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Abstract

Microporous membranes have been prepared via thermally-induced liquid-liquid phase separation of
isotactic polypropylene-n,n-bis (2-hydroxyethyl) tallowamine mixtures. The thermally-induced phase
separation process is discussed in terms of the thermodynamics of the binary mixture and possible phase
separation mechanisms. It is demonstrated that membranes can be produced by liquid-liquid phase
separation followed by solidification of the polymer or by solid-liquid phase separation.
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Introduction

In the previous paper in this series [1], the
process for microporous membrane prepara-
tion via thermally-induced phase separation,
TIPS, was described with particular attention
given to solid-liquid phase separation. Briefly,
the TIPS process consists of the following steps:
1. A homogeneous solution is formed at an el-
evated temperature by blending the polymer
with a high-boiling, low molecular weight liq-
uid or solid diluent. The initial temperature
(T;) must be less than the boiling point of the
diluent and is typically 25 to 100 K greater than
the melting temperature or glass transition
temperature of the pure polymer. The polymer

must be stable at T} and the diluent should have
low volatility at T'.

2. The solution is formed into the desired shape
(flat sheet, tube, or hollow fiber).

3. The solution is cooled at a controlled rate or
quenched to induce phase separation.

4. The diluent is removed (typically by solvent
extraction).

5. The extractant is removed (typically by
evaporation) to produce a microporous
structure.

This paper focuses on thermally-induced
phase separation in a typical system that
undergoes liquid-liquid phase separation with
subsequent polymer solidification.
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Thermodynamic considerations

Equilibrium thermodynamic considerations
and equilibrium phase diagrams are used here
to facilitate the explanation of the dynamic
membrane formation process.

Phase equilibria in liquid polymer systems

Liquid-liquid phase separation can occur in
systems involving either crystalline or glassy
polymers. The major factor determining
whether solid-liquid or liquid-liquid phase
separation occurs for a system involving a semi-
crystalline polymer is the miscibility of the sys-
tem, which is quantified as the interaction pa-
rameter of the semi-crystalline polymer—di-
luent system [2]. If there is strong polymer—
diluent interaction (small interaction param-
eter), the mixture undergoes solid-liquid phase
separation via polymer crystallization when
cooled. If there is weak polymer—diluent inter-
action (great interaction parameter), the blend
becomes unstable and undergoes liquid-liquid
phase separation to show an upper-critical so-
lution temperature behavior when cooled. In
many semi-crystalline polymer-diluent sys-
tems, the mixture undergoes liquid-liquid phase
separation with subsequent crystallization of
the polymer at low initial polymer concentra-
tions and solid-liquid phase separation at high
initial polymer concentrations [2,3]. The sys-
tem discussed in this paper undergoes liquid—
liquid phase separation in part of the polymer
concentration range.

The criteria for miscibility in any two-com-
ponent polymer-diluent system can be ex-
pressed in terms of the Gibbs free energy of
mixing, 4G, and its second derivatives with
respect to polymer volume fraction, ¢,, at a fixed
temperature T' and pressure P.

AG i <0, (1)
(aZAGmix/a¢;z))T,P>0 > (2)
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where AG, ;. =AH, ;x— TAS iy, with A4H ;. and
A4S, representing the enthalpy and entropy of
mixing, respectively [4].

If either criterion is not met, the solution may
separate into two phases in equilibrium. The
criteria expressed above are illustrated in Fig.
1. Three possibilities are shown in Fig. 1: (a)
immiscibility throughout the composition range
0<¢,<1; (b) partial miscibility (that is, im-
miscibility within the composition range indi-
cated by a negative second derivative); and (c)
miscibility across the entire composition range.
The three possibilities shown in Fig. 1 can rep-
resent three different polymer-diluent systems
or one polymer-diluent system at three differ-
ent temperatures, as discussed in the next
paragraph.
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Fig. 1. Gibbs free energy of mixing, first derivative, and
second derivative as a function of volume fraction polymer,
o, at a fixed temperature and pressure; (a) immiscible,
(b) partially miscible, (¢) miscible.
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Fig. 3. Temperature-composition phase diagram for a
polymer-diluent system showing an upper critical solution
temperature (UCST') of composition ¢, and liquid-liquid
separation in the two-phase region.

