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ABSTRACT

M

odified Flory-Huggins theory with concentration dependent binary interaction
parameters is often used to predict the phase diagram in a ternary nonsolvent/solvent/polymer system. The interaction parameters in this model are
usually determined experimentally which limit the model predictive capability. In this
paper a compressible regular solution (CRS) model was used to predict the phase
diagram of a membrane forming water/tetrahydrofuran/poly(vinyl chloride) system, by
pure component properties such as, solubility parameter, coefficient of thermal
expansion and hard-core volume. In this respect, the binodal curve, spinodal curve and
the critical point were determined by numerical calculations. Properties of components
that were needed for these calculations have been taken from available data in the
literature. Experimental cloud point data were obtained by the titration method of PVC
in THF solutions with concentrations reaching 15 wt%. The good agreement between
the theoretical binodal and experimental cloud points indicates that this model is a
promising method to calculate the theoretical phase diagram for membrane forming
systems, with particular attention to the fact that no adjustable parameters such as
binary interaction parameters should be used for theoretical calculations. The result of
these calculations revealed that small amounts of water (less than 10%) is needed for
liquid-liquid phase separation in water/tetrahydrofuran/poly(vinyl chloride) system.
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INTRODUCTION
Membrane separation processes
are considered as part of the
modern technology. The extensive
application of membranes in
diverse fields such as water
desalination, food processing, gas
separation and medical devices [14] makes these systems attractive
alternatives for conventional
separation systems.
Since the invention of asymmetric membranes by Loeb and
Surirajan in 1960's, there have been

a large number of research works
on different methods of membrane
fabrication which among them the
immersion precipitation has been
the most commonly used [5-7]. In
this process a thin film of polymer
solution, cast on a support, is
immersed in a non-solvent bath.
The exchange of solvent and nonsolvent during the quench step
results in compositional changes
which leads to phase separation.
Both thermodynamic and kinetic
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factors control the phase separation phenomenon and
thus the resultant membrane morphology. The
thermodynamic aspect of membrane formation often
involves calculation of a phase diagram using the
Flory-Huggins theory, which is usually through
calculations of the binodal and spinodal boundaries
[8-10].
Up to the present, different researchers have proposed various models for thermodynamic behaviour
prediction of polymer mixtures. These models show
better descriptions of polymer thermodynamics
compared to the Flory-Huggins theory. However, in
most cases the increased rigor of these models is
accompanied by higher mathematical complexity and
less predictive capability [11-13]. This has made F-H
theory to be considered as one of the most useful and
simplest models, which after about 70 years of
introduction continues to be a subject of research
interest. However, some modifications are performed
on the original form of the F-H theory to increase its
accuracy, e.g., use of concentration dependent
interaction parameters. Although this approach is the
most accepted one among various authors for phase
diagram calculation of membrane forming systems,
the interaction parameters in the Flory-Huggins
model are usually determined experimentally which
limit its predictive capability, especially for the
systems that have not been studied experimentally. In
addition, the precise determination of these
parameters is of great importance since they have
considerable effects on the size and location of the
miscibility gap in a ternary phase diagram [8,14].
Recently, Ruzette et al. [15] and Gonzalez-Leon et
al. [16] have developed a compressible regular
solution (CRS) model to explain the phase behaviour
of polymer blends as well as multicomponent
polymer mixtures. This model is in fact an extension
of the classical regular solution model to account for
compressibility. Thus, in derivation of the expression
for free energy of mixing, the free volumes of the
constituting components are taken into account. The
main feature of the CRS model is its ability to predict
the phase behaviour of various polymer mixtures in
relatively good agreement with experimental data.
According to our knowledge, so far the CRS model
has not been used in the calculation of the thermodynamic behaviour of non-solvent/solvent/polymer
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membrane forming systems.
The main goal of the present work is to propose a
quick and reliable method for phase diagram
prediction of membrane forming systems. In this
respect, the phase behaviour of a water/tetrahydrofuran/poly(vinyl chloride) ternary system has been
determined using CRS model for multicomponent
systems developed by Gonzalez-Leon et al. [16]. This
model uses only pure component properties which
makes it a unique thermodynamic tool for the
prediction of polymer mixture phase behaviour. For
the ternary system studied here the phase diagrams
including binodal curve, spinodal curve and critical
point were calculated. In order to evaluate the phase
behaviour experimentally, cloud point measurement
was carried out, as well. The used PVC was suspension grade which contained minor amounts of
additives affecting the experimental phase diagram.
According to our knowledge there are two works
[17,18] regarding experimental phase diagram of
PVC containing membrane-forming systems. In the
first work, the H2O/THF/PVC system and in the
second one H2O/DMF/PVC system have been
investigated. None of these works have dealt with
theoretical calculation of the phase diagram. In
addition, the PVC used by Kawai et al. [17] has
molecular weight of over 7×105 which is much
higher than that used in the present work.

