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ABSTRACT: The solubility gaps for poly(vinyl pyrrolidone) (PVP) in four polyimide
solutions (NMP, DMF, GBL, DMSO) were determined by cloud point measurement and
correlated with xpysorvent @A Adpyp/solvent- Meémbranes prepared with NMP and DMF
systems showed a tendency of suppressing fingerlike structure with addition of PVP.
On the other hand, membranes prepared with GBL and DMSO systems showed an
inclination toward inducing macrovoid formation. These effects of PVP on the mem-
brane morphology were explained by means of miscibility gap, viscosity of the polymer
solution, polymer—polymer phase separation, and overall porosity. © 2001 John Wiley &

Sons, Inc. J Appl Polym Sci 81: 3481-3488, 2001
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INTRODUCTION

Most asymmetric membranes used commercially
are fabricated by immersion precipitation tech-
nique.! During immersion precipitation, liquid—
liquid phase separation proceeds in a polymer
solution until the porous structure is fixed by
vitrification of a polymer-rich phase. The phase-
separation behavior of membrane-forming sys-
tems plays a crucial role in determining the mem-
brane morphology and its performance.??
Addition of a third component to the casting so-
lution, consisting of a polymer and a solvent, is a
widely used method to control membrane morphol-
ogy. Water-soluble polymers such as polyvinylpyr-
rolidone (PVP),* polyethyleneglycol (PEG),® inor-
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ganic salts,® surfactants,” and both nonsolvent® and
solvent additives® ! have been commonly used as a
third component.

The roles of additives in the structures of mem-
branes are dependent on the system used. Several
researchers have reported that the addition of a
third component into a dope solution could induce
or suppress macrovoid formation in asymmetric
membranes. Smolders et al.'? demonstrated that
the addition of water promoted macrovoid forma-
tion in the system of cellulose acetate/acetone/
water with delayed demixing, while suppressing
it in the system of cellulose acetate/1,4 dioxane/
water with instantaneous demixing. Wang et al.”
reported that the addition of surfactants in the
casting solution could induce or suppress macro-
voids, depending on the miscibility between the
added surfactant and the coagulant. Lai et al.®
also found that macrovoid formation could be sup-
pressed or induced, depending on the content of
nonsolvent additives such as n-butanol and cyclo-
hexanol. In this study, the roles of PVP, which can
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suppress or induce macrovoid formation, will be
studied in polyimide (PI) systems with varying
solvents in a pure water coagulant and inter-
preted in terms of the miscibility gap, the viscos-
ity of the polymer solution, polymer—polymer
phase separation, and overall porosity.

EXPERIMENTAL

Materials

The polyimide (PI) used was Matrimid 5218, sup-
plied by Ciba-Geigy Co. (Summit, NJ). Its M,, and
M, were 80,000 and 46,000, respectively, charac-
terized by GPC. The solvents were dimethylform-
amide (DMF; Junsei), N-methyl-2-pyrrolidinone
(NMP; Aldrich Chemicals, Milwaukee, WI), y-bu-
tyrolactone (GBL; Aldrich), and dimethylsulfox-
ide (DMSO; Aldrich). Distilled water was used as
a coagulant. Polyvinylpyrrolidone (PVP, M,
40,000; Polysciences, Warrington, PA) was used
as a polymer additive. All chemicals were used
without further purification.

Cloud Point Measurement

A series of polymer solutions with 15 wt % of PI
concentration were prepared in vials with Teflon-
lined cap. Different amounts of PVP and water
were added to the PI solutions and PI/PVP solu-
tions, respectively. The solutions were then mixed
in a shaking water bath for 1 to 2 days at elevated
temperature (60—80°C) until the complete disso-
lution was obtained. Thereafter, the solutions
were cooled to 25°C and the cloud points were
observed visually. In particular, the concentra-
tion of PVP making the PI solution turbid was
adopted as the solubility gap of PVP.