ical polymer concentration ¢.. The interaction
parameter at the critical point is the critical in-
teraction parameter (y.), and is used as a cri-
terion of system miscibility. Both ¢, and y. de-
pend on the size of the polymer and diluent
molecules. The binodal (the solid curve in Fig.
3) distinguishes the homogeneous one-phase
liquid region from the heterogeneous two-phase
liquid-liquid region [5]. In the two-phase re-
gion, the system exists as a polymer-rich liquid
phase and a polymer-lean liquid phase. The
spinodal (the dashed curve in Fig. 3) divides
the two-phase region into an unstable region,
below the spinodal, and a meta-stable region,
enclosed by the spinodal and the binodal. The
terms unstable and meta-stable refer to the so-
lution’s ability to resist phase separation and
are elaborated upon in the Results and Discus-
sion section below. The Flory-Huggins equa-
tion for the polymer-diluent system is

AGmix_Qc}
RT - Xdq

1n¢d+%ln¢p+x¢d¢p ’ (3)

where AG,,;, is the Gibbs free energy of mixing
per lattice site, @4 is the volume fraction of the
diluent, ¢, is the volume fraction of polymer, x4
is the number of lattice sites occupied by a di-
luent molecule, x, is the number of lattice sites
occupied by a polymer molecule, and y is the
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Fig. 4. Effect of strength of interaction on shape and loca-
tion of binodal; all variables in Egn. (3) fixed except .

Flory-Huggins interaction parameter [2,4].
The first two terms on the right side of eqn. (3)
represent the combinatorial entropy contribu-
tion and are always negative. The last term in
eqn. (3) represents the enthalpy contribution
in the original Flory-Huggins theory and is
positive or negative, depending on the sign of
x- If x is large and positive, 4G, becomes pos-
itive and demixing occurs. The effect of ¥ on
the shape and location of the binodal is illus-
trated schematically in Fig. 4. As the polymer—
diluent system becomes less compatible (that
is, x becomes more positive) the two-phase re-
gion increases in size. Consequently, for a given
polymer, the binodal can be shifted to higher
temperatures at a fixed polymer concentration
or to a greater polymer concentration at a fixed
temperature by selecting a less compatible
diluent.

General phase diagram

For systems involving a semi-crystalline
polymer and a diluent with weak interactions
(that is, positive x), the phase diagram may be
represented by Fig. 5. In this diagram, the two-
phase liquid-liquid region is located to the left
of the monotectic point, ¢,,,, and below the bin-
odal curve. The two-phase solid-liquid region
is located to the right of ¢,,, and below the melt-
ing point depression curve. In this solid-liquid
region, as well as below the horizontal broken
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In the case of a partially miscible system, a
homogeneous one-phase solution is formed only
under certain conditions of composition and
temperature, as illustrated in Fig. 2. Consider
line (c) in Fig. 2. 4G, is negative across the
entire composition range, indicating miscibil-
ity. However, there is an upward bend in the
AG.ix-composition curve between composi-
tions ¢y and @y (that is, between co-tangential
points in the curve). In the region where AG,,;,
of the homogeneous solution is greater (that is,
less negative ) than that of a combination of two
phases with compositions ¢{,and ¢, minimum
free energy can be attained via phase separa-
tion. Thus, mixtures of initial composition be-
tween ¢and ¢, separate into two phases of
composition ¢ and ¢y . Since the two resulting
phases are in equilibrium, they have the same
chemical potential (defined as the derivative of
the Gibbs free energy of mixing with respect to
composition), as indicated by a common
tangent.

The second derivative of AG,,,, is negative
between compositions ¢ and ¢, (that is, be-
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Fig. 2. Gibbs free energy of mixing as a function of volume
fraction of polymer. Note minima, ¢{,and ¢{,, common tan-
gent (equilibrium phases of equal chemical potential), in-
flection points ¢ and ¢/, and the influence of temperature
for a system possessing an upper critical solution temper-
ature; (a) immiscible, (b) and (c¢) partially miscible, (d)
miscible.

tween inflection points in the 4G, ;,-composi-
tion curve), indicating the system is unstable
in this composition range. There is a sponta-
neous phase separation in this region. The sec-
ond derivative of AG,,;, is positive between
compositions ¢ and ¢., and between compo-
sitions ¢;and ¢;. There is no spontaneous
phase separation in this region, since the sys-
tem is stable to small concentration fluctua-
tions. Phase separation can take place where
there is a concentration fluctuation large
enough to overcome the energy barrier. The
system in this region is meta-stable.

