with water at various temper-
atures (20, 30, 45, and 60°C). Quantities of mate-
rials were determined by weight by using an elec-
tronic balance capable of reading up to 0.0001 g.
For a polymer solution of 5 wt % or less, the

solution viscosity was low enough to allow agita-
tion by a magnetic bar. The flask was capped
tightly with a rubber septum stopper to reduce
solvent evaporation to a negligible amount. For
solutions having more than 5 wt % polymer, mix-
ing with a magnetic bar was not sufficient. A
stainless steel stirring rod coated with Teflon was
inserted through a Teflon cap with a rubber O
ring.

The water was added to the clear polymer so-
lution by a microsyringe through the septum until
turbidity was observed. After turbidity was ob-
served, the temperature of the bath that con-
tained the sample flask was raised by 30°C above
the titration temperature. If turbidity disap-
peared within several hours, the bath tempera-
ture was lowered to the titration temperature and
more water was added. For the convenient ther-
mal swing, a fast-acting thermostat bath was
used.

Evaluation of PSF/PES Interaction Parameter

The thermodynamic interaction parameter be-
tween PSF and PES g34 can be expressed as fol-
lows22:

g34 5 ~ln f1 1 ~1 2 f1!

1 ~g13f3 1 g14f4!~1 2 f1!!/f3f4 (8)

where the fi values are the volume fraction of
each component, and they can be obtained by the
sorption experiment.

Films of PSF and PES were prepared by solu-
tion casting them on glass plates in weight ratios
of 100/0, 80/20, 50/50, 20/80, and 0/100. For each
blend ratio, samples (about 50 mm 3 50 mm with
a thickness of 80–100 mm) were weighed and
immersed in distilled water at 20°C. They were
weighed until no weight change was observed,
and the volume fractions of each component at
equilibrium were calculated.

RESULTS AND DISCUSSION

PSF/PES Interaction Parameter

The interaction parameter between PSF and PES
was determined by a water sorption experiment.
The g34 values were obtained in the range of
20.38 to 0.44 in various blend ratios. The mea-
sured interaction parameters of g34 are summa-
rized in Table I.
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For the calculation of the quaternary phase
diagram, we tried several values in the range of
23.7 to 0.8; the value of 0.2 fit the experimental
cloud point data better than other values. We also
carried out a DSC experiment to obtain the glass
transition temperature (Tg) of each polymer in
the blends and were not able to find a clear shift
of Tg in the whole blend ratio.

Experimental Cloud Points

The experimental phase diagrams of the quater-
nary system are shown in Figure 1 [a quaternary
diagram in a tetrahedron in Fig. 1(a) and a
pseudoternary diagram in which two polymers
are lumped together in Fig. 1(b)]. The blend ratio
of components 3 and 4 were kept constant.

Cloud point curves measured by the water ti-
tration experiments at 20°C showed unusual be-
havior as the blend ratio between PSF and PES
was varied. In the triangular diagram of Figure
1(b), the cloud point curves of the solutions con-
taining blends of PSF and PES do not fall in
between that of pure PSF and pure PES. As the
blend ratio between PSF and PES decreased from
100/0 (w/w), the cloud point curve went closer to
the solvent–polymer edge. As the blend ratio de-
creased beyond a certain PSF/PES value of
around 20/80 (w/w), the cloud point curve moved
back toward the cloud point curve of PES. Con-
sidering the difference in the molecular weight of
PSF (Mn 5 33500) and PES (Mn 5 11000), the
critical composition in the binary blend of PSF
and PES lies in the high PES range, which may be
reflected in the quaternary diagram. It is very
interesting to note that even with a 2/98 PSF/PES
(w/w) composition, the phase separation occurred
earlier with a small amount of water added com-
pared to pure PES. The cloud points at low con-
centrations of polymer showed little shift toward
the polymer–solvent edge as the blend ratio be-
tween PSF and PES was varied. However, the
cloud points in the region having a higher concen-

tration of polymer showed a significant move to-
ward the edge. Figure 2 represents this behavior
clearly.

Figure 2 shows the precipitation value (grams
nonsolvent/100 g polymer solution to cause phase
separation) of the cloud point titration experi-
ment at 20°C for several polymer concentrations
as a function of PES content in the polymer blend.

