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SYNOPSIS

Membrane formation of polylactides has been studied using in situ analysis techniques.
An experimental method based on the use of dark ground optics and reflected light illu-
mination is used to monitor the mass transfer and phase separation dynamics during for-
mation. Additionally, the phase separation and structure formation has been studied using
optical microscopy. The results of the dark ground optics technique for the polymer/solvent/
nonsolvent systems poly-L-lactide/chloroform/methanol and poly-DL-lactide/chloroform/
methanol showed that the diffusion kinetics were similar for the semicrystalline poly-L-
lactide (PLLA) and the amorphous poly-DL-lactide. The influence of the molecular weight
of the polymers on the diffusion kinetics was found to be negligible. Increasing the polymer
concentration of the casting solution decreased the rate of diffusion. The phase separation
of poly-DL-lactide was studied with optical microscopy and found to proceed via liquid-
liquid demixing. For poly-L-lactide solutions of relatively low concentration (5-6% w/w),
phase separation proceeded via liquid-liquid demixing followed by crystallization. For more
concentrated PLLA solutions, phase separation proceeded directly via solid-liquid demixing
processes. Additionally, for 6% w/w solutions of poly-L-lactide in dioxane immersed in
methanol, precipitation also occurred solely via solid-liquid demixing. © 1996 John Wiley &

Sons, Inc.

INTRODUCTION

Phase transitions play a very important role in the
preparation of membranes by the immersion pre-
cipitation process. The final morphology of a mem-
brane is the result of these phase transitions.! A
great deal of research has been dedicated to deter-
mining the role of the various phase transitions dur-
ing immersion precipitation. However, due to the
complexity of the process, studies have been re-
stricted mainly to analysis of resulting membrane
morphologies and determination of the phase
boundaries of the corresponding ternary systems.
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The complicated mass transfer processes occurring
after immersion of the polymer solution in the non-
solvent greatly inhibit analysis of the structure for-
mation. Recently, progress has been made in math-
ematical models which predict composition paths in
the solution as a function of time and space coor-
dinates after immersion of the polymer solution in
the nonsolvent.?® Unfortunately, the models are only
valid up until the initial point of phase separation.
Additionally, complications arising from the input
parameters of the model prevent a quantitative de-
scription of mass transfer.

Surprisingly, very few experimental studies on the
in situ mass transfer and phase separation have been
published.* ¢ In the present work the results of an
experimental study on the solvent/nonsolvent ex-
change and the structure formation of polylactide

685



686 VAN DE WITTE ET AL.

cell

transform
pinhole lens
He-Ne laser l ﬂ n J
| U U ] » l:: video camera
objective collimating circular stop
lens lens

fibre optics

Figure 1 Schematical representation of the optical setup for study of mass transfer

processes in the film.

solutions will be presented. For mass transfer ex-
periments, the optical setup recently described by
McHugh and Tsay was used.®!? The technique used
most frequently for studying phase separation pro-
cesses during immersion precipitation involves
placing a polymer solution between two glass slides
and putting these in an optical microscope.**1%!!
The nonsolvent is then placed in contact with the
periphery of the cover slide and subsequently drawn
to the polymer solution between the slides by cap-
illary forces. Usually no details of the phase sepa-
ration processes can be observed due to the large
sample thickness. However, in the present study an
improved optical technique will be presented that
allows visualization of greater detail.

EXPERIMENTAL

Materials

Polymer solutions were prepared using poly-L-lac-
tide (PLLA) and poly-DL-lactide (PDLLA) samples
obtained from Purac Biochem B.V., Gorinchem, The
Netherlands. For optical microscopy, samples were
used with an intrinsic viscosity of 2 dL/g (chloro-
form, 25°C). For the solvent/nonsolvent exchange,
PLLA and PDLLA fractions were used with intrin-
sic viscosities of 0.8 and 4.6 dL./g. Solvents were of
analytical grade (Merck, Darmstadt, Germany).

Optical Setup for Solvent-Nonsolvent Exchange

The details of the dark ground optical setup for
monitoring mass transfer and phase separation in
the polymer solution during the quench have been
described in more detail elsewhere.®!® The diffusion

cell which contains the polymer solution is made of
optical-quality fused silica (Helma Cells, Inc.). The
cavity containing the solution has an optical path
length of 4 mm and is of variable depth (4 mm for
diffusion experiments and 3 mm for gelation). An
upper chamber, made of aluminum, contains the
nonsolvent. The two chambers are initially sepa-
rated by a thin metal foil. Interfacial contact is
achieved by removal of the separating plate using a
motor-driven device.

A schematic of the optical setup is shown in Fig-
ure 1. Light from the laser source is spatially filtered
by passing it through an objective lens, pinhole ap-
erture, and collimating lens to produce an expanded
noiseless beam of uniform intensity. The gradient
in refractive index caused by concentration gradients
that form during the solvent/nonsolvent diffusive
exchange induces a phase shift in the light passing
through the cell. The retardance at any position and
time is given by

5(Y, £) = 27rw[n(Y;: t) — ng} 1

where Y is the position in the polymer solution rel-
ative to the initial interface, n(Y, t) is the solution
refractive index, w is the cell thickness, A is the
wavelength of light (632.8 nm), and the reference
index, ng, is that of the initially uniform composition
in the polymer solution. The diffraction image of
the phase-modulated beam emerging from the cell
is filtered on the back focal plane of the transform
lens with a circular stop to remove the unrefracted
light image. The resultant dark ground image is fo-
cused through the camera for recording of the fringe
pattern which is superimposed on the cell. The re-
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lationship between the phase shift (§) and the fringe
pattern intensity (I) will be given by

(2)

IY, 1) = 4C2sin2[6(§’ “]

where C is a constant associated with the optical
elements.