Viscosities of Dilute Solutions

Dilute solution viscosities of PI and solvents were
measured with a Ubbelohde viscometer at 22°C.
The precision in efflux times was =0.1 s and tem-
perature was maintained at 22 = 0.05°C.
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On the basis of egs. (1) and (2), intrinsic viscosity,
k' (Huggins constant), and £” (Kraemer constant)
were evaluated. Generally, &' is 0.35-0.4 and &’
— k" is about 0.5 for a good solvent. The values of
k' and k' — k" decrease and intrinsic viscosities
increase as solvent power (affinity of polymer/
solvent) increases.!®

Light Transmittance Measurement

In studying the precipitation kinetics during the
immersion precipitation process, the light trans-
mittance method was employed.? The light trans-
mittance curves as a function of time were ob-
tained.

Membrane Preparation

Asymmetric PI membranes were prepared by a
wet-phase inversion process. Polymer solutions
were cast uniformly on a glass plate with a
200-um doctor blade and immediately immersed
into a coagulation bath at 8°C. Membranes were
kept in a nonsolvent bath for 1 day, dried in air,
and then characterized. All membrane formation
was conducted at 30—40% relative humidity and
room temperature.

Overall Porosity

An overall porosity can be estimated with the
area (A), the mass (W,,), the thickness (D) of
membranes, and the density (p,) of the polymer.®
After membranes were dried in air for 48 h and
put in vacuum oven at 25°C for 48 h, the mass and
the thickness were measured with an electronic
balance and a thickness gauge as well as SEM.
The percentage porosity was calculated as fol-
lows:

. Vm D
Porosity (%) = v

DA - (W,/p,)

X 100 = DA

X 100 (3)

Morphology

The cross-sectional morphologies of membranes
were examined by scanning electron microscope
(SEM; Hitachi model S-2500, Japan) after being
fractured in liquid nitrogen and coated with gold.

RESULTS AND DISCUSSION

Thermodynamics of PI/PVP/Solvent Systems

The term PVP solubility gap represents a mea-
sure of the amount of PVP causing the phase



Table I Solubility Gap for PVP, Adpyp/sorvents
and Xpysolvent Of PI 15 wt % Solution at 25°C

Solubility
System Gap (%) Adpvpsotvent XPL/Solvent
PI/DMSO 2.0 4.05 0.49
PI/GBL 4.0 3.25 0.46
PI/DMF 13.0 2.25 0.32
PI/NMP 20.0 1 0.55 0.23

a2 From Van Krevelen.!?

separation of polymer solutions. In Table I, the
solubility gaps for PVP in four PI solutions, xpy
Solvent and Adpyp/sovent are presented. y of PI/
solvent was determined from the activity coeffi-
cient by the UNIFAC method.'*'®> However, A8
was used instead of y in the PVP/solvent pair
because of unobtainable group contribution pa-
rameters of PVP. Although the solubility of PI
and PVP in four solvents and the compatibilities
between PVP and PI are excellent'® (solubilities
of two polymers in four solvents were more than
20 wt %, according to our measurement), the ad-
dition of small amounts of PVP in PI/DMSO and
PI/GBL solutions induced phase separation, that
is, a PI-rich phase and a PVP-rich phase. It is well
known that the phase separation polymerl/poly-
mer2/solvent systems is ascribed to polymer—
polymer phase separation, that is, a polymerl-
rich (polymer2-lean) phase and a polymer2-rich
(polymerl-lean) phase.'® The low solubility gaps
for PVP in PI/DMSO and PI/GBL solutions can be
explained in terms of the low affinities of DMSO
and GBL to both PI and PVP (high xpypmsos
xpycar and high Adpyppmso, ASpve/geL), Whereas
the high solubility gap for PVP in the PI/NMP
solution can be explained in terms of the high
interactions of PI/NMP and PVP/NMP. The sol-
vent power for PI was also confirmed by the dilute
solution viscosities, as shown in Table II; that is,
DMSO and GBL have poorer solvency than NMP
and DMF for PI.

