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Abstract

Theoretical ternary phase diagrams with very good agreement with experimental cloud point data were constructed for water/N,N-dimethyl-
acetamide (DMAc)/polyethersulfone (PES) and water/N-methyl-2-pyrrolidone (NMP)/polyethersulfone systems. Theoretical phase diagrams
were determined based on the extended Flory—Huggins theory of polymer solutions. To construct the theoretical phase diagrams, all binary in-
teraction parameters were determined accurately and thoroughly revisited. Also, the structures of membranes prepared of these systems by phase
separation process were investigated. The morphological studies showed that in spite of better miscibility between water and DMAc compared to
water and NMP, channel-like structures were observed in membranes prepared of water/NMP/PES systems but tear-like structures with more
spongy areas were observed in membranes prepared of water/DMACc/PES system. According to the constructed theoretical ternary phase diagrams
of these systems, these unexpected observations were attributed to the higher concentration of polymer in the polymer-rich phase of water/DMAc/

PES system, which causes an early vitrification in this system which suppresses the growth of macrovoids.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Phase separation process, which sometimes called the phase
inversion process, is without doubt the most important tech-
nique for the preparation of both asymmetric (anisotropic)
and symmetric (isotropic) polymeric membranes [1]. In this
method a flat-sheet or hollow fiber membrane is constructed
by precipitation of a homogeneous polymer solution into
a solid, polymer-rich phase and a liquid, polymer-lean phase
[2]. Although there are several methods for the precipitation
of a polymer solution, casting the desired polymer solution
on a suitable support and immersing it in a nonsolvent bath
is the usual method for the preparation of polymeric mem-
branes in the phase separation process.

It is widely accepted that the kinetics and thermodynamics
of the phase separation process have major roles in determining
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the final structure of the membrane prepared by this process
and several researchers [3—11] have studied various Kkinetic
and thermodynamic aspects of this process for a wide variety
of ternary systems. Membrane morphology, on the other
hand, has a large effect on the membrane performance, and
therefore a complete knowledge concerning the kinetics and
thermodynamics of the desired membrane-forming system is
required.

For thermodynamic evaluations of a membrane-forming
system, the Flory—Huggins theory of polymer solutions
[12], which has been extended to a ternary system containing
nonsolvent/solvent/polymer by Tompa [13], is usually used
and a ternary phase diagram including binodal and spinodal
curves and tie lines is constructed. Binary interaction parame-
ters of nonsolvent/solvent, solvent/polymer, and nonsolvent/
polymer are the main input parameters of the Flory—Huggins
relation. The magnitude and concentration dependency of
these interaction parameters have a large effect on the binodal,
spinodal, and critical point positions of a phase diagram.
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The effects of these parameters on the phase diagram of
a membrane-forming system have been studied by several
researchers [6—11] for various ternary systems. Altena and
Smolders [6] were the first who performed a comprehensive
thermodynamic study for a wide range of ternary membrane-
forming systems. They have studied water/solvent/cellulose
acetate and water/solvent/polysulfone systems and their theo-
retical calculations showed that good agreement can be found
between experimental and theoretical miscibility gaps when
the nonsolvent/solvent interaction parameter is taken concen-
tration dependent and two other interaction parameters are
considered concentration independent. On the other hand,
Yilmaz and McHugh [8] have shown that the concentration
dependency of the solvent/polymer interaction parameter is
more important than that of the nonsolvent/solvent parameter.
Other researchers [9—11] have performed similar studies for
other ternary systems and revealed some other thermodynamic
aspects of ternary membrane-forming systems.

In our group we have mainly focused on the fabrication of
flat-sheet and hollow fiber membranes for hemodialysis by
nonsolvent-induced phase separation process based on poly-
ethersulfone (PES) as the main polymer. PES has many fasci-
nating properties including favorable mechanical strength,
thermal and chemical resistance, and excellent biocompatibil-
ity [14,15] and in recent years PES has been used in a wide
rang of membrane applications such as gas separation, purifica-
tion of various liquids, separation of biological components,
medical devices and hemodialysis [16—19]. In our previous
works, we have studied the preparation of flat-sheet and hollow
fiber hemodialysis membranes with PES and evaluated the
effect of additives and preparation conditions on the membranes
morphology and performance and their results are reported
elsewhere [20—22].

Although nonsolvent/solvent/PES systems are widely used
in industrial membrane applications, there are a few thermody-
namic studies concerning these industrially important systems
in the literature [9,23]. For this reason, in the present study,
a comprehensive thermodynamic analysis of systems contain-
ing water/DMAC/PES and water/NMP/PES has been per-
formed. Binary interaction parameters of these systems have
been measured experimentally. The ternary phase diagrams
were then constructed theoretically and compared with the ex-
perimental results and meanwhile some controversies exist in
the literature on the magnitude of interaction parameters of
these systems have been clarified. On the other hand, accord-
ing to the constructed theoretical phase diagrams, some unex-
pected structures observed for membranes prepared of these
systems have been verified as well.

