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The thermally-induced phase separation mechanism was investigated
for the system isotactic polypropylene and diphenyl ether. Droplet
growth was monitored by using a thermo-optical microscope. The
degree of supercooling for liquid-liquid phase separation affected the
size and growth rate of the droplets. Increasing the polymer content
affected the solution viscosity and interaction parameter which
resulted in a decrease of the size and growth rate of the droplets.
Crystallization interfered with the droplet growth at lower quench
temperatures from the onset of crystallization. The droplet growth
rate followed the equation proposed by Furukawa, and the droplet
growth was well described by the theories for coarsening and
coalescence. Equilibrium droplet size was estimated by the Laplace
equation and was in good agreement with the experimental data. The
cell size of the membrane was about half of the droplet size of the
melt sample due to shrinkage of the sample during extraction of the
diluent and the drying process.

Development of semicrystalline polymer membranes is important for many
membrane processes because they can withstand high-temperature operating
conditions and are resistant to aggressive chemicals (/). Moreover, microporous
semicrystalline polymer membranes can be used in other applications such as
battery separators (2). The thermally-induced phase separation (TIPS) process is
one of the most promising fabrication methods of making microporous
semicrystalline membranes (3). Controlling the structure of the membrane made via
TIPS requires an understanding of the phase separation mechanisms. Specifically,
the liquid-liquid phase separation process induced by the thermodynamic instability
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of the system must be examinedin detail for the interpretation of the microcellular
structure formation (4).

As shown in Figure 1, when the homogeneous melt solution (D) enters the
liquid-liquid phase separation region (C), it undergoes spinodal decomposition to
form a polymer-rich (R) and a polymer-lean (L) phase (5,6). If the sample is held at
T, the phase-separated domain (liquid droplet) grows via a coarsening process
followed by coalescence of the droplets to form an even greater droplet (7-9). The
sample is then quenched in ice water to induce crystallization of the polymer, which
freezes the structure. Following extraction of the diluent, a microcellularstructure is
obtained (/0,11).

In this work, the system isotactic polypropylene (PP) and diphenyl ether
(DPE) was investigated for membrane fabrication via TIPS. The PP/DPE system
forms a homogeneous melt solution above the melting temperature of the mixture
and undergoes liquid-liquid or solid-liquid phase separation depending on the initial
polymer concentration. Several factors affecting the phase separation mechanisms
were examined, that is, (i) phase separation temperature, (i) crystallization
temperature, and (iii) initial composition of the melt solution. Droplet formation
and growth were monitored for interpretation of the phase separation mechanism.
The droplet growth kinetics were analyzed and compared with the resulis of
McGuire and Laxminarayan who also studied the TIPS process for the PP/DPE
system (/2-15). The interfacial tension between the phase-separated domains was
determined to estimate the equilibrium domain size. The cell size of the membrane
was compared with the droplet size of the melt solution to study. the droplet
growth behavior to the real cell growth behavior.

Experimental

Isotactic PP (H730F) was supplied by SK Co., Korea, and DPE was obtained from
Aldrich Co. PP is one of the most preferred materials in this application, because it
has advantages over other materials in terms of processability, thermal and chemical
resistance, and price. DPE was selected as a diluent in this work, because it forms a
homogeneous melt solution with PP at high temperature, which undergoes liquid-
liquid phase separation by lowering the temperature. The refractive index of DPE
(np*°=1.579) is different from that of PP (np**=1.490), which enabled us to observe
the sharp interfaces between the polymer-lean and polymer—rich phases formed by
the liquid-liquid phase separation process via optical microscopy. Methanol
(Aldrich Co.) was used to extract the DPE after phase separation was completed.
PP and DPE were melt blended at 210°C to make homogeneous melt solutions. The
samplé was quenched into ice water to form solid samples.

Perkin Elmer DSC 7 was used for the thermal analyses of the samples and a
Hitachi 5-4200 scanning electron microscope (SEM) was used to examine the
structure of the membranes. A thermo-optical microscope (TOM) system was
assembled as shown in Figure 2, which consisted of a Zeiss Jenaval microscope, a
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Mettler hot-stage (FP-82) with central processor (FP-90), and an image analyzer
system (IP lab) equipped with CCD camera, VCR, and video printer. The Laplace
equation was used to estimate the equilibrium droplet size. In order to determine the
interfacial tension, the surface tensions of the melt solution and diluent were
measured by using a modified TOM system, as shown in Figure 3. Each shape of
the drop was captured for the calculation of the surface tension by using the
pendant drop method proposed by Andreas et al. (16).