Table II Viscosities of Dilute PI Solution with
Ubbelohde Viscometer at 22°C

System [n] k' k' — k"
PI/DMSO 0.50 0.35 0.51
PI/GBL 0.48 0.39 0.50
PI/DMF 0.61 0.39 0.45
PI/NMP 0.67 0.34 0.49
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Table III Binary Interaction Parameters

System Interaction Parameter
Water(1)/NMP(2)/
PI(3)/PVP(4) X12 =10 x15=23 xo3=0.23

X14 =05 Xx24 =05 xg4=-15

Water(1)/DMF(2)/
PI(3)/PVP(4) X12 = 0.6 x13=23 xo3=0.32
X14 = 0.5 x94 =055 x5, =—15

Virtual Binodals for PI/PVP/Solvent/Water Systems

The concept of virtual binodal, proposed by Boom
et al.,* is obtained by considering that the two
polymers do not move relatively to each other
during the first moments of phase inversion, if the
molecular weights of polymers are sufficiently
high. In this study, the virtual binodal was
adopted to investigate the thermodynamics of
quaternary systems. First, to construct the vir-
tual binodal curves, the binary interaction pa-
rameters of each component need to be identified
and those for the NMP and DMF systems are
listed in Table III. The values of x;, (solvent/
water) in the NMP and DMF systems were ob-
tained from VLE data and by taking the volume
fraction of water as 0.5.1819 y, . (water/PI) and yy3
(solvent/PI) were taken from swelling equilibrium
and the UNIFAC method,'*'® respectively. Ac-
cording to the osmotic pressure experiment by
Boom’s group, xi4 (water/PVP) and yo, (NMP/
PVP) were 0.48 = 0.05 and 0.52 + 0.05, respec-
tively.?° Boom used both y;, and y», as 0.5. Be-
cause it is known that the x5, and x5, values do
not essentially influence the virtual binodal
curves,?! we estimated both y,, (DMF/PVP) and
X34 (PI/PVP). DMF is a rather poor solvent for
PVP, compared with NMP on the basis of differ-
ence of solubility parameter.'® Thus, x,, (DMF/
PVP) was assumed to be 0.55. x5, (PI/PVP) was
also assumed to be —1.5, as it is reported that PI
has better miscibility than PES for PVP,; and the
value of y;, (PES/PVP) was —1.0 according to the
study of Boom. The methods and procedures for
calculating the virtual binodal composition were
introduced by Boom et al.?!

Membrane Morphology

The morphology results shown in Figures 1 and 2
indicate that addition of PVP in the casting solu-
tion can induce or suppress macrovoids, depend-
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Figure 1 Suppression of macrovoid formation with addition of PVP: (a) PI/NMP
= 15/85 wt %; (b) PI/PVP/NMP = 15/10/75 wt %; (¢) PI/DMF = 15/85 wt %; (d)

PI/PVP/DMF = 15/10/75 wt %.

ing on the systems. In NMP and DMF systems
without PVP, the typical fingerlike structure was
obtained. These membrane morphologies could be
understood by considering that these systems had
high affinities of NMP/water,'® DMF/water,'® and
good solvency of NMP or DMF for PI. As described
before, NMP and DMF are good solvents for PI in
contrast to GBL and DMSO, according to our
dilute solution viscosities. The addition of 10 wt %
PVP into PI/NMP or PI/DMF solutions sup-
pressed the finger formation. On the other hand,
the spongelike structures were observed in GBL
and DMSO systems without PVP. The spongelike
structure in the GBL system may be the result of
low interactions of GBL/water?? and GBL/PI. The
mechanism of unexpected spongelike morphology
in the DMSO system was analyzed in our previ-
ous study, in which we concluded that the char-
acteristic thermodynamic features of the PI/

DMSO/water system might inhibit phase separa-
tion from proceeding further, thus undergoing
insufficient liquid-liquid phase separation, which
would induce the spongelike structure.'® The ad-
dition of 3 and 1 wt % PVP into PI/GBL and
PI/DMSO solutions, respectively, induced macro-
void formation.