2. Theory

2.1. Thermodynamics of nonsolvent/solvent/polymer
systems

An extended form of Flory—Huggins theory of polymer so-
lutions [12,13] is typically used to predict the thermodynamic
behavior of nonsolvent/solvent/polymer systems. According to

this theory, the Gibbs free energy of mixing, AG,, for a ternary
system is given by the following relation:

AG,
RT

=mln ¢, +mln ¢, + n3ln ¢ + gran1 Py + g131n1 ;5

+ 823124 (1)

where n; and ¢; are the number of moles and volume fraction
of component i, respectively. R is the gas constant and T is
the absolute temperature. g; are concentration-dependent
binary interaction parameters between components i and j.
The subscripts refer to nonsolvent (1), solvent (2), and
polymer (3).

The nonsolvent/solvent interaction parameter, g1, is usually
assumed to be a function of u,, where u, is the volume fraction
of solvent on a polymer-free basis (1, = ¢,/(¢; + ¢,))
[6,8,24]. The nonsolvent/polymer interaction parameter, g3,
although by definition must be a concentration-dependent pa-
rameter, but in most thermodynamic evaluations of ternary sys-
tems, no concentration dependency was considered for this
parameter. In some studies, solvent/polymer interaction param-
eter, g»3, has been considered as a function of ¢3, the ternary
polymer volume fraction [8,24] and in some other studies,
this parameter has been expressed as a function of v;, the
volume fraction of polymer on a nonsolvent-free basis
[11,25,26]. In the present work, concentration dependency
has been considered for g;,, but g,3 and g;3 assumed to be
concentration-independent interaction parameters. Therefore,
in the following equations, x»3 and x;3 are used instead of
823 and gy3.

2.1.1. Binodal curve

When some component i is distributed between two phases,
the thermodynamic equation of equilibrium is expressed as
follows [27]:

AIU’LA = A:u’i,B l: 1a 25 3 (2)

where Ap; is the difference between the chemical potential of
component i in the mixture and the pure state. The subscripts
A and B refer to the polymer-rich and polymer-lean phases,
respectively.

By definition, the derivative of the Gibbs free energy of
mixing with respect to the number of moles of each compo-
nent results in the chemical potential of component i [27]:

A/J'i _ i A(;m (3)
RT  0m;\ RT Py

From Eqgs. (1) and (3), the chemical potential of compo-
nents in the mixture can be derived as follows [6,8,10,11]:

Au v v
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where v; is the molar volume of component i. It should be
noted that only binary interaction parameters are considered
in these equations.

2.1.2. Method of calculation of binodal curve

Every composition inside the binodal will demix into
a polymer-rich and a polymer-lean phase, which are in ther-
modynamic equilibrium with each other [7]. The line which
connects a pair of equilibrium compositions in the polymer-
rich phase (¢;.a, P24, $34) and polymer-lean phase (¢, g,
¢, ¢3p) is a tie line.

To specify the tie line compositions, these six unknowns
should be determined. There are five relations between these
six unknown compositions. Three of them are given by
substituting Eqs. (4)—(6) in Eq. (2). Two remaining equations
are the material balance relations in the polymer-rich and
polymer-lean phases.

Ed)i,A =Xpp=11i=1,2,3 (7)

To find these six unknown compositions, the polymer com-
position in the polymer-lean phase, ¢3 5, was considered as an
independent variable [6,8] and the remaining system of five
equations were solved by the Newton—Raphson method.

2.1.3. Spinodal curve
The boundary between unstable and metastable regions is
the so-called spinodal, which is thermodynamically defined as

0°AG

e )

Spinodal curve can be obtained from the following relation
[13,28]:

GGy = (Gy)’ 9)

where G;; = (0°AGn/0¢,0¢;),  and AGy is the Gibbs free
energy of mixing on a unit volume basis and v, is the molar
volume of the reference component which is be taken to be
component 1. Therefore, from the relationship for AG, the
following expressions result [8].
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Substitution of Egs. (10) to (12) in Eq. (9) along with
material balance equation results in two equations with three
variables which can be solved numerically (again with
Newton—Raphson method) by choosing one of the variables
(in our case ¢3) as the independent variable.

2.1.4. Critical point
The critical point where the binodal and spinodal curves
touch each other thermodynamically is expressed as

PAG  PAG
—— =53 =0 (13)
0¢ 0
The critical point composition can be calculated using the
following equation [8]:

G222G§3 —3Ga3GnGs3 + 3G233G§3 —GnGnGi =0 (14)

2.2. Binary interaction parameters

2.2.1. Nonsolvent/solvent interaction parameter

The concentration-dependent nonsolvent/solvent interac-
tion parameter, gi,, is usually determined from excess Gibbs
free energy (G*) data using the following equation [1]:

GE
it 4 ooln22 42 (15)

1
S é,

where x; and ¢; are mole fraction and volume fraction of the
components, respectively. G* can be determined from activity
coefficients data or it can be directly obtained from experi-
mental data, which are available in the literature.