Figure 1 Experimental cloud points for the quater-
nary system of PSF/PES/NMP/water at 20°C with var-
ious weight ratios between the PSF and PES: (a) a
quaternary phase diagram in a tetrahedron and (b) a
pseudoternary phase diagram in which components
PSF and PES were lumped together. The concentra-
tions were converted into volume percents (vol %).

Table I Interaction Parameters (g34)
for PSF-PES

PSF/PES (w/w) g34

20/80 0.44
50/50 20.38
80/20 20.09

Average 20.01
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The precipitation value was almost constant up to
the blend ratio of 2/98 PSF/PES (w/w), at which
point the total polymer concentration was below 5
wt % but showed a minimum value around the
blend ratio of 20/80 PSF/PES (w/w) when the total
polymer concentration was above 5 wt %. Figures
1(b) and 2 indicate that the phase separation oc-
curs with the addition of a smaller amount of
nonsolvent (water) when the polymer solution
contains the blend of PSF and PES and the mis-
cible region in the solution of the blend is smaller
than that of the pure PSF and the pure PES.

Calculated Phase Diagrams

As described in the earlier section, the binodal
curves with a constant blend weight ratio of PSF
and PES were calculated using the set of six in-
teraction parameters. The calculated results are
shown in a pseudoternary diagram rather than in
a tetrahedron.21 In Figures 3 and 4 components 3
and 4 are lumped together to give cross sections
through the quaternary phase diagram in which
the ratio of the concentrations of components 3
and 4 is kept constant. Although the incipient
phases that are connected by the tie line do not
fall into this cross section (in these phases, differ-
ent ratios between components 3 and 4 exist),
these compositions are projected onto the cross
section. These phases represent the shadow curve
as defined by Koningsveld and Straverman.23

When components 1 and 2 are lumped together in
Figure 5, the binodal curve in the pseudoternary
diagram leads to a straight line due to the as-
sumed constant ratio of components 3 and 4. This
type of diagram clearly demonstrates that the
ratio of components 3 and 4 in the shadow curve
connected by the tie line is different from that in
the binodal curve.

The calculated binodal curves for the quater-
nary system are given in Figure 3 in comparison
with the experimental cloud points of Figure 1(b).
The miscible region is reduced in the solutions of
the blend of PSF and PES compared to those of
the pure PSF and PES, which is similar to the
experimental results. Note that the calculated
binodal curves fit the experimental cloud point
curves well. However, the calculated phase dia-
gram for the ternary system of water/NMP/PES
did not match the experimental results; the water
content to induce phase separation was above 25
vol % with the given values of interaction param-
eters, which is out of range in the graph of Figure 3.

In order to present the overall feature of the
calculated phase diagram for the quaternary sys-
tem of PSF/PES/NMP/water at 20°C, two types of
pseudoternary diagrams are shown: PSF and
PES in Figure 4 and water and NMP in Figure 5
for the PSF/PES blend ratios of 80/20, 40/60, 20/

Figure 2 Precipitation values of water (grams water/
100 g polymer solution) at 20°C as a function of the
concentration of PES (wt %) in the polymer blends.

Figure 3 Calculated binodals for the PSF/PES/NMP/
water quaternary system: the concentrations of compo-
nents PSF and PES are lumped together with a con-
stant weight ratio of PSF and PES. The concentrations
were converted into volume percents (vol %).
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80, and 5/95 (w/w). The experimental cloud points
are also included in Figure 4.

As can be seen in Figure 4(a), there are two
shadow lines for the polymer-lean side and for the
polymer-rich side that are joined at the critical
point. The lower dashed line (shadow line) repre-
sents the polymer composition that is in equilib-
rium with a polymer-lean phase, which corre-
sponds to a polymer–liquid phase separation. The

upper dashed curve (shadow line) represents
the polymer composition that is in equilibrium
with another polymer-rich phase with the com-
position ratio of 80/20 PSF/PES (w/w), which
corresponds to a polymer–polymer phase sepa-
ration. This phenomenon can be seen more
clearly in Figure 5(a), which is another form of
phase diagram with the water and NMP com-
ponents lumped together.