The effect of temperature on a partially mis-
cible system exhibiting an upper critical solu-
tion temperature is shown in Fig. 2. At elevated
temperatures, there is sufficient thermal en-
ergy to achieve solvation throughout the entire
composition range. As the temperature is de-
creased and thermal energy is removed, the
strength of the polymer—diluent interactions is
decreased. Consequently, the polymer mole-
cules and the diluent molecules retract from
each other, and phase separation occurs within
the composition range bracketed by the co-tan-
gential points.

If the locus of co-tangential points in Fig. 2
is plotted in the form of a temperature—com-
position phase diagram, the curve is referred to
as the binodal. If the locus of inflection points
is similarly plotted, the curve is referred to as
the spinodal. In Fig. 3, the binodal and spinodal
are shown for a system displaying an upper
critical solution temperature. The maximum
temperature at which a two-phase liquid-liquid
mixture can exist is the upper critical solution
temperature, which occurs at a polymer con-
centration of ¢.. The critical point is defined as
the point at which the binodal and the spinodal
curves meet. This point satisfies the criteria of
(d ZAGn)ix/a¢;_); Yr.p=0,(d :;AGII)ix/a¢3)7',1)> 0,
and (0*'4G,,,/00})+»=0 [5]. This point is
unique for each polymer-diluent system and is
denoted by the critical temperature T, and crit-
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Fig. 5. Temperature-composition phase diagram for a sys-
tem showing liquid-liquid and solid-liquid phase separa-
tion. Note monotectic point, ¢,,.
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Fig. 6. Effect of y on shape of the general phase diagram
and the location of the monotectic point.

line, the diluent is not capable of dissolving all
of the polymer, and the polymer crystallizes.
Combining Figs. 4 and 5 in Fig. 6 shows the
effect of y on the shape of the general phase
diagram for the hypothetical case where all
other variables are constant. Note that ¢, in-
creases as y increases. In terms of control of
membrane formation, Fig. 6 indicates for a
given polymer at a specific concentration, the
mechanism of phase separation can be changed
from solid-liquid to liquid-liquid with subse-
quent polymer crystallization through the ap-
propriate choice of diluent. As discussed below,
the mechanism of phase separation signifi-
cantly alters the resulting membrane structure.

Non-equilibrium phase diagrams

Since TIPS membrane formation is a non-
equilibrium process, the cooling rate effects on
the phase diagram must be considered. At ex-
perimentally controllable cooling rates, the
cooling rate has a relatively minor effect on the
liquid-liquid phase separation temperature and
the location of the cloud point curve (which is
assumed to be representative of the binodal
curve) [6], as illustrated in Fig. 7 for the iso-
tactic polypropylene (iPP)-n,n-bis(2-hydrox-
yethyl) tallowamine (TA) system. However,
the cooling rate does have a significant effect
on the temperature at which the solid-liquid
phase separation occurs as shown in Fig. 7.
Cooling at any finite rate permits supercooling;
that is, the solution is cooled to a temperature
below its corresponding equilibrium crystalli-
zation temperature prior to the actual crystal-
lization of the polymer from solution. In this
case, the apparent crystallization temperature
is less than the equilibrium melting tempera-
ture. In terms of an experimentally determined
non-equilibrium phase diagram, supercooling
is represented by a depressed apparent T, of the
pure polymer, a depressed crystallization curve
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Fig. 7. Effect of cooling rate on freezing point depression
curve and demarkation between the liquid-liquid and solid-
liquid regions for iPP-TA system.
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(defined as the crystallization temperature-
concentration curve), and a depressed horizon-
tal solid-liquid line beneath the liquid-liquid
region. Note in Fig. 7 ¢, shifts slightly to greater
polymer concentrations as the cooling rate
increases.

