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Abstract: The effects of coarsening on microstructure formation in polystyrene-cyclohexane solutions and membranes
made from them were studied by scanning electron microscopy(SEM). Thermal analysis of the palymer solutions was
carried out with a differential scanning calorimeter and the binodal curve was determined from the onset temperature of
the heat of demixing peak. Using thermally induced phase separation{TIPS) and a freeze drying technique, it was dem-
onstrated that polymer membrane microstructure can be changed significantly by controlling coarsening time and quench
route. For systems undergoing phase separation by spinodal decomposition, resulting in a well interconnected,
microporous structure with nearly uniform pore sizes, it was found that extending the phase separation time prior to
freezing and solvent removal can result in a significant increase in pore or cell size which is highly dependent on both
quench depth and coarsening time. Also this study has revealed the important role of polymer concentration in dictating

the material continuity of the membranes.
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Introduction

Membranes can be prepared from a variety of
materials in various ways. Thermally induced phase
separation{ TIPS) 1s distinguished from the more
common nensclvent induced phase inversion(NIP])
method of membrane preparation in at least one im
portant way . a homogeneous solution from which
the membrane is formed is converted to a two-
phase mixture wia the removal of thermal energy
rather than by the slower exchange of nonsolvent
for solvent. The microstructure of polymer mem
branes produced wvia TIPS of polymer solutions is a
strong function of both the early-stage(by spinodal
decomposttion or nucleation and growth) and the
late~stage phase separation(referred to in general
as coarseming) [1-2]. Since membrane transport
properties correlate directly with their morphology
and the microstructure is strongly influenced by the
different preparation viriables, the ability to ana
lyze quantitatively the conditions controlling the
structure formation is of great practical impor
tance.

The microstructure of the two-phase system will
continue to evolve even after the early stage devel
opment of structure, In response o its tendency to
reduce the surface energy associated with interfa
cial area. This process, called coarsening, often
results in a reduction i the number of droplets and
an increase in their size | 3-4] which is manifested
in polymeric membranes as an increase in pore or
cell size [6-8]. The coarsening process is of both
fundamental and practical interest in materials sei
ence and has been the subject of significant theoreti

cal and experimental studies.

2. Experimental

2. 1. Materials

Atactic, monodisperse polystyrene(PS) standards
(Pressure Chemical, USA) were used. PS was cho
sen because of the extensive characterization data

available. PS s available commercially in o wide
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Table 1. Molecular Weight of Polystyrenet
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T My Weight- average molecular weight

M, T Number- average molecular weight
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Fig. 1. Schematic diagram of the membrane casting
cell {or the thermally induced phase separa

ton(TIPS) process.

range of molecular weights, and even high molecy.
lar weight PS can be obtained with a narrow molec
alar weight distribution. The moleculr weight char
acteristics of the PS samples under study are given
e Table ] Cvelohexane and methy! cyelohexane
were obtaimed 0 reagent grade from Aldrich and

used without further purification,

2. 2. Preparation of Membranes

The msling cell for the TIPS membrane is shown
i Fig. 1. PS was dissolved in a solvent, and the ho
mogeneous solution was transferred into the casting
cell which has a diameter of 80mm. The casting cell
15 composed of w thin aluminum  sheet(0.4 mm
thick), Teflon” block(1./4inch thick). and Teflan
spacer(300am). The surface of the aluminum sheet
is highlv polished. Teflon block is used because it is
a good thermal insulwtor. The casting cell was
sealed by nuts and bolts. The homogeneous polyrier
solution 1s confined within a casting cell and placnd

mto the water bath held at constant temperature
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pelow the binedal point.

After the coarsening process, the solution is fast-
frozen by pouring liquid nitrogen on the casting cell
(top surface of thermal conducting plate). After the
membrane is frozen, the cell is opened, and the sol-
vent is removed by freeze drying. In the case of
freeze drying, a VirTis bench top freeze-dryer was
used. A Hitachi S-570 scanning electron microscope
was used for the characterization of membranes.
Cross-sections of the resulling membranes were
prepared by freeze-fracturing method under liquid
N,. and membrane samples were gold sputtered be-

fore analysis by scanning electron microscopy.