2.2.2. Solvent/polymer interaction parameter

The solvent/polymer interaction parameter, x,3, may be ob-
tained experimentally by measuring the activity of the solvent.
The activity of the solvent may be determined by a number of
techniques. Details of these techniques can be found in several
papers, which are available in the literature [29—32].

In this study, x,3 has been predicted by a model proposed
by Rudin et al. [33—36]. This model represents a method for
predicting the osmotic pressure and osmotic and light scatter-
ing second virial coefficients of a polymer solution. The
second virial coefficient, A,, is of course related to x,3 by
a simple equation [37]. According to this method, the osmotic
pressure of a polymer solution is given by
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in which 7 is the osmotic pressure of a solution of polymer
with number-average molecular weight M,, and concentration
¢, and R and T have their usual meaning [33—35]. In Eq. (16),
Aj is given by [36]:

167TNA [7]]
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(17)

where c is the polymer concentration (g/ml), N is Avogadro’s
number, [n] is intrinsic viscosity of the polymer in the given
solvent (ml/g), [n]y is its intrinsic viscosity under theta condi-
tions, and M is average polymer molecular weight. ¢* is a crit-
ical concentration at which the polymer coils begin to overlap
each other [36].

A}, as defined in this model, is a concentration-dependent
parameter and therefore differs from the conventional second
virial coefficient, A,, which is independent of concentration.
To obtain a concentration-independent second virial coeffi-
cient, A,, with this method, for each concentration of the poly-
mer solution, a value of A} is calculated and then (wlc)'? [Eq.
(16)] values are plotted versus c and A; is determined from the
slope of the straight line fitted to the results.

Solvent/polymer interaction parameter is then can be deter-
mined from the resulting second virial coefficient, A, by the
following equation [37]:

1
——Azp%Vz (18)

X23 :2

where pj is the density of polymer (g/ml) and V), is the molar
volume of solvent (ml/mol).

The polymer molecular weight, its intrinsic viscosity in the
solvent of interest, [n], and its intrinsic viscosity under theta
conditions, [n]y, are the major input parameters of this model.
Intrinsic viscosity of the polymer and its intrinsic viscosity
under theta conditions can be calculated by the well-known
Mark—Houwink—Sakurada (MHS) equation or they can be
determined using viscometry measurements. Albeit in the
case of [n]y, the evaluations must be carried out at theta con-
ditions. To overcome the difficulties associated with the deter-
mination of intrinsic viscosity under theta conditions, recently
Qian et al. [38] have proposed a novel method for estimation
of [n]y from the measurement of [7] in a nontheta solvent. In
this method [7]y is given by the following equation [38]:

it -on( )]

077 ( (:)
—exp(-<

c* c*

[77]0 (19)

where p is the coil density of a polymer molecule and is
determined from the following equation:

C
p:nf(1.25+0.5 56.4nsp+6.25) (20)

sp

where 75, is specific viscosity of the polymer solution.

2.2.3. Nonsolvent/polymer interaction parameter

The nonsolvent/polymer interaction parameter, X3, is usu-
ally determined by equilibrium swelling measurement. When
a nonsolvent contacts a polymer, the liquid penetrates into
the polymer phase until the chemical potential of the liquid in-
side the polymer is equal to the chemical potential of liquid in
the liquid phase [1]. This swelling behavior can be described
by Flory—Rehner theory [12]. According to this theory, xi3
is determined with the following equation [39]:

In(1 — ¢;) + 5

3 @

Xi3 = —
where ¢3 is the volume fraction of polymer.

3. Experimental
3.1. Materials

Polyethersulfone (PES) Ultrason E 6020 P with M, =
58,000 and M, =16,111 g/mol (BASF, Germany) was used
as the polymer. N,N-Dimethylacetamide (DMAc) (Merck)
and N-methyl-2-pyrrolidone (NMP) (Riedel-de-Haén) were
used as solvents and double-distilled water was used as the
nonsolvent.

3.2. Determination of cloud point curve

The cloud point curve was determined by usual titration
method [7]. For this purpose, polymer solutions with concen-
trations of 1, 3, 5, 10, 15, 20, 25, and 30 wt% PES in DMAc
and 1, 3, 5, 10, 15, 20, and 25 wt% PES in NMP were prepared
by mixing desired amounts of these materials in sealed glass
bottles. To achieve homogeneous polymer solutions, these
mixtures were stirred for 72 h with a magnetic stirrer.

To perform the titration, double-distilled water was slowly
added into the polymer solution under agitation by an adjust-
able volume micropipette (Calibra 822, Socorex, Switzerland)
with 5 pl accuracy. During titration, the solution temperature
was controlled at 25 °C with a thermostatic water bath (Julabo,
Germany). The addition of pure water was continued until the
clear polymer solution visually turned to a cloudy solution. Af-
ter observation of the first sign of turbidity, addition of nonsol-
vent was stopped and the cloudy solution was agitated for an
additional 30 min to see whether the turbid solution changes
to a clear solution or not. If the cloudy solution turned to a clear
solution, more nonsolvent was added, otherwise the determined
point was considered as the onset of real cloud point. The com-
position of cloud point was then determined by the amount of
nonsolvent, solvent, and polymer present in the bottle.