Results and Discussion

The phase diagram of the PP/DPE system was determined experimentally, as
shown in Figure 4. Cloud points were determined using the TOM system, and the
melting temperatures (T,,) and crystallization temperatures (Te) were obtained by
DSC at a scanning rate of 10°C/min. The melt-blended samples were held at 210°C
for 10 min to eliminate the thermal history of the sample before scanning. Figure 4
shows a typical phase diagram for a liquid-liquid phase separation system of a
semicrystalline polymer, whose monotectic point, the intersection point of the
cloud point curve and crystallization curve, is located at 94°C and 40 wt.% PP at a
10°C/min cooling rate. McGuire et al. also generated a phase diagram for the same
system which showed similar cloud points as reported here (/2). However,
McGuire et al. determined the equilibrium melting temperature, which is much
higher than the dynamic Ty, and T, determined in this work. Therefore, the location
of the monotectic points should be different from each other due to the different
scanning rates. The location of the sample relative to the equilibrium melting
temperature in the phase diagramhad great influence on the crystallization of PP.
When the PP content was lowered to less than 10 wt.%, the sample had poor
integrity and could not be used for the determination of the phase diagram.

A homogeneous melt solution of a 10 wt.% PP/90 wt.% DPE sample at 210°C
was placed onto the hot-stage preset at 110°C. Placingthe 210°C sample on the
hot-stage at 110°C made the hot-stage temporarily unstable and it took about 3
seconds for the sample and the hot-stage to reach equilibrium. It was difficult to
quantify the cooling rate for this quenching step. The sample was prepared between
the cover slips and the edges were sealed with silicon sealant. There was little
diluent loss during the experiment, and the weight change before and after the test
was less than 3% of the initial weight. The phase separation imagesat 110°C were
captured at different times, as shown in Figure 5. The number labeled in each
picture represents the elapsed time after the hot-stage reached equilibrium in
hr:min:sec mode. Images of phase separation by spinodal decomposition were
observed immediately; however, the onset of spinodal decomposition could not be
observed. After 5 minutes, phase-separated droplet growth via coarsening was
observed in the optical microscope. The droplets continued to grow until 1 hr and
30 min. In its later stages of liquid-liquid phase separation, coalescence of droplets
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Figure2 A schematic diagram of a thermo-optical microscope system. A:
central processox, B: hot-stage, C: optical microscope, D: CCD camera E:

image analyzer system, F: VCR, G: video printer.
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A schematic diagram of a surface tension measurement system.

Figure 3.
A: light source, B: pendant drop assembly, C: CCD camera, D: monitor, E:

image analyzer system, F: VCR, G: video printer.
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was observed, as shown in the upper left comer of Figure 6. Coalescence of
droplets resulted in large cells after extraction of the diluent.

Similar observations were obtained for other samples with different
compositions and at other quench temperatures. Bach droplet size was obtained by
averaging the sizes of 50 to 60 droplets, and each experiment was repeated three
times to ensure the reproducibility of the data. Temperature dependence of the
droplet growth was examined in more detail by selecting various quench
temperatures from 105°C to 125°C. The temperature dependence of the growth rate
is shown in Figures 7 and 8. Our results are similar to those of McGuire et al. (12).
The growth rate and the size of the droplets increased as the quench temperature
was lowered. A decrease in quench temperature caused a greater supercooling for
liquid-liquid phase separation, which is defined as the temperature difference
between the cloud point temperature and the quench temperature. Greater
supercooling changed the viscosity of the matrix and the droplet phases, the volume
fractions of the two phases, and the interfacial tension. Therefore, increased
supercooling accelerated the droplet growth (I7-19) and the size and growth rate of
the droplets increased as the holding temperature was lowered for the 10 and 20
wt.% PP samples.

At lower temperature PP crystallization interfered with the droplet growth.
Although the holding temperature was located above the dynamic crystallization
curve at a scanning rate of 10°C/min, it is located under the equilibrium‘melﬁng
temperature reported by McGuire et al. (12). Consequently, there was a
thermodynamic driving force for crystallization (20,21). The degree of supercooling
for orystallization is defined as the temperature difference between the equilibrium
melting temperature and the holding temperature. Greater supercooling also
accelerated crystallization, and there was no more droplet growth after a certain
degree of crystallization, because the crystallization process froze the structure.

The dependence of droplet growth on composition was also explored for phase
separation temperatures of 115 and 125°C, as shown in Figures 9 and 10,
respectively. The droplet growth behavior depended strongly on the composition.
Both the growth rate and the size of the droplet decreased with an increase of PP
content at each quench temperature. An increase of polymer concentration
increased the solution viscosity, which limited the droplet growth. The interaction
parameter between PP and DPE depended on the composition and it also had
influence on the droplet growth (22). With an increase in polymer concentration the
nucleation density for crystallization increased (20,21). For a 20 wt.% PP sample
the droplet growth was suspended at 20 min (115°C) and 40 min (125°C) by the

interference of PP crystallization. Crystallization of PP at 105°C began at 6
minutes and it interfered with the droplet growth beyond this point, as shown in
Figure 11. The droplet could not reach the equilibrium size, when the PP
composition was high and the crystallization temperature was low.