EXPERIMENTAL
Materials
PVC with a K value of 70 was obtained from Bandar
Imam Petrochemicals Co., Iran, without any
additives. The PVC molecular weight was Mn =
91000 g/mol with a polydispersity of 2.45 which
were determined by gel permeation chromatography
(GPC) (Agilent 110, USA). THF was purchased
from Merck and distilled water was used as the nonsolvent.
Determination of the Cloud Point Curve
The cloud point curve was determined by the titration
method [19,20]. For this purpose, samples of PVC in
THF solutions with concentrations of 3, 5, 8, 9, 11, 13
and 15 wt% were prepared by mixing desired amount
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of PVC powder in THF in sealed glass bottles. These
mixtures were stirred for at least 24 h with magnetic
stirrer. During the titration process water was slowly
added to the polymer solution under agitation by an
adjustable volume micropipette (Biohit, Finland). The
introduction of water into the bottle was done
dropwise through a rubber septum stopper. At the first
sight of turbidity, the addition of H2O was stopped
and the cloudy solution was agitated for 10-30 min.
More H2O was added only when the solution was
homogeneous again, otherwise the cloudy solution
was considered as the onset of the final cloud point.
The composition of the cloud point was determined
by measurement of the amounts of H2O, THF and
PVC presented in the bottle. Cloud points were
obtained at 18°C.

RESULTS AND DISCUSSION
Cloud Point Data
The cloud point curve for the H2O/THF/PVC system
is shown in Figure 1. It should be noted that by
increasing polymer concentration, it is difficult to
obtain the cloud point curve because of nonhomogenities due to inefficient mixing caused by
high viscosity of the solution. Thus, the experimental
cloud point for this system has been limited to 15 wt%
concentration. It is usual to obtain the whole phase

diagram through theoretical calculation of the binodal
curve [8-10,14,19,20]. It is reported that polydispersity of polymer could be the cause of anomaly
between thoretical binodal and experimental cloud
point [21].
Binodal Curve
According to the CRS model, the Gibbs free energy of
mixing per unit volume (Δgmix) of a ternary polymer
mixture is defined as eqn (1) [16] which is shown in
Scheme I.
The eqn (1) can be separated into compressible
and incompressible terms as given in eqn (2) in
Scheme I, where ϕi is the volume fraction of
ith component with Ni segments of hard-core (0 K,
zero pressure) volume νi. K is the Boltzmann constant
and T is the temperature. The reduced density
ρ~i=(ρi/ρi.) is given by ρ~i = exp(-αiT) and ρi. and αi are
the hard-core density and volumetric coefficient of
thermal expansion, respectively. The hard-core solubility parameter, δi,0, can be obtained from δi2(T) =
δi2(298) (ρi(T)/ρi.(298)) at T= 0 K. δi (298) is the
component solubility parameter at 298 K which can
be calculated from group contribution methods.
The major characteristics of the CRS theory is its
capacity to account for free volumes of pure
components and the mixture defined as the difference
between the total and hard-core volumes. This feature
gives it some superiority over the classical Flory-

Figure 1. The experimental cloud point data for the H2O/THF/PVC system at T= 291 K.
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Scheme I