1624 J. Barzin, B. Sadatnia | Polymer 48 (2007) 1620—1631

3.3. Determination of solvent/polymer interaction parameter

Solvent/polymer interaction parameters, y,3, were deter-
mined by Rudin model [33—36]. In this model, first of all,
A, is determined by the relations presented in this model,
and then x,3 is calculated from the corresponding relation
between A, and x»3 (Eq. (18)).

The major input parameters of this model are [7n], []y, and
polymer molecular weight. [n] and [n], were determined by
viscosity measurements. Viscosities of polymer solutions
with different concentrations were measured with an Ubbe-
lohde viscometer at 25 °C. The intrinsic viscosities were
then determined as the mean intercept of a dual extrapolation
to zero concentration according to Huggins (Eq. (22)) and
Kraemer (Eq. (23)) equations [37]:

0 — o] + ke (22)

% _ o) + k[ (23)

where 7, is the specific viscosity and 7, is the relative viscos-
ity. ky and kg are Huggins and Kraemer constants, respectively.
7Nsp and 7, were determined from the following equations:

n t
== 24
== (24)
nsp =N - 1 (25)

where 71 and 7 are the viscosity of polymer solution and of the
pure solvent, respectively. ¢ and #, are the flow times of poly-
mer solution and of the pure solvent through the Ubbelohde
viscometer. The intrinsic viscosities under theta conditions
were estimated based on Qian et al. method [38].

3.4. Determination of nonsolvent/polymer interaction
parameter

Nonsolvent/polymer interaction parameter, X3, was deter-
mined by equilibrium swelling measurement. PES films were
prepared of about 0.2 g polymer flakes by a hot press at
250 °C. The films were then immersed in Petri dishes contain-
ing double-distilled water at 25 °C for one week. At certain
time intervals, the polymer films were removed from water,
dried between two filter papers, and weighed. This procedure
was continued until no appreciable differences observed
between two successive weight readings. Nonsolvent/polymer
interaction parameter was then calculated from Eq. (21).

3.5. Membrane preparation

Homogeneous polymer solutions of 5, 12, and 20 wt% of
PES in DMAc and NMP were cast on glass plates with uni-
form thickness by a doctor blade. Immediately after casting,
the glass plates were immersed in a coagulation bath contain-
ing distilled water at 25 °C. After coagulation was completed,

the solidified flat-sheet membranes were transferred to a sec-
ond bath containing fresh water and then they were dried by
placing them between sheets of filter paper.

3.6. SEM analysis

The cross section morphology of the prepared membranes
was examined with a scanning electron microscope (Philips
XL 30). The samples were fractured in liquid nitrogen, coated
with gold in a sputtering device (SCD 005, BAL-TEC), and
then transferred into the microscope chamber.

4. Results and discussion
4.1. Nonsolvent/solvent interaction parameters

The nonsolvent/solvent interaction parameters, gi,, have
been considered concentration dependent.

For water/DMACc system, there are two completely differ-
ent sets of g, values in the literature. Shuguang et al. [40]
and Gaides and McHugh [41] have used the vapor—liquid
equilibrium data of Carli et al. [42] and reported two polyno-
mial relations with different orders for g, of water/DMAc
system. On the other hand, Pesek and Koros [43] have used
another source of vapor—liquid equilibrium data [44] and
reported a different set of g, values for this system. The latter
authors have presented their results as a graph of g, versus
volume fraction of water, ¢, but no relation has been pre-
sented for gy, in their paper. For water/NMP system, the
most reliable data for g;, are those of Zeman and Tkacik
[9]. We applied the data of Pesek and Koros (for water/
DMAc) and Zeman and Tkacik (for water/NMP) to two poly-
nomial relations and obtained the relation constants by least
square method. For comparison, all the available g;, values
and relations along with g, relations derived in this study
have been presented in Table 1 and Fig. 1.

Table 1
Concentration-dependent nonsolvent/solvent interaction parameter, g, of
water/DMAc and water/NMP systems at 25 °C

System 812
Water/DMAc 0.185 + 0.155u, — 1.02u3 + 1.79u3 — 1.10u3*

0.164 + 1.54u; — 16.50u2 + 90.24u3 — 283.75u}
+530.74u5 — 583.36u8 + 347.72u] — 86.75u8®

0.58—0.9°
0.8923 — 0.5911u, + 0.2821:3°
Water/NMP 0.785-1253°
0.785 + 0.665u,"
0.4860 + 0.80291,%
& Ref. [40].
b Ref. [41].
° Ref. [43].

=%

This study (based on data of Ref. [43]).