2.3. Construction of Phase Diagrams
Thermal analysis of the polymer solutions was
carried out with a differential scanning calorimeter
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Fig. 2. Differential scanning calorimetry of a 15wt'%
PS-cyclohexane solution (My=2.9x107 at

different cooling rates.
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Fig. 3. Differential scanning calorimetry of a 13wt%

L
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PS-methyl cyclohexane solution (My=3.1~

10*) at different cooling rates.

(Perkin-Elmer DSC-7). The binodal curve was de-
termined from the onset temperature of the heat of
demixing peak. Approximately 10 mg of polymer so-
lution was placed into an aluminum pan and her-
metically sealed. The sample was then scanned at
cooling rates ranging from 1 to 40°C/min. A dry-
ice/methanol mixture was used as the cooling medi-
um. The initial temperature of polymer solution for
the thermal analysis was well above the expected
cloud point, and the solution was allowed to remain
at that temperature for 5min to ensure that it was

homogeneous.
3. Results and Discussions

Figs. 2 and 3 show typical thermograms for PS-

(a) (b)

LIGHT ABSORBANCE
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T
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TEMPERATURE (C)

Fig. 4. Determination of cloud points in polymer so
lutions by various measurements. Solid
curve (a) denotes the light-absorbance of a
PS-methyl cyclohexane solution, and dotted
curve (b) denotes a light-absorbance of a
PS-cyclohexane solution © (A) peak temper
atures of light-absorbance; (B) onset tem-
peratures of light-absorbance peak; (C)
cloud point determined by thermal analysis,
(D) cloud point determined by a refractive

index measurement [ 13].
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cyclohexane and PS-methyl cyclohexane solutions.
The onset temperature obtained from the extrapola
tion of the cooling rate to 0°C/min was taken as the
binodal point for the polymer solution. For a
monodisperse polymer sample dissolved in a single
solvent (hence @ binary syvstem), the cloud point
curve coincides with the binodal. The threshold
cloud point(the maximum of the cloud point curve)
is the critical point. These features do not hold for
solutions of polydispersed polymers[97].

Turbidimetry measurements were also employed
to determine the binodal points [10-12). An IBM
9410 UV-visible spectrophotometer was used as a
turbidimeter in this study. Initially homogeneous so-
lution is cooled at a sufficiently low rate(such as 0.
3°C/min) until a sharp increase in optical density is
observed. A transmission wavelength of 800nm, not
absorbed by the polymer solution, is used to follow
turbidity.

Fig. 4 shows the cloud points of PS-solvent
systems determined by various measurements. A re
i

ractive index measurement was done by Dobashi et
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Fig. 5. Cloud point curves for PS-cyclohexane
svstem prepared from differential scanning
calorimetry © ( T)My=19<10% (1) My=
2.9x10"
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al. [13] employing a 13wt% of PS methy] vl
i - A Vo
hexane solution. Even though the M, «f pg (M

3.5 10%) used in the refractive index Mieusure

) ) ) U
is shghtly different from the My of PS (M. - 31

SR ), .

10%) used in differential scanning calorimetry 1y, t

Moty

dimetry measurements, the cloud points deternipd
[

by these three measurements are comparable. From,
Fig. 4, it should be noted that a thermal analvsye,
employing differential scanning calorimetry
vides more clear information about the clougd point
temperature than turbidimetry. A relatively wide
range between onset and peak temperatures in ligh
-absorbance curves often makes it difficult to deter

mine an exact cloud pomnt, even though the cloud

(a)

(c)

120 um _Jiuﬂ‘

Fig. 6. Scanning electron micrographs of the cross
section of PS membranes as a function of
coarsening time : (a) 2mn; (b) 20mimn, o
60min. Membranes were prepared by quench

ing a 5wt% PS-cyclohexane(My = 1.9 - 1y

solution to 24°C prior to freeze-drying.
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. 7. Change of the thickness of PS membranes

[}

due to gravitational sedimentation : ((7)
10wt% PS-cyclohexane (My=2.9~10") at
20°C: (I'7) 5wt% PS-cyclohexane (My=1.9x
107) at 247C.

point temperature is usually defined as the cross
point of extrapolated base line and extrapolated
peak line. The range between onset and peak tem-
perature is strongly dependent on the molecular
weight distribution of polymer and the characteris-
tics of solvent.