In terms of control of membrane formation,
Fig. 7 indicates for a given polymer-diluent
system of concentration in the range near ¢,,,
the mechanism of phase separation (solid-lig-
uid versus liquid-liquid ) may be altered through
the appropriate choice of cooling rate. For ex-
ample, a polymer—diluent blend of polymer
concentration slightly greater than ¢, would
undergo solid-liquid phase separation when
slowly cooled but may undergo liquid-liquid
phase separation when rapidly cooled or
quenched. As discussed below, the mechanism
of phase separation significantly alters the re-
sulting membrane structure.

Materials and methods

Microporous isotactic polypropylene (iPP,
weight average molecular weight 243,000, melt-
ing point 449 K, Himont “Pro-fax 6723”)
membranes were prepared by liquid-liquid
phase separation from melt blends with n,n-bis
(2-hydroxyethyl) tallowamine (TA, initial
boiling point>573 K, Armak Chemicals Ar-
mostat 310) and extracted with 1,1,1-trichlo-
roethane (TCE, reagent grade Ashland Chem-
ical Co.). The materials were used as received
with no further purification.

Methods

The procedures for determining the crystal-
lization curves, for forming membrane samples
in a compression mould, and for preparing the
membrane samples for scanning electron mi-
croscopic characterization have been described
in the first paper in this series [1]. The cloud
point curves, representing the binodals, were
experimentally determined using thermo-opti-
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Fig. 8. A schematic diagram of thermo-optical microscope.

cal microscopy, the schematic diagram of which
is shown in Fig. 8. In this method, a thin sample
of the polymer-diluent mixture was placed be-
tween two microscope slide cover slips, placed
in a Mettler FP-82 hot stage, and heated to 493
K. After 20 to 30 sec, the cover slips were gently
pressed to cause the sample to spread and form
a sample as thin as possible. The cover-slip as-
sembly was cooled, removed from the hot stage,
and visually inspected to assure uniformity. The
cover-slip assembly containing the uniformly
spread sample was again placed in the hot stage,
heated to 473 K, and maintained at this tem-
perature for at least 5 min to assure homoge-
neity of the melt. Light was passed through the
sample and the intensity of the transmitted
light was monitored as the temperature of the
sample was decreased at 10 K/min to a final
temperature of 373 K. The experiment was
conducted with unpolarized light of wave length
628 nm. The intensity of the transmitted light
decreased as the liquid-liquid phase separation
occurred. The onset of the signal change was
used as an indication of the onset of the liquid-
liquid phase separation.

Results and discussion

The 10 K/min phase diagram for the iPP-
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TA system, shown in Fig. 7, displays a mono-
tectic point at approximately 59 wt.% iPP. For
polymer concentrations less than 59 wt.%, a
cloud point curve is shown above the horizontal
crystallization curve (that is, the crystalliza-
tion temperature is independent of composi-
tion at polymer concentrations less than 59
wt.% ). Cloud points at concentrations less than
the critical point have not been determined due
to experimental difficulties and because useful
membranes cannot be prepared from solutions
in this concentration range. Upon cooling a ho-
mogeneous melt of polymer concentration less
than 59 wt.%, liquid-liquid phase separation
occurs followed by crystallization of the poly-
mer-rich phase when the temperature falls be-
low 378 K, as indicated in Fig. 7. Upon cooling
a homogeneous solution of polymer concentra-
tion greater than 59 wt.%, solid-liquid phase
separation occurs at the crystallization curve.
In the following paragraphs, membranes pre-
pared by slowly cooling and by rapidly quench-
ing 25 and 70 wt.% iPP mixtures are discussed.