In order to estimate the equilibrium droplet size we used the Laplace equation
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Droplet growth for different PP/DPE compositions at 115°C.




40
35 —

® (PP/DPE =10 wt%/ 90wt%
30 — B {PP/DPE = 20 wt%/ 80wt%

25—

Droplet Size (um)
N
o
i

9.
e . g .-m
15 ® -
L =
10 ®
®
5 |®
0 ! i I I
0 10 20 30 40 50

Time (min)

Figure 10. Droplet growth for different PP/DPE compositions at 125°C.
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for a spherical drop:
r=2v /Ap (D)

where r is the radius of the droplet, Ap is the pressure difference, and vy is the
interfacial tension between the phases (23). In this work, we used the vapor
pressure difference between the polymer-lean and polymer-rich phase for equation
1. The vapor pressure of the polymer was ignored and the polymer-lean phase was
assumed to be composed of pure diluent. Therefore, the vapor pressure of the
polymer lean-phase was equal to the vapor pressure of the diluent. The vapor
pressure of the polymer-rich phase was estimated by the product of the vapor
pressure of the diluent (24) and the diluent fraction.

The interfacial tension between the phases must be determined to estimate r by
equation 1. Tt can be measured by several techniques such as the sessile drop,
spinning drop, and pendant drop method (1 6,23). McGuire et al. determined the
interfacial tension of the phases in the PP/DPE system by a spinning drop method
(12). Previously, the pendant drop method was discussed by several authors
(23,25). The method of Andreas defines a shape-dependent quantity S as:

S=ds/de 2)

where d; is the equatorial diameter, and d. is the diameter at a distance from the
bottom of the drop as shown in Figure 12.
The parameters H and [} are defined as:

H:‘B(de/b)2 (3)
=-(Ap gb)) /Y 4

where b is the radius of the drop at the apex, Ap is the density difference between
the phases and g is the gravitational constant. Then the surface tension, 7, is

expressed by equation 5.
y=(p gd.*)/H (5)

From the shape of the drop we measured d. and d; from which S was calculated.
1/H was obtained from Fordham’s Table (25). Because the densities of polymer- -
rich and polymer-poor phase were similar, we could not form a pendant drop of the
polymer-lean phase in the polymer-rich phase. Therefore, we could not directly
measure the interfacial tension between the phases. However, for nonpolar
compounds Fowke’s relationship can be applied, which is expressed as
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Yia = (12 - P22 6)

where vy, is the interfacial tension between phases 1 and 2, and v, and 7, are the
surface tensions of phases 1 and 2, respectively (20).

The PP/DPE system phase separated into a polymer-lean phase (¢;=0) and a
polymer-rich phase (¢,=0.2) at 125°C. We measured the surface tensions of pure
diluent and the 20 wt.% PP sample at 125°C. The interfacial tension between the
phases at 125°C was 0.59 dyne/cm, which was higher than that determined by
McGuire et al. (12). The experimental data for obtaining the interfacial tension are
summarized in Table 1. With the interfacial tension value and the vapor pressure of
the diluent (24), we estimated the equilibrium droplet size as 12.6 um at 125°C,

which is in good agreement with the experirriental value of 13.3 um.

Table I. Experimental data for estimation of the interfacial tension of polymer-lean
phase and polymer-rich phase of the PP/DPE system at 125°C

Property Polymer-rich phase Polymer-lean phase
(20 wt.% PP) (pure diluent)
Density (g/cm) 0.877 0.984
d. 1.85 1.70
ds 1.20 1.23
S 0.65 0.72
1/H 0.95 0.73
Surface tension(dyn/cm) 27.9 20.4
Tnterfacial tension (dyn/cm) 0.59

Droplet growth kinetics studies were previously performed by several
investigators. Lifshitz and Slyozov described the coarsening process using an
asymptotic power law relating the domain size (d) with time (t) as follows:

d~ (D &',)1/3 t1/3 (7)

where D is the diffusion coefficient and £ is the correlation length (27,28).

When two droplets overlap and dissolve at their interface, a larger drop will be
formed. This process is referred to as coalescence or collision-combination
mechanism. In this case, the size of the dispersed phase (d) is expressed as,

d ~ [kBT/,n]lB t]B (8)




57

where kg is the Boltzmann constant, T is the phase separation temperature, 1 is the
solution viscosity, and t is time (29-31).