Figure 4 Comparison of experimental cloud points at 20°C with calculated phase
diagrams for a constant weight ratio of the concentrations of PSF and PES: (a) 80/20
PSF/PES, (b) 40/60 PSF/PES, (c) 20/80 PSF/PES, and (d) 5/95 PSF/PES. The concen-
trations of PSF and PES are lumped together.
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The locus of the points where the binodal curve
intersects the shadow curve represents the criti-
cal line in the quaternary system. The critical
points on the critical line start from the low poly-
mer concentration region below 10% [Fig. 5(a,b)]
when the PSF/PES blend ratio is 80/20 or 40/60
(w/w). In the blend ratios of 20/80 and 5/95 [Fig.
5(c,d)] the critical point disappears. The composi-

tion where the critical point disappears was esti-
mated to be about 25/75 PSF/PES (w/w) in our
quaternary system. The disappearance of the crit-
ical point is ascribed to the assumed constant
ratio of components 3 and 4 in calculation and
depends on the values of the various molecular
parameters used (molar volume ratios of each
component and interaction parameters). For the

Figure 5 Pseudoternary plots of the calculated phase diagrams in which the concen-
trations of water and NMP are lumped together for a constant weight ratio of the
concentrations of PSF and PES: (a) 80/20 PSF/PES, (b) 40/60 PSF/PES, (c) 20/80
PSF/PES, and (d) 5/95 PSF/PES.
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PES/poly(vinylpyrrolidone) (PVP)/water/NMP sys-
tem reported by Boom et al. the value is about
30/70 PES/PVP (v/v) when the molecular weight
of PVP is 1000 g/mol.21 As shown in Figure 4(a,b),
the location of the critical point shifts to higher
total polymer concentration as the blend ratio
decreases. Figure 4(a,b) indicates that when the
total polymer concentration is above the critical
point value, the solution shows polymer–polymer
phase separation and when the total polymer con-
centration is below the critical point value the
solution shows polymer–liquid phase separation.

Dual Mode of Phase Separation

The tie lines corresponding to the polymer–poly-
mer phase separation are shown on the right side
of the critical point in Figure 5(a). The phase
corresponding to the binodal curve contains more
PSF. The phase corresponding to the shadow line
contains more PES. Thus, the compositions on the
tie line are phase separated into a PSF-rich phase
and a PES-rich phase. The tie lines corresponding
to the polymer–liquid phase separation are shown
on the right side in Figure 4(a) and on the left side
of the critical point in Figure 5(a). The composi-
tions connected by the tie line are phase sepa-
rated into a polymer-rich phase and a polymer-
lean phase.

In the ternary phase diagram of the solvent/
nonsolvent/polymer system, the heterogeneous
region may be separated into a metastable region
and an unstable region. In the metastable region
the nucleation and growth mechanism governs
the phase separation. In the unstable region the
spinodal decomposition mechanism governs the
phase separation. For any point in the heteroge-
neous region, the composition is separated into a
polymer-rich phase and a polymer-lean phase. In
the quaternary system some compositions are
separated into a polymer-rich phase and a poly-
mer-lean phase (polymer–liquid separation). The
other compositions in the heterogeneous region
are separated into a polymer 1 rich phase and a
polymer 2 rich phase (polymer–polymer separa-
tion).

The difference in these two types of phase sep-
aration was experimentally observed by adding
water into the polymer solution of the initial 20
wt % total polymer concentration in vials. When a
small amount of water was added, the solution
remained homogeneous [group A in Fig. 6(a)].
Additional water caused phase separation of the
solution and, after long periods of settling, two

distinct layers developed. The sample of group B
in Figure 6(a) shows two layers with similar vis-
cosity. When the sample was inclined, the inter-
face moved simultaneously with the top surface of
the solution. In this sample the two layers are a
polymer 1 rich phase and a polymer 2 rich phase
(polymer–polymer separation). When more water
was added to the solution, the phase-separated
layers [group C in Fig. 6(a)] contained two layers

Figure 6 The dual mode of phase separation. (a) A
schematic diagram of (E) group A, homogeneous state;
(F) group B, polymer–polymer phase separation mode;
and (‚) group C, polymer–liquid phase separation
mode. (b) The state of the samples of the initial 20 wt %
total polymer concentration in the water addition ex-
periment with the calculated phase diagram for a PSF/
PES weight ratio of 40/60.
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having different viscosities. The upper layer
flowed easily and the lower layer flowed very
slowly when inclined. The difference in viscosity
between the two layers seemed to be large. They
had a polymer-rich phase and a polymer-lean
phase (polymer–liquid separation). The results of
the water addition experiment are shown in Fig-
ure 6(b). It was found that the boundary between
the polymer–polymer separation and polymer–
liquid separation was close to the lower shadow
curve of the calculated phase diagram. These ex-

perimental results are consistent with the predic-
tion by calculation.