The cloud point curves for the PS-cyclohexane
systems used in this study are given in Fig. 5 and
are consistent with others reported in the research
literature {14]. Fig. 6 shows scanning electron mi-
crographs of the cross-section of the membranes
during the coarsening process. Homogeneous poly-
mer solutions (5wt% PS-cyclohexane, My = 1.9 10)
were prepared at 357 and quenched to a tempera
ture in the two-phase region of the phase diagram.

In Fig. 6, a big shrinkage in thickness mainly due
to the sedimentation effect has been observed. The
large density differences in the polymer-rich and
polymer-lean phases in cyclohexane solutions lead
to gravity-induced sedimentation (the densities of

PS and cyclohexane are 1.047g/cm’ and 0.779g/cm’,

ib)

200 wm 10 um

Fig. 8. Scanning electron micrographs of the cross
section of PS membranes as a function of
coarsening time ; (a) 1min; (b) Z2mn; (c)
60min. Membranes were prepared hy
quenching & 7.5wt% PS-cyclohexane (My =19

< 10 solution to 29°C prior to freeze-drying.

respectively). The microstructure changed signifi
cantly with increasing phase separation time, but
the sedimentation seemed to overshadow the coars
ening effects. The extreme effects of gravity on the
PS-cyclohexane system are evident in selected
cases from the inability to make 400m-thick mem
branes even at short coarsening times (the solvent
rich phase layers on top of the polymer-rich phase
due to buoyancy). Fig. 7 shows the change in thick
ness during the coarsening process. The sedimenta
ton effects are dominant in low-viscosity systems
even at very short times after initiation of phase
separation. Thus, long-time coarsering is not ob
servable. 1t must be noted that attempts to prepare
membranes useful for characterization of coarsen
ing phenomena over a reasonable range of time
scales (10min or longer) was not possible using the
2.9x10°M, PS system.

By using a much higher molecular weight PS

sample, 1.9 % 10" My, at a concentration of 7.5w1%,

Membrane J. Vol. 5, No.3, 1995
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200 pm 10 pm

Fig. 9. Scanning electron micrographs of the cross-
section of PS membranes as a function of
coarsening time . (&) 2min; (b) 10min; (¢)
60min. Membranes were prepared by quench
ing a 7.5wt% PS-cyclohexane (My=1.9.< 1(1)

solution to 27°C prior to freeze-dryving.

it was possible to avoid these significant layering ef
fects on relatively short time scales and to investi
gate how coarsening time and quench depth affect
membrane microstructure. (The high viscosity of
this PS solution significantly retards the sedimenta
tion effects.) Figs. § and 9 show the effects of
coarsening tme on the microstructure developed
over a period of 1 hr at phase separation lempera
tures of 29C and 27C. In Fig. 8, for membranes
produced by phase separation at 29°C, which 1s very
close to the cloud point temperature, there is at
most & modest increase in cell or pore size over the
first hour. In contrast. with a slightly deeper quench
10 27°C (Fig. 9), a much more substantial growth in
cell size with coarsening time 1s observed.

Fig. 10 shows the quench temperature depen
dence of the cell size growth rate for & 7.5wi% solu
tion of 1.9x10° M. PS in cyclohexane as deter
mined from scanning electron microscopy. For the

highest quench temperature examined, the growth

alyogel, H5H A3 E, 1895
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Fig. 10. Coarsening time dependence of cell size fio
a 7.5wt% PS-cyclohexane (My -1.9 - 0
system obtained at various quench temper:
tures (« denotes the slope of the liney :
(o) 2000, () 27°C, Gy 297C. Clond
point determined by differential scanming:

calorimetry was 30.1C.

rate exponent is 0.05. As the quench temperiere v
decreased to 277, the growth rate cxponen o
short time inicreases to 0.30. Noteworthy i [y i
is that at 20°C the growth rate exponent al “shior”
coarsening time (£ 10min) apparently excesds i
value of 13, considered by some [15] o be o T
ing exponent at short coarsening times. The s
ently high value of the short time growth rat vy

nent may be due to a fact that on tinwe seces oy

ceeding 10min gravittional eftects don
¢ and charneterization of cell size 1s not e ity
ful, leaving conclusions to be drawn frop few o
PO,