¢ Ref. [9] (for x, =0.1—0.8, x, = mole fraction of NMP).
f Ref. [10] (based on data of Ref. [9]).

€ This study (based on data of Ref. [9]).
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912

0 0.2 0.4 0.6 0.8 1
Volume fraction of water (1-u,)

Fig. 1. Concentration-dependent interaction parameter of water/DMAc and
water/NMP  systems. (a) water/DMAc, Ref. [40]; (b) water/DMAc,
Ref. [41]; (O) water/DMAc, Ref. [43]; (c) water/DMAc, this study based
on the data of Ref. [43]; (d) water/NMP, this study based on the data of
Ref. [9]; (e) water/NMP, Ref. [10].

Fig. 1 clearly shows that for water/DMAc system no appre-
ciable differences are observed between data of Shuguang
et al. and Gaides and McHugh but there is a significant differ-
ence between g, values reported by these authors and data of
Pesek and Koros. In our opinion, these differences might have
been aroused from different sources of vapor—liquid equilib-
rium data that these authors used in their calculations. On
the other hand, according to the results of Shuguang et al.
and Gaides and McHugh, the g;, of water/DMAc system in-
creases with the increase of water content which is opposite
to the behavior of all other water—solvent systems reported
in the literature (e.g. see Fig. 2 of Ref. [6]).

Although we have obtained different reports concerning g;,
of water/DMACc system in the literature, Fig. 1 clearly shows
that both the reported g, values of the water/DMAc system
are smaller than those of water/NMP system, which indicate
that there is a better miscibility between water and DMAc
compared to water and NMP system.

4.2. Solvent/polymer interaction parameters

The solvent/polymer interaction parameters, X3, were
determined by the measurement of intrinsic viscosity accord-
ing to Rudin model. In this method, the input parameters are
intrinsic viscosity of the polymer in the desired solvent, its
intrinsic viscosity under theta conditions, and polymer molec-
ular weight. The results of Ubbelohde viscosity measurements
for DMAC/PES and NMP/PES solutions are shown in Fig. 2.
The intrinsic viscosity of these solutions can be determined
by usual extrapolation of the results to zero concentration
and the Huggins and Kraemer constants (ky, kx) can be deter-
mined from the slope of the corresponding straight lines. The
results are shown in Table 2.

(@) 5 . . . . . : :

55

54

53

52

51

50

Ngplc or Inn /e (ml/g)

49t -

48 1

47 . . . . . . .
0 0.5 1 1.5 2 25 3 3.5 4

c (g/ml)

(b)

62 T T T T T T T

Ngplc or Inn,/c (ml/g)

54 . . . . . . .
0 .

¢ (g/ml) x 108

Fig. 2. Plot of n,/c (O) and Inn,/c (@) versus ¢ for (a) PES in DMAc and (b)
PES in NMP at 25 °C.

ky has values, which fall in the range of 0.3 (for good
solvent—polymer pairs) to 0.5 (for poor solvent—polymer
pairs). Meanwhile, the values of ky and ky — kg decrease
and the intrinsic viscosity increases as solvent power increases
[45]. The results of Table 2 show that ky and ky — kx values of
DMAC/PES solution are slightly greater than those of NMP/
PES solution. Furthermore, the intrinsic viscosity of DMAc/
PES solution is lower than that of NMP/PES solution.
Although both DMAc and NMP have been reported as good
solvents for PES, our viscosity measurement results indicate
that NMP is a better solvent for PES compared to DMAc.

Fig. 3 shows the results of intrinsic viscosity under theta
conditions for PES/DMAc and PES/NMP solutions. The [7],
has been calculated with Qian et al. method [38]. This figure
shows that [n], is almost concentration independent and its
average value is slightly lower for DMACc/PES solution com-
pared to NMP/PES solution. For a better comparison, the
average values of [n], of these solutions have been presented
in Table 2. Although it was observed that [n], is concentration
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Table 2
Results of viscometry measurements for DMAc/PES and NMP/PES solutions
at 25 °C

Table 3
Solvent/polymer interaction parameter of DMAc/PES and NMP/PES solutions
at 25°C