Membranes were prepared from a 25 wt.%
iPP mixture cooled at 10 K/min from 533 K to
318 K. The resulting structure of spherical cells
connected by circular pores is shown in Fig. 9.
The cells represent the cavities left behind by
the extracted diluent, the pores connecting the
cells are speculated to be the result of the col-
lision of growing polymer-lean droplets, and the
cell walls are semi-crystalline iPP. The cellular
structure shown in Fig. 9 has also been reported
by Hiatt et al. [7]. They melt blended iPP with
TA in the concentration range 21 to 30 wt.%
iPP and induced phase separation by casting
the hot solution onto a warm surface. Although
no direct experimental evidence of the se-
quence of events leading to the cellular struc-
ture shown in Fig. 9 exists currently, it is pos-
sible to speculate on the membrane formation
mechanism as follows. The 10 K/min cooling
process is represented schematically in Fig. 5
by the semi-crystalline polymer—diluent mix-

ture of composition ¢, heated to an elevated
temperature represented by the point X. Upon
slow cooling, the solution crosses the binodal
curve and enters the region between the bino-
dal and spinodal curves. In this region, which
corresponds to a point between ¢ and ¢4, in Fig.
2, the solution is relatively stable (meta-sta-
ble) to small fluctuations in local concentra-
tion. However, the solution is unstable to con-
centration fluctuations that result in at least
one region of local concentration near the op-
posite side of the binodal curve; that is, local
regions of concentration between ¢and ¢ in
Fig. 2 [6,8]. This region of anomalous concen-
tration, which is capable of decreasing the total
free energy of the system, is referred to as a nu-
cleus and is close to pure diluent. As cooling
continues to lower temperatures, the polymer-
lean nuclei grow in size through diffusion of di-
luent, and the droplet composition follows the
left branch of the binodal curve (as represented
in Fig. 5 by L.). Simultaneously, the composi-
tion of the surrounding polymer-rich phase fol-
lows the right branch of the binodal curve (as
represented in Fig. 5 by R, ). In this way, the
solution becomes a dispersion of droplets of the
polymer-lean phase in a continuous polymer-
rich phase. When the temperature drops below
the horizontal solid-liquid line under the lig-
uid-liquid phase separation region, iPP crys-
tallizes out of the polymer-rich phase to form
the spherulites, and the grown polymer-lean
droplets are entrapped within the iPP spheru-
lites [9,10]. Without direct experimental evi-
dence, it is impossible to attribute with any
confidence the structure shown in Fig. 9 as re-
sulting from this nucleation and growth mech-
anism. It remains to be established experimen-
tally whether 10 K/min represents slow cooling.

The membrane shown in Fig. 9 was further
investigated under crossed polar illumination
[11]. A Maltese-cross pattern indicative of bi-
refringent spherulitic structure was observed,
and the presence of the spherulites was con-
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Fig. 9. Split-image scanning electron photomicrograph of the cellular structure resulting from liquid-liquid phase separation
of a 25 wt.% iPP in iPP-TA solution cooled from 533 K to 318 K at 10 K/min in a Mettler FP-82 hot stage. (Diluent was

extracted with TCE).

firmed. The size of the spherulite was the same
as the large scale structure evident in the low
magnification portion of Fig. 9 and much larger
than the entrapped droplets.

When a mixture of the same composition as
discussed in the previous paragraph (25 wt.%
iPP) was melt blended at the same tempera-
ture (533 K) and quenched at 318 K in water,
the lacy structure shown in Fig. 10 resulted.
Again, although no direct experimental evi-
dence of the sequence of events leading to the
lacy structure shown in Fig. 10 exists currently,
it is possible to speculate on the membrane for-
mation mechanism as follows. The quench pro-
cess is represented schematically in Fig. 5 by
the semi-crystalline polymer—diluent mixture
of composition ¢, heated to an elevated tem-
perature represented by the point X. Upon rapid
cooling, the solution crosses the binodal and the
spinodal curves and enters the unstable region.

In this region, which corresponds to composi-
tion between ¢.and ¢7 in Fig. 2, (92%4G,.;./
d¢32) rpis negative, and the solution is unstable
to even the smallest concentration fluctua-
tions. The theory of spinodal decomposition, as
developed by Cahn [12,13] predicts small fluc-
tuations in concentration of wavelength greater
than a certain crucial value spontaneously in-
creases in amplitude. Consequently, the size of
the new phase stays roughly the same, while its
concentration deviation from the bulk in-
creases. Cahn also showed the rate of increase
in amplitude depends on the fluctuation wave-
length. Thus, the solution separates sponta-
neously into tiny, co-continuous polymer-lean
phases of composition ¢ and polymer-rich
phases of composition ¢{, (viscous constraints
may prevent the actual attainment of these
compositions). Without direct experimental
evidence, it is impossible to attribute with any
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PP-73%TA CxR. 1K |