These phenomena, that the addition of PVP
has opposite effects on membrane morphology,
are investigated thermodynamically. Virtual
binodal theory proposed by Boom’s group?! was
adapted only for the NMP and DMF systems be-
cause the phase separation takes place rapidly
and, consequently, the polymer—polymer phase
separation hardly occurs during the phase-inver-
sion process. This seems to be the result of high
affinities of solvent/water and solvent/polymer. In
NMP and DMF systems, as the amount of PVP in
polymer solutions increases, the miscibility gap



(a)

eaeess ieky Ki.ddk"' " Sdum

i $.E

e08R&1 18kY Sdum

STUDY OF PI/PVP/SOLVENT/WATER SYSTEMS 3485

(b) greater than that in

800060 10kY RiGOE"""

Figure 2 Promotion of macrovoid formation with addition of PVP: (a) PI/GBL = 15/85
wt %; (b) PI/PVP/GBL = 15/3/82 wt %; (c) PI/DMSO = 15/85 wt %; (d) PI/PVP/DMSO

= 15/1/84 wt %.

applied by the virtual binodal theory grows larger
(Figs. 3 and 4). When the polymeric additive with
a high enough molecular weight is added, the
enlargement of the miscibility gap implies the
suppression of macrovoid formation.* In addition,
the kinetics of the phase separation supports the
thermodynamics according to light transmit-
tance. In Figure 5 the addition of 10 wt % PVP
into the PI/NMP solution slows down the precip-
itation rate, which may be caused by the increase
of the polymer solution viscosity. It is generally
accepted that the increase of the solution viscosity
prohibits the fingerlike structure.?® Conclusively,
the suppression of fingerlike structure by addi-
tion of PVP into NMP and DMF systems would be
comprehended in terms of both the enlarged mis-
cibility gap thermodynamically and the increased
polymer solution viscosity.

When the NMP system is compared with the
DMF system, the degree of reduction of macro-

PI+PVP no PVP
— - PVP 1%
80y 40 — — PVP 5%
——- PVP 10%
@ noPVP
W PVP1%
A PVP5%
& PVP10%

70

> OWater
0 10 20 30 40

Figure 3 Cloud points and virtual binodal curves in
the PI/PVP/NMP/water system. The lines are calcu-
lated virtual binodal and points are experimental cloud
points.
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Figure 4 Cloud points and virtual binodal curves in
the PI/PVP/DMF/water system. The lines are calcu-
lated virtual binodal and points are experimental cloud
points.

the DMF system with the same amount of PVP
(10 wt %; Fig. 1). This inclination is consistent
with the results of virtual binodal curves. PVP 10
wt % allowed the polymer solution to contain
about 18 wt % of water in the NMP system (Fig. 3)
but about 8 wt % of water in the DMF system
(Fig. 4). In addition, the degree of the real binodal
shift in the DMF system was more excessive than
that in the NMP system, although the trend that
binodal curves in both systems shift to a polymer—
solvent axis was similar with increasing amounts
of PVP.

Again, we can quantitatively determine the de-
gree of shift in binodal curve (DSBC) as follows:

100
— - PVPNMP=0/85
0 | — PVPNMP=10/75
— PVPIGBL=0/85
—— PVPGBL=3/82
&
%
E
=~
0 e
0 20 40 60 80 100 120 140 160 180

Time (sec)

Figure 5 Effect of addition of PVP in 15 wt % PI
solution on the light transmittance curve.

Table IV Degree of Shift in Real and Virtual
Binodal Curves (DSVBC, DSRBC)

DSVBC (%) DSRBC? (%)
PVP NMP DMF NMP DMF
(wt %) System System System System
1 5.0 5.0 50.0 66.7
5 55.0 42.5 67.0 83.3
10 151.7 80.0 91.7 96.7

2 DSRBC in GBL system: 1 wt % PVP = 75.5%, 3 wt % PVP
= 83.4%.

M.G. with no PVP — M.G. with PVP

DSBC = M.G. with no PVP

X 100 (4)

where M.G. denotes the miscibility gap.

As shown in Table IV, DSVBC (degree of shift
in virtual binodal curve) of the DMF system is
smaller than that of the NMP system, whereas
DSRBC (degree of shift in real binodal curve) of
the DMF system is larger than that of the NMP
system, which means more effective application of
the virtual binodal in the NMP system than in the
DMF system. Macrovoid formation in the NMP
system, therefore, is more suppressed than that
in the DMF system with addition of PVP. This can
be comprehended by the fact that the application
of virtual binodal theory is less effective, given
the poorer solvency of DMF than NMP for PI and
PVP.