Polymer solution  [n] (ml/g) kg kx ka — kg [n]p (ml/g) Solution X23
PES in DMAc  50.8663 03972 —0.1181 05153  25.8660 DMAG/PES 0.39°
PES in NMP 56.8237 0.3244  —0.1731 0.4975 28.1493 NMP/PES 0.37°
DMAC/PES e
NMP/PES 0.36—0.55¢
* This study.
@) 120 ® This stud;
¢ No data was found.
100 | ¢ Ref. [9].
80 1 4.3. Nonsolvent/polymer interaction parameter
(=2
E 60l _ The nonsolvent/polymer interaction parameter, X3, has
= been determined by swelling method. For water/PES system
= we obtained a value of 2.83 for x 3 compared to the published
40r 1 values of 2.73 [9], 2.66 [46], and 2.70 [47]. To obtain xi3
e S values applicable to lower polymer concentrations, Zeman
20 1 and Tkacik [9] used light scattering and refractive index
measurements and found a value of 1.6 for ;3 of water/PES
0 . . . . . . . system.
0 0.5 1 15 2 2.5 3 3.5 4
¢ (g/ml) x10% 4.4. Phase diagram of water/DMAc/PES and water/
NMP/PES systems
(b) 120 T T . . . . :
Fig. 4 shows the experimental cloud point data for water/
100k i DMAC/PES and water/NMP/PES systems. As this figure
shows, the cloud point curve of water/DMACc/PES system is
closer to the polymer—solvent axis, and so less water is
80r 1 needed for the precipitation of PES in this system compared
o to water/NMP/PES system.
E eof . The observed results are totally reasonable because data of
ECD Tables 2 and 3 show that NMP is a better solvent for PES
a0l i compared to DMAc and therefore a larger demixing gap
should be observed for water/DMAC/PES system compared
2 \0\'\0—\ to water/NMP/PES system. On the other hand, as Fig. 1 shows,
) ) ) ) ) ) ) PES
% 0.5 1 15 2 2.5 3 3.5 4
c (g/ml) x 1073

Fig. 3. Plot of [n], versus ¢ for (a) PES in DMAc and (b) PES in NMP at
25°C.

independent, some deviations from straight line were observed
for dilute region for both solutions. Such observations have
been reported by Qian et al. [38] as well.

Now, second virial coefficients can be calculated from the
above input parameters ([n] and [n]s) according to Rudin
model, which in turn can be used for the estimation of y,3.
The results of x,3 calculation based on this method along
with some data from the literature are presented in Table 3.
The values of x,3 show that NMP/PES pair is more compatible
than DMAC/PES pair. These results are in good agreement
with our viscometry results.

o

Water

.
DMAc, Lo o . N

NMP 10 20 30 40
Fig. 4. Experimental cloud point data for water/DMACc/PES (@) and water/
NMP/PES (O) systems at 25 °C.
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g12 of water/NMP is higher than g, of water/DMACc (better
miscibility between DMAc and water) which again causes
a broader homogeneous area for water/NMP/PES system.
Therefore, the experimentally determined cloud point data of
Fig. 4 are in accordance with the predicted interaction param-
eters of these systems. Similar cloud point results have been
reported for these systems in the literature [9,48].

In Fig. 5 the theoretical binodal and spinodal curves along
with experimental cloud point data for water/NMP/PES
(Fig. 5a) and water/DMAC/PES (Fig. 5b) systems have been
illustrated. The theoretical binodal and spinodal curves were
constructed with numerical calculations based on an extended
form of Flory—Huggins theory and the determined binary
interaction parameter data.

First, we tried to construct a theoretical binodal curve with
good agreement with experimental cloud point data for water/
NMP/PES system. For x5 and x,3 we used our experimentally
determined data reported in the previous sections (x3 = 2.83
and x,3 = 0.37). For g, we used the concentration-dependent

(a) PES

Water

(b) PES

DMAc Water

Fig. 5. Theoretical binodal (—) and spinodal (— — —) curves along with exper-
imental cloud point data (@) for (a) water/NMP/PES (g, =0.4860+
0.8029u,, x23 =0.37, x13=1.6) and (b) water/DMAC/PES (g1, = 0.8923—
0.5911uy + 0.2821u3, x23 = 0.39, X3 = 1.6) systems.

polynomial relation derived from data of Zeman and Tkacik
[9] (Table 1).

With these interaction parameter values we did not succeed
to fit the theoretically constructed binodal curve with the
experimentally determined cloud point data of this system.
Therefore, we decided to change the interaction parameter
values and find the best fit between binodal curve and cloud
point data. We chose to alter the x;3 value, because in our
opinion there is the largest uncertainty in determining this in-
teraction parameter compared to other interaction parameters.
We altered the x;3 value and found the best fit between the
theoretical binodal curve and experimental cloud point data
for x;3 = 1.6. The resulting binodal and spinodal curves along
with cloud point data of this system are illustrated in Fig. 5a.
This value of x;3 for water/PES system is in a very good
agreement with the data reported by Zeman and Tkacik [9]
which has been measured with light scattering and refractive
index measurements. According to the theoretical calculations
performed by these authors they have found a ;3 of 1.5 for
water/PES system.

Therefore, as the above results show, the equilibrium swell-
ing measurement, which is usually used for the determination
of nonsolvent/polymer interaction parameter (x;3) of mem-
brane-forming systems, does not seem a suitable method for
determination of this parameter. Similar result has been
reported for water/polysolfone (PSf) system as well [10].

We also evaluated the effect of changing the solvent/poly-
mer interaction parameter (x,3) value of this system on the bi-
nodal curve position, but it was observed that changing the x»3
value has minor effect in altering the position of binodal curve
in the ternary phase diagram of water/NMP/PES system.