Fig. 10. Split-image scanning electron photomicrograph of the lacy structure resulting from liquid-liquid phase separation
of a 25 wt.% iPP in iPP-TA solution quenched from 533 K tc 318 K in water. Left: low magnification; right: high magni-

fication. (Diluent was extracted with TCE).

confidence the lacy structure shown in Fig. 10
as resulting from the spinodal decomposition
mechanism. It remains to be established exper-
imentally whether the quenching technique ap-
plied in this study represents rapid cooling.

Since the quench temperature (318 K) is be-
low the iPP crystallization temperature, as
shown in Fig. 7, the liquid-liquid TIPS is ac-
companied by iPP crystallization. Optical mi-
croscopy reveals the iPP comprising the lacy
matrix in Fig. 10 is spherulitic. Indications of
this spherulitic macrostructure are seen in the
lower magnification image of Fig. 10. The oc-
currence of crystallization on the same time
scale as the liquid-liquid phase separation may
explain the inability of the phase separated do-
mains to grow in size via coarsening or any other
mechanism.

Membranes were prepared from a 70 wt.%
iPP mixture and either quenched from 473 K
to 331 K (Fig. 11) or cooled at 10 K/min from

P-TA 70,30

Fig. 11. Scanning electron photomicrograph of the spher-
ulitic structure resulting from the rapid solid-liquid phase
separation of a 70 wt.% iPP in iPP-TA solution quenched
from 473 K to 331 K in water. (Diluent was extracted with
TCE).

473 K to 331 K (Fig. 12). Both processes are
represented schematically in Fig. 5 by the semi-
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Fig. 12. Split-image scanning electron photomicrograph of
the spherulitic structure resulting from the slow solid-liq-
uid phase separation followed by liquid-liquid phase sep-
aration of a 70 wt.% iPP in iPP-TA solution cooled from
473 K to 331 K at 10 K/min in a Mettler FP-82 hot stage.
Top: low magnification; bottom: high magnification. (Di-
luent was extracted with TCE).

crystalline polymer-diluent mixture of com-
position ¢, heated to an elevated temperature
represented by point Y. At the conditions rep-
resented by Y, the mixture is a true homoge-
neous solution. Upon removal of thermal en-
ergy, the solution undergoes solid-liquid phase
separation into essentially pure polymer crys-
tals in a liquid phase represented by L,. As the
temperature is decreased, the liquid phase
(comprised of diluent and amorphous poly-

DOUGLAS R. LLOYD E'T AL.

mer ) follows the melting point depression curve
until the monotectic point is reached. Below the
monotectic temperature, the remaining solu-
tion phase undergoes liquid-liquid phase sep-
aration as described above. Quenching yielded
truncated spherulites with textured surfaces, as
shown in Fig. 11. Cooling at 10 K/min yielded
truncated spherulites with more open surfaces
than produced via quenching. Investigation of
the surfaces of the spherulites produced via slow
cooling revealed a cellular structure (Fig. 12,
bottom). The difference in spherulitic surface
structure is tentatively attributed to differ-
ences in the phase separation mechanism ex-
perienced by the solution phase represented by
L,; however, further experimentation is re-
quired to resolve this issue. The spherulites
produced via slow cooling are considerably
larger than those resulting from the quench
process because of the fewer nuclei produced
and the longer growth period in the case of the
slow cooling (see discussion in Ref. [1]).

Conclusions

The dynamic phase diagrams at 10 K/min
cooling were determined for iPP-TA. The
monotectic point of iPP-TA system is 59 wt.%
iPP and 378 K. At iPP compositions less than
the monotectic composition iPP-TA samples
yielded a lacy structure when quenched and a
cellular structure when slowly cooled. At com-
positions greater than monotectic composi-
tion, iPP-TA samples yielded a spherulitic
structure without discernible pores when
quenched and a larger spherulitic structure with
a cellular surface when slowly cooled.
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