Huggins theory, e.g., the possibility of capturing the
lower critical solution temperature (LCST) behaviour
which F-H model is not able to describe. Another
advantage of CRS model is its predictive capability
that needs only pure component properties as input
variables but it does not estimate or measure any
binary or ternary parameters.
The conditions for liquid-liquid equilibrium in a
membrane forming system consisting of non-solvent
(1), solvent (2) and polymer (3) are as fallows:

Δμ i′ = Δμ i′′

i = 1, 2, and 3

(3)

where, i represents different components, prime and
double prime indices denote polymer-lean and
polymer-rich phases, respectively. The expressions of
chemical potentials of the components in the mixture
derived from eqn (1) are shown in Scheme II.
In eqns (4)-(6) Vi represents the pure molar
volume of ith component and R is the gas constant.
with accessable ρ~i (reduced density), δi,0 (hard-core
solubility parameter) and νi (hard-core molar
volume) chemical potential of each component at
specified composition can be calculated readily from
the above equations.
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For calculation of the binodal curve, six unknown
variables should be determined that represent the
compositions of the two coexisting phases, the
polymer-lean (ϕ1′,ϕ2′,ϕ3′) and polymer-rich phases
(ϕ1″,ϕ2″,ϕ3″) which are connected through the tie
lines. Three relations between these unknown
variables are given by eqns (4) - (6). Another two
relations are found from the material balance equation
Σϕi = 1 for the dilute and concentrated phases,
respectively. Taking one composition as independent,
five non-linear equations are solved simultaneously to
determine the unknown variables. The objective
function is as follows:

Fi = ( Δμ i′ − Δμ i′′) / RT

i = 1, 2, and 3

(7)

The chemical potentials are given through eqns (4) (6). The numerical procedure is the same as that of
Yilmaz et al. [9]. They have stated that for large portions of the dilute part of the binodal curve, polymer
concentrations are very small and close to zero. Thus,
the calculation procedure can be simplified by assuming that the dilute phase contains zero polymer at the
neighbourhood of the critical point. For preceding the
calculation, the last calculated tie line (based on zero
polymer assumption in the dilute phase) is used as the
initial hypothesis. In this way, the whole binodal
curve can be obtained.
Spinodal Curve
The equation for the spinodal is given in eqn (8) [8]:
2

ΔG22 ΔG33 − ΔG23 = 0

(8)

From eqn (1) further deductions may be as eqns (9)(11) which are shown in Scheme III.
In fact the CRS model can be regarded as a
special case of the modified Flory-Huggins model
(concentration dependent interaction parameters) in
which the interaction parameters are assumed to
be constant but the effect of compressibility has
been considered through the reduced density
parameter.
In the case of spinodal, one variable is chosen
as independent and substitution in the material
balance eliminates the other variables. This would
give one equation with one unknown variable to be
solved. The numerical procedure is the same as that of
binodal case.
Critical Point
The equation for obtaining the critical point is as
follows [9]:
2

V1 ⎛ ϕ1c ⎞
G ⎛ G ⎞
1 − ⎜⎜ c ⎟⎟ − 3 22 ⎜⎜1 − 22 ⎟⎟ −
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⎝ V3 ⎠⎝ ϕ3 ⎠

2

3

⎛ G22 ⎞
⎜⎜
⎟⎟ = 0
⎝ G23 ⎠

For the critical point, two eqns (8) and (12) which
are in conjunction with material balance should be
solved simultaneously to calculate the compositions
ϕ1, ϕ2 and ϕ3.
We used Matlab 7.0 to determine the phase
diagram of the H2O/THF/PVC system. The values of
the component parameters used for calculation of