For water/DMAC/PES system we used x;3 value obtained
from theoretical calculations performed for water/NMP/PES
system. For g, and x»3, we used the values presented in Tables
1 and 3. As it has been mentioned in the previous sections, for
water/DMACc system, there are two completely different sets of
g12 values in the literature (Table 1). We examined both sets of
the proposed g, values with our numerical code and compared
them with the experimental cloud point data of this system.
The first set of g, values [40,41], which have been presented
as polynomial relations with different orders, were obtained
from vapor—liquid equilibrium data of Carli et al. [42]. The
second set of g, values have been presented by Pesek and
Koros [43]. The latter authors have presented their data as
a graph of g, versus volume fraction of water, ¢, but no
relation for g, has been presented in their work.

First, the g, relations proposed by Shuguang et al. [40] and
Gaides and McHugh [41] were examined. With these relations
and x5 = 1.6 and x,3 = 0.39 we failed to fit the theoretical bi-
nodal curve with the experimental cloud point data. But, when
we used the g, relation derived from the data of Pesek and
Koros [43] (Table 1), a very good agreement was found be-
tween theoretical binodal curve and cloud point data for this
system (Fig. 5b). Therefore, according to our theoretical calcu-
lations, g, values reported by Pesek and Koros [43] appear to
be more reliable data for water/DMAc compared to those re-
ported by Shuguang et al. [40] and Gaides and McHugh [41].
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(d) PES

(b) PES (e) PES

Water NMP

(c) (f) PES

DMAc

Water

Water

Fig. 6. Effect of variation of interaction parameters on the binodal curve positions for water/DMAC/PES (a, b, and ¢) and water/NMP/PES (d, e, and f) systems.

According to the determined interaction parameter values
of water/NMP/PES and water/DMACc/PES systems, the critical
point compositions of these systems calculated to be ‘10.68,
77.63, 11.69° and ‘7.88, 79.58, 12.54°, respectively.

In Fig. 6, the effect of binary interaction parameter magni-
tudes on the binodal curve position is illustrated. Fig. 6 clearly
shows that higher values of g, (less compatibility between
nonsolvent and solvent) and lower values of y,; (better
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compatibility between solvent and polymer) and x,3 (better
compatibility between nonsolvent and polymer) shift the bino-
dal curve toward the nonsolvent—polymer axis and produce
larger homogeneous regions in the phase diagram of both sys-
tems. A detailed study concerning the effect of variation of in-
teraction parameter magnitudes on the binodal and spinodal
curve positions can be found in papers mainly devoted to
this topic [6,8,10,11].

4.5. Membrane morphology

Morphology of the membranes prepared from ternary
systems of water/DMAC/PES and water/NMP/PES is depicted
in Fig. 7.

Top side

Spol Magn Dol WD Exp
YKV 40 800x  BSE 103 0

qui Magn Det WD E Xp —— ".-"O]\m

0 800x SE 9.1 0 9

First, a comparison is made between morphology of the
membranes prepared of these systems with varying concentra-
tions of the polymer in the casting solution. Fig. 7 shows that
the pores in the membranes prepared of solutions with low
polymer concentration (5 wt%) have nearly channel-like struc-
tures with open ends for both systems (Fig. 7a,d). According
to the critical point compositions calculated in the previous
section, membranes prepared from polymer concentration of
5 wt% can be considered as good examples of membrane for-
mation by spinodal decomposition [47]. Examination of these
membranes revealed that these membranes lack the desired
mechanical strength. Barth et al. [47] have pointed out that
PES membranes prepared with low polymer concentrations
(below 10 wt%) are not suitable membranes regarding

20 pm

e

Spot Magn

Det WD Exp
4.0 800x S 0.5

Sl 1( \

RUTR R
Dot WD Exp  |——————d
260kV 40 800x SE 80 0 12

Fig. 7. SEM micrographs of the cross sections of different membranes prepared of the water/DMAC/PES and water/NMP/PES systems. Compositions of casting
solutions were (a) 5 wt% PES in DMAc, (b) 12 wt% PES in DMAc, (c) 20 wt% PES in DMAc, (d) 5 wt% PES in NMP, (e) 12 wt% PES in NMP, and (f) 20 wt%

PES in NMP.
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mechanical strength and handling. When the polymer concen-
tration increases, the membrane formation follows of nucle-
ation and growth mechanism and the pores turn from large,
open channels to medium size channels with closed ends
(Fig. 7b and e) and small channel-, finger-, and tear-like
structures (Fig. 7c and f). Therefore, increasing the polymer
concentration leads to the creation of more sponge-like
structures in the prepared membranes’ morphology.

When the concentration of a polymer solution increases, its
viscosity increases as well which causes a reduction in the
nonsolvent/solvent exchange rate at the phase separation
stage. There are several reports demonstrating that the changes
in the nonsolvent/solvent exchange rate are the most important
factors in determining the final structure of a membrane [20—
22,49,50]. Increase of the exchange rate favors formation of
the channel-like structures but decrease of the exchange rate
favors formation of finger-, tear-, and sponge-like structures.
Polymer concentration, viscosity of the casting solution, tem-
perature of the polymer solution and the coagulation bath, and
additives are the main factors, which alter the nonsolvent/
solvent exchange rate [20,22,51].