In GBL and DMSO systems, the poor solvency
of GBL and DMSO for two polymers promotes the
polymer—polymer phase separation. The precipi-
tation rate does not seem to be significantly af-
fected by the addition of PVP in the GBL system,
as shown in Figure 5. It could be comprehended
by the fact that the content of PVP addition was
rather small (3 wt %) and so the viscosity of the
polymer solution did not increase extensively,
compared with that of the NMP or DMF solution.
In this case, the virtual binodal theory was not
effectively adjusted because the polymer—polymer
phase separation caused by poor solvency is pre-
dominant. Instead, the polymer—polymer phase
separation weakens the resistance of polymer so-
lution for macrovoid formation. The larger
DSRBC in the GBL system establishes the easy
tendency of polymer—polymer phase separation,
as shown in Table IV.



Table V Effect of PVP on the Porosity of 15 wt
% PI Membranes

Overall Porosity® (%)

PVP

Content NMP DMF GBL DMSO
(%) System  System  System System

0 77.2 74.0 53.1 73.0

1 77.2 74.3 58.2 73.9

3 78.9 76.5 72.7 nm

5 79.5 77.9 nm nm

10 79.7 78.5 nm nm

2nm = not measurable because the miscibility gaps for
PVP are 4 and 2% in PI/GBL and PI/DMSO solutions, respec-
tively.

Overall Porosity

Although the effect of PVP on the membrane mor-
phology was quite different, the result of overall
porosity was consistent, irrespective of solvents
used. That is, the overall porosity increased with
the increasing content of PVP in PI solution, as
represented in Table V. It should be noted that
the PI/DMSO membrane without PVP possesses
high porosity unlike that of the GBL system, in
spite of the similar spongelike structure between
the two systems. The differences of porosity be-
tween two systems may be the result of different
membrane-formation mechanisms. The mecha-
nism of membrane formation for the PI/DMSO/
water system was described well in our previous
study.'® The effect of PVP on the increase of the
overall porosity was especially drastic in the GBL
system. These results of overall porosity can be
attributed to the soluble property of PVP in wa-
ter, which leaches out of the membrane during
precipitation. One may say that the larger con-
tent of PVP exists in the polymer-lean phase in
the GBL system than in either the NMP or the
DMF system. Therefore, the macrovoid formation
in the GBL system becomes more vigorous.

CONCLUSIONS

In spite of the excellent miscibility of PI and PVP,
the solubility gaps for PVP in PI solutions were
varied, depending on the solvent used. This be-
havior could be explained by means of xpysoivent
and Adpyp/sovent. Lhe large solubility gap for PVP
in PI solution was produced mainly by low xpy
Solvent and 1ow A8pyp/sorvent @Nd Vice versa.
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The effects of addition of PVP on the mem-
brane morphology were varied, depending on
the systems. In the NMP and DMF systems
having high affinities of solvent/nonsolvent and
polymer/solvent, fingerlike structures were in-
hibited with addition of PVP. On the other
hand, macrovoid formation was promoted in the
GBL and DMSO systems with addition of PVP.
Suppression of fingerlike structure by addition
of PVP into NMP and DMF systems would be
explained by both the enlarged miscibility gap
and increase of polymer solution viscosity. The
decrease of macrovoids in the NMP system was
particularly more drastic than that in the DMF
system with the same amounts of PVP (10 wt
%). This could be explained by the difference of
DSBC in the two systems. Promotion of macro-
void formation in the GBL and DMSO systems
may be explained by the reduced resistance for
growth of pore formation caused by the poly-
mer—polymer phase separation.

The overall porosity was increased with ad-
dition of PVP, irrespective of systems. When a
small amount of PVP was added, however, the
increases of overall porosity in the GBL system
were more drastic than those in the NMP and
DMF systems, implying that a larger amount of
PVP remained in the polymer-lean phase in the
GBL system than in the NMP and DMF sys-
tems.
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