2
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Scheme III
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Phase Diagram for the H2O/THF/PVC Ternary
System
Figure 2 shows the calculated binodal curve, spinodal
curve and the critical point for the H2O/THF/PVC
system at T = 291 K. The system shows a small
miscible region and small changes in water volume
fraction of the polymer-rich phase. It is clear that
small amounts of water (less than 10%) is needed for
liquid-liquid phase separation. Thus the membranes
are likely to form by instantaneous demixing upon
coagulation step and hence it is expected to form a
relatively porous top layer that makes it suitable for

ultrafiltration and microfiltration applications
[6,8,25].
In Figure 3 the theoretical binodal curve and the
experimental cloud points are compared. There is a
good agreement between experimental data and the
low concentration part of the binodal curve, despite
the fact that no experimental measurement of model
parameters has been done. With increasing polymer
concentration some deviations are observed from
theoretically calculated binodal curve which are
attributed to the polydispersity of the PVC polymer
and the experimental errors.
The use of the CRS model has enabled us to
calculate the phase diagram of the H2O/THF/PVC
membrane forming system directly from pure
component properties. As can be seen the general
thermodynamic behaviour of the system is relatively
well demonstrated. However if we desire to use the
F-H model to calculate the phase diagram, we would
have to measure or estimate the binary interaction
parameters which take more time and possibly
accompanied by some errors.
In the F-H model, three interaction parameters
should be calculated for each component. For
H2O/THF/PVC system the g13 (H2O/PVC binary
interaction parameter) which has a considerable effect
on the phase diagram [14] has not been reported in

Figure 2. Calculated phase diagram for H2O/THF/PVC
system at T = 291 K, (_) binodal curve, (…) spinodal curve

Figure 3. Comparison of the cloud point curve and the
theoretical binodal curve: (_) theoretical binodal curve and

and (o) critical point.

(o) cloud point curve.

Table 1. Parameters used for calculations.
ρ.
(g/cm3)

α
×10-4

(K-1)

δ(298)

NAvν

(J1/3/cm3/2)

(cm3/mol)

PVCa

1.79

2.1

19.20

35.09

THFb

1.36

12.6

18.60

52.82

H2Oc

1.07

2.07

47.96

16.82

(a) P-V-T data from ref. 15 and solubility parameter from ref. 22,
(b) P-V-T data from ref. 23, and (c) P-V-T properties estimated using

ref. 24.

binodal, spinodal and the critical point are listed in
Table 1.
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literature, either. It is usual to measure this parameter
through swelling measurement. We tried to measure
this parameter by this method but water sorption of
PVC is so negligible that we could not detect a
measurable increase in polymer weight.
Wei et al. [10] have proposed the use of Hansen
solubility parameter to obtain the interaction
parameters. We employed this method but the results
were unacceptable and the binodal curve obtained by
the calculated interaction parameters was in poor
agreement with experimental data.
It should be noted here that in spite of its
advantages, the CRS model fails to predict the phase
behaviour of strong specific interactions such as
hydrogen bonding and its predictive capability is
limited to weak interaction systems [15,16].
The composition of the critical point is ϕ1= 0.066,
ϕ2= 0.87 and ϕ3= 0.063 which corresponds to an
initial polymer concentration of ~11 wt% in solvent.
The critical polymer composition determines the
mechanism of liquid-liquid phase separation. Above
the critical point, nucleation of the polymer-lean
phase occurs and the polymer-rich phase will form
the continuous phase. Therefore, upon membrane
production, the composition of the initial casting
solution should be selected over the critical polymer
composition to ensure sufficient mechanical stabi-lity
of the membrane [6].

CONCLUSION
The cloud point curve for a ternary system of
water/THF/PVC was obtained with the titration
method. The theoretical phase diagram was calculated employing the CRS model. A good agreement
between experimental measurements and theoretical
calculations leads to the conclusion that the model
can serve as a promising thermodynamic tool to predict phase behaviour of non-solvent/solvent/polymer
membrane forming systems.

SYMBOLS AND ABBREVIATIONS
(Δgmix) : Gibbs free energy of mixing per unit volume
αi
: Volumetric thermal expansion coefficient

δi
δi,0
μi
νi
ρi
ρ~i
ρi.
ϕi
K
NAv
Ni
T
Vi

: Solubility parameter
: Hard-core solubility parameter
: Chemical potential
: Hard-core molar volume
: Density
: Reduced density
: Hard-core density
: Volume fraction of ith component
: Boltzman constant
: Avogadro's number
: Number of segments
: Temperature
: Molar volume
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