Second, a comparison is made between structures of mem-
branes prepared of two solvents of NMP and DMAc. As Fig. 7
shows membranes prepared of casting solutions with low poly-
mer concentrations (5 wt%) have nearly the same channel-like
structure for both the solvents used, but the size of channels in
membranes prepared of DMACc is nearly smaller than those of
NMP membranes. In concentration of 12 wt%, some of the
channels turned to the finger-like structures but in membranes
prepared of DMAc (Fig. 7b) the number of these finger-like
structures are more than those of NMP membranes (Fig. 7e).

The difference between structures of membranes prepared
of these two solvents can be better observed in the high poly-
mer concentration of 20 wt% (Fig. 7c,f). A comparison
between these two figures reveals that membrane prepared
of DMAc as solvent has short fingers and tears with more
sponge-like structures (Fig. 7c) but in membrane prepared of
NMP (Fig. 7f) again some channels and fingers were observed.

It is widely accepted that high mutual affinity between non-
solvent and solvent and also other parameters which increase
the nonsolvent—solvent exchange rate lead to the formation
of more channel- and long finger-like structures [45,52]. In
fact, Barton et al. have pointed out that strong nonsolvents
lead to the formation of more finger-like structures, while non-
solvents with lower coagulation potential produce more homo-
geneous sponge-like structures [47,52]. As Fig. 1 shows, the
nonsolvent/solvent interaction parameter ( g;,) of water/NMP
system is larger than g;, of water/DMAc system, and therefore
interaction between water and DMACc is stronger than that of
water and NMP. According to these statements, it was ex-
pected that the membranes prepared of DMAc as solvent
must contain more channel-like structures compared to the
membranes prepared of NMP, but SEM micrographs of
Fig. 7 show the opposite results.

This unexpected observation can be explained as follows:
PES is an amorphous polymer and it has been reported that
for a ternary system containing an amorphous polymer,

PES

I
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1
|
1
1
1
1
1
1
1
|
-

DMAc,
NMP 10 20 30 40 50 60 70 80 90

Water

Fig. 8. Comparison of theoretical binodal and tie lines for water/DMAc/PES
(—) and water/NMP/PES (— — —) systems.

vitrification of the polymer-rich phase is the only mechanism
responsible for the structure fixation of membranes prepared
by liquid—liquid demixing in an immersion precipitation pro-
cess [23,53—55]. To compare the onset of the vitrification phe-
nomena for these two systems, according to the theoretical
calculations performed in the previous sections, the binodal
curves and tie lines of these systems were calculated and rep-
resented in Fig. 8. As this figure shows, the tie lines of water/
DMAC/PES system intersect the binodal curve of this system
at a higher polymer concentration compared to those of wa-
ter/NMP/PES system. It means that after liquid—liquid demix-
ing, the polymer-rich phase of the water/DMAC/PES system
vitrifies sooner than that of water/NMP/PES system and this
phenomenon suppresses the growth of macrovoids in water/
DMAC/PES system and a tear-like structure without any
channels is formed for this system.

5. Conclusions

With the selection of appropriate binary interaction param-
eters, very good agreements were obtained between experi-
mental cloud point data and theoretical binodal curves
constructed based on Flory—Huggins theory for water/
DMAC/PES and water/NMP/PES systems. Evaluation of non-
solvent/solvent interaction parameters showed that there is
a much stronger interaction between water and DMAc com-
pared to water and NMP. For water/DMAc system, there are
two completely different sets of gi, values in the literature
and our numerical calculations revealed that only one of these
two sets can produce theoretical binodal curve that is in good
agreement with experimental cloud point data for water/
DMAC/PES system. Solvent/polymer interaction parameter
determinations revealed that NMP is a better solvent for
PES than DMAc. Meanwhile, our numerical calculations
showed that equilibrium swelling measurement, which is
typically used for determination of nonsolvent/polymer inter-
action parameter, is not a suitable method for the determina-
tion of this parameter.
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SEM analysis of membranes prepared of these systems by
phase separation technique showed that membranes prepared
of NMP as solvent have typical channel-like structures but
membranes prepared of DMAc have channel-like structures
in low (5 wt%) and medium (12 wt%) polymer concentrations
and tear-, finger- and sponge-like structures in high (20 wt%)
polymer concentrations. Although affinity of DMAc/water
pair is higher than NMP/water pair and it was expected that
membranes prepared of the former system must contain
more channel-like structures compared to the latter system,
constructed theoretical binodal curve and tie lines of theses
systems showed that this unexpected observation can be attrib-
uted to the early vitrification of the polymer-rich phase of
DMAc system which suppresses the growth of macrovoids
in this system.
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