The dark ground image allows observation of this
intensity distribution near the propagating diffusion
front and, depending on conditions, distinguishes
fingering instabilities. A second optical light source,
directed at the cell from the camera side, reflects
light due to turbid areas in the solution which may
be two-phase fluid (liquid-liquid) regions or solidi-
fied gel. Video images showing the combined dif-
fraction pattern and two-phase regions are recorded
by the video camera. For analysis, the images are
frozen at a given time and digitized by the computer,
and then the positions of the fringes are determined
by finding the minimum intensity of a fringe on
screen using video-imaging software. Additionally,
this video-imaging software is used to monitor the
motion of the phase separation front.

Optical Setup for Visualization of Phase
Separation Processes

Details of the phase separation processes after im-
mersion were studied using an optical microscope,
as shown in Figure 2. Solutions were injected in
small flat capillaries of 0.4 mm thickness (Camslides,
Camlab, Cambridge GB). Very viscous solutions
were pushed in the capillary using a Pasteur pipet
glued to the capillary and applying air pressure. Us-
ing a syringe with a thin needle, nonsolvent was
injected on top of the solution. The processes oc-
curring at the interface and the gel front were then
studied using a Leitz-Ortolux microscope equipped
with polarizers.

RESULTS AND DISCUSSION

Solvent-Nonsolvent Exchange during Immersion
Precipitation

Only the solvent-nonsolvent system chloroform-
methanol was evaluated in this study. For most ex-
periments, low-molecular-weight polylactide sam-
ples ([n] = 0.8 dL/g) were used to enable analysis
over a wide concentration range. In Figure 3 a
series of digitized images of the diffusion fringe

microscope

light source

Figure 2 Optical setup for studying phase separation
processes.

patterns as a function of time are presented for a
5% w/w solution of PDLLA in chloroform. Time
zero is taken when half of the cell is in contact
with the coagulation bath. The fringes move grad-
ually from the interface to the bottom of the cell.
Location of the first fringe minimum, Y, with re-
spect to the bath-film interface is also illustrated.
All systems studied gave nice diffraction patterns
with up to 10 discernable fringes that were uni-
formly parallel.

The bath-film interface was seen to move down
with time. This was noticeable as residual polymer
which was seen to coagulate on the cell walls. The
polymer solutions eventually phase separated. The
phase separation was not uniform or consistent and
did not lend well to measurement, due in part to the
film shrinkage and the poor quality of the gel that
formed. Additional experiments will be detailed in
a later section that achieved more well-behaved ge-
lation behavior by forcing the system closer to the
miscibility gap.

The position of the first fringe is a measure of
the penetration depth of the nonsolvent in the poly-
mer solution. Because the refractive indexes of the
polylactides (n ~ 1.45) are comparable with the re-
fractive index of chloroform (n ~ 1.48), the refrac-
tive index of the polymer solution does not change
much with composition and the propagation of the
fringe patterns for the two polylactides and for the
various polymer concentrations are directly com-
parable (pethana =~ 1.33).

In Figure 4 the square of the position of the first
fringe in the solution relative to the initial position
of the interface is presented as a function of time
for different PLLA concentrations. The plots are
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(d)

Figure 3 Digitized images of the fringe patterns obtained for a 5% w/w solution of
PDLLA in chloroform; the nonsolvent is methanol. The coordinate (YY) is also indicated.
(a) Time: —30 s (the cell is not yet positioned in the middle of the screen), (b) time: 5 s;
(¢) time: 1 min; (d) time: 2 min; (e) time: 4 min; (f) time: 6 min.

initially linear, as has also been found by Tsay and
McHugh for cellulose acetate systems and by Miller
in his studies of polyethersulfone (PES) solu-
tions.®!%-1¢ This linear behavior is also predicted
by the diffusive mass transfer equations.’® The
slope of this linear region, which corresponds to
the rate of mass transfer, decreases with increasing
polymer concentration. In Miller’s study it was re-

ported that for PES the slopes of these lines (S,)
vary linearly with the initial polymer volume frac-
tion of the polymer solution (¢): S; = M,¢ + B;
(M, and B, are constants). In the present study
similar behavior was found to exist in the polylac-
tides. Diffusion experiments were all performed at
least twice to ensure reproducibility, and Figure 5
shows the average value of the slope of diffusion
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Figure 3 (Continued from the previous page)

front motion versus initial polymer concentration
for both PLLA and PDLLA.

Figure 5 shows that in the range we investigated,
the rate of mass transfer for a given initial polymer
concentration is independent of the stereochemical

configuration of the polylactide (i.e., PLLA vs.
PDLLA). This confirms that during the immersion
precipitation process, the solvent/nonsolvent ex-
changes for PLLA and PDLLA are comparable