Finallv, the study of membrane microsiriemr
svstems prepared from PS-evelohexans
vealed the mmportant role of polymer coa
in dictating the material continuity ol

branes, consistent with conclusions {0
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(a) 1202 (b) 10um

() 10um (d) 10um

Fig. 11. Scanning electron micrographs of PS membranes | (a) cross-section (low magnification) ; (b) cross-
section (high magnification); (c) top surface ; (d) bottom surface. Membranes were prepared by

quenching a 1wt % PS-cyclohexane solution (My = 1.9+ 10") directly with liquid N, prior to freeze-drying.

investigation [16]. Figs. 11~13 show the micro- Each figure shows the cross-section and two surfac-
structure of membranes prepared from three differ- es (top and bottom) of the PS membrane. The top
et concentrations of PS-cyclohexane solution. surfaces were directly contacted with an aluminum

Membrane J. Vol. 5, No.3, 1995
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(c) 1040, () 1 (s

Fig. 12. Scanning electron micrographs of PS membranes o (a) cross-section (low magnification) ; (b) cross
section (high magnification); (c) top surface I (d) bottom surface. Membranes were prepared by

quenching a 2.5wt% PS-cyclohexane solution (M, =1.9 < 10") directly with liquid N, prior to freeze-drying.

conducting plate in the casting cell, while the bottom cyelohexane solution directly with liquid ™ fol
surfaces were contacted with the Teflon" insulating lowed by solvent extraction via freeze-drying. Lven
plate. Membranes were prepared by guenching a PS from a 1wt % polymer solution, interconmnsciusd

Aeel, A5 A3F, 1995
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(a) 120/um (b) 10um

(c) 102m (d) 10um

Fig. 13. Scanning electron micrographs of PS membranes : (&) cross-section (low magnification) ; (b) cross-
section {high magnification); (c) top surface ; (d) bottom surface. Membranes were prepared by
quenching a 15wt% PS-cyclohexane solution (M, = 1.9x 10" directly with liquid N, prior to freeze-drying.

maorphologies can be obtained (Fig. 11). However, tration up to 2.5wt%, substantially stronger mem-
membranes made from such a low concentration branes can be prepared (Fig. 12), and from a 15wt%
are very fragile. By increasing the polymer concen- polvmer solution (Fig. 13), very strong and even

Membrane J. Vol. 5, No.3, 1995
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flexible membranes can be obtained; the mem-
branes can be bent over 90° without breaking them.
It is also obvious that the membrane surface evolves
toward a smaller pore-size structure as the polymer
concentration is increased, and the top surfaces
show a much more dense skin than the bottom sur-
faces. For all polymer concentrations investigated
in this study, the top surfaces have smaller pores as
compared with the bottom surfaces. Fig. 13 shows
the asymmetric characteristics of the membrane
surfaces which have quite different pore sizes; the
top surface has very dense skin in which pores can
not be observed at high magnification (x3000)
while the bottom surface has porous structure in
which large pores (about 3um) are formed.

4. Conclusions

The effects of coarsening on microstructure for-
mation in polystyrene membranes were studied by
scanning electron microscopy (SEM). Thermal anal-
ysis of the polymer solutions was carried out with a
differential scanning calorimeter and the phase dia-
gram was determined from the onset temperature
of the heat of demixing peak. The onset tempera-
ture obtained from the extrapolation of the cooling
rate to 0°C/min was taken as the binodal point for
the polymer solution. By using a high molecular
weight PS sample, 1.9%x 10°My, at a concentration
of 7.5wt%, it was possible to avoid significant layer-
ing effects on relatively short time scales and to in-
vestigate how coarsening time and quench depth af-
fect membrane microstructure. Using thermally in-
duced phase separation (TIPS) and a freeze-drying
technique, it was demonstrated that polymer mem-
brane microstructure can be changed significantly
by controlling coarsening time and quench route.
For systems undergoing phase separation by
spinodal decomposition, resulting in a well intercon-
nected, microporous structure with nearly uniform

Wudql, Al54 A 3%, 1995

pore sizes, it was found that extending the phase
separation time prior to freezing and solvent remgy.
al can result in a significant increase in pore or ce|)
size which is highly dependent on both quench depth
and coarsening time. Also this study has reveajed
the important role of polymer concentration in dic.
tating the material continuity of the membranes,
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