In the bicontinuous phase after phase separation, the pressure gradient between
the regions with different curvature causes the hydrodynamic flow to form larger
droplets. In this case, the droplet diameter (d) can be expressed as a function of
surface tension (0), viscosity of the continuous phase (1)), and time (f) (7,28):

d~(oc/m)t )]

Recently, Furukawa proposed a theory in which the single length scale was set
as a function of time. This is a more general form of the coarsening process, and the
length scale (d) is expressed as:

d=x-t" (10)

where x is a proportional constant and X is a scaling exponent or growth exponent
which 1s related to the microscopic particle growth (32). This mechanism can be
applied to a phase-separated polymer solution system regardless of whether the
system undergoes phase separation by spinodal decomposition or by nucleation
and growth.

Furukawa's theory was applied to the systems studied in this work, and the
results are shown in Table 1.

Table II. Proportional constants and scaling exponents of Furukawa equation for
PP/DPE systems at different composition and temperature.

(a) 10 wt.% PP/DPE

Quench temperature 125°C 115°C 105°C
Proportional constant (k) 3.54 6.91 9.77
Scaling exponent (A) 0.38 0.43 0.51

(b) 20 wt% PP/DPE

Quench temperature 125°C 115°C 110°C
Proportional constant () 4.47 5.37 8.91
Scaling exponent (A) 0.31 0.36 0.35

As the quench temperature decreased, k increased, which indicates an increase
of the droplet size and its growth rate. The scaling exponent, A, increased as the PP
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content decreased from 20 to 10 wt.%. For the 10 wt.% PP sample, A increased as

the quench temperature decreased. On the other hand, A was essentially constant .
(~0.3) for the 20 wt.% PP sample independent of the quench temperature, as
proposed by Furukawa (32). McGuire et al. also determined the A value for the
PP/DPE system, and showed a similar trend to our data. Howe\?er, for the 20 wt.%
PP sample we obtained a greater value of A than McGuire (/2). :

Droplets formed during liquid-liquid phase separation consisted mainly of
diluent and the sites occupied by the droplets formed cells after extraction of the
diluent. Therefore, the cell size of the membrane was expected to be directly related
to the droplet size. The samples on the hot-stage for the droplet growth
observation were saved and the diluent was extracted. SEM images of the samples
are shown in Figures 13 to 15. As the holding time of the 20 wt.% PP sample at
110°C increased, the cell size increased (Figure 13), which is the same trend for the
droplet growth, as shown in Figures 7 to 10. However, there was not much
difference between the 10 min and 30 min samples, because PP crystallization
interfered with the droplet growth of the sample after 10 minutes.

The effect of quench temperature on the cell size was also examined,as shown
in Figure 14. By lowering the holding temperature, the cell size increased as well as
the droplet size. The cell size increased until the quench temperature reached
110°C. However, at 105°C the cell size decreased due to crystallization of the
polymer, although it had the greatest supercooling for liquid-liquid phase separation
of the samples. An increase of polymer concentration reduced the cell size, as
shown in Figure 15.

From the images of droplets and SEM images of cells we can conclude that the
cell size is directly related to the droplet size. The absolute size of the droplet and
the cell of the same sample are compared in Figure 16. The cell size was about half
of the droplet size. The smaller cell size resulted from shrinkage of the sample
during extraction of the diluent and the subsequent drying process. Factors that
determine the degree of shrinkage are: (i) the type of extractant, (ii) the polymer
concentration of the sample, and (iii) the evaporation rate of the extractant. A more
systematic study on the sample shrinkage is currently being performed and will be
reported in a future paper.

Conclusions

As the degree of supercooling for liquid-liquid phase separation increased in the
PP/DPE system, the size and growth rate of the droplets increased. However, the
degree of supercooling for orystallization also increased and crystallization
interfered with the droplet growth at a lower quench temperature. An increase of
polymer concentration affected the solution viscosity and interaction parameter,
which resulted in a decrease of the size and growth rate of the droplets. The
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Figure 15. SEM images of membranes prepared from different PP/DPE
compositions.
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equilibrium droplet size was estimated by the Laplace equation. The estimated
droplet size was in good agreement with the experimental value. The droplet growth
kinetics were examined in terms of the equation proposed by Furukawa. k increased
as quench temperature decreased, and A increased with an increase of PP content,
For a 10 wt.% PP sample, A increased as the quench temperature decreased. For a
20 wt.% PP sample, A was essentially constant (~0.3) for all quench temperatures,
as previously proposed by Furukawa. The cell size in the membrane was about

half of the droplet size because of shrinkage induced by extraction of the diluent and
the subsequent drying process.
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