The compositions in the locus of the tie lines
connecting the lower binodal curve [defined as the
binodal curve with total polymer concentrations
less than the critical point value in Fig. 4(a,b)]
and the corresponding shadow curve in the tetra-
hedron were separated into a polymer-rich phase
and a polymer-lean phase (polymer–liquid sepa-
ration). The compositions in the remaining heter-
ogeneous region above the previously defined

Figure 7 Precipitation values of water (grams of water/100 g of polymer solution) as
a function of PES wt % in the polymer blend at various temperatures: (a) for 1 wt % of
total polymer in solution, (b) for 5 wt % of total polymer in solution, (c) for 15 wt % of
total polymer in solution, and (d) for 20 wt % of total polymer in solution.
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polymer–liquid phase separation region were sep-
arated into a polymer 1 rich phase and a polymer
2 rich phase.

When the total polymer concentration is above
the critical point value, one can easily see from
the slopes of the tie lines in Figure 5(a,b) that the
concentration of the total polymers in the PSF-
rich phase is slightly lower than that in the PES-
rich phase. When the polymer concentration is
high, however, the total polymer concentration in
each phase after phase separation is almost equal
as shown in Figure 5(a) (tie line A–A9). The ratio
of the concentrations of the two polymers in each
phase is significantly different. This phenomenon
appears in all blend ratios between the two poly-
mers in Figure 5 when the total polymer concen-
tration is higher than a certain value. Note that
the critical point does not exist in Figure 5(c,d).
Similar results were reported for the PES/PVP/
NMP/water system.21

Effect of Temperature

The precipitation values at four different tempera-
tures were determined in the polymer concentra-
tions of 1, 3, 5, 10, 15, and 20 wt %. As shown in
Figure 7, the difference of the precipitation values
at different temperatures is relatively small, partic-
ularly for the 15 or 20 wt % of the total polymer
concentration [Fig. 7(c,d)]. Interestingly, the lower
critical solution temperature (LCST) behavior was
observed in some regions. With a low concentration
of total polymer (below 15 wt %), the precipitation
value increased as the temperature increased.
When the concentration of the total polymers was
higher than 15 wt %, the precipitation values de-
creased as the temperature increased around the
PSF/PES blend ratio range of 40/60 to 20/80 (w/w).
For the PSF/PES blend ratio of 40/60 and 20/80
(w/w), the experimental cloud point curves are
shown at 20 and 60°C in Figure 8. In order to
examine this LCST phenomenon more clearly, 20
wt % total polymer solutions in NMP were kept at
20, 30, 45, and 60°C for the PSF/PES blend ratio of
40/60 (w/w). The solutions at 20 and 30°C were
maintained as in the homogeneous state. However,
the solutions at 45 and 60°C became hazy because
of the phase separation.

CONCLUSIONS

Cloud points for the quaternary system of PSF/
PES/NMP/water were determined by a titration
method at 20, 30, 45, and 60°C. The cloud point

curves of the solutions of the PSF and PES blends
do not fall in between those of the pure PSF and
PES solutions. The miscible region is narrowed
when the blend of PSF and PES is used. The qua-
ternary system showed two distinct types of phase
separation: polymer-rich and polymer-lean phase
separation (polymer–liquid separation) and PSF-
rich and PES-rich phase separation (polymer–poly-

Figure 8 Experimental cloud points for the PSF/PES/
NMP/water quaternary system in which components
PSF and PES are lumped together at 20 and 60°C for
(a) a constant PSF/PES weight ratio of 40/60 and (b) a
constant PSF/PES weight ratio of 20/80. The concen-
trations were converted into volume percents (vol %).
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mer separation). The calculated binodal curves
based on the Flory–Huggins theory fit the experi-
mental cloud points well and the model appropri-
ately described the phase separation behavior of the
solution containing the blend of PSF and PES.

The LCST behavior was observed in some re-
gions. When the total polymer concentration was
higher than 15 wt %, the amount of water to
initiate the phase separation of the polymer solu-
tion decreased with increasing temperature.

The interaction parameters between PSF and
PES were obtained by water sorption experi-
ments and had values ranging from 20.38 to 0.44,
depending on the blend ratio. In the calculation of
the quaternary phase diagram, the value of 0.2 as
a constant parameter showed good agreement
with the experimental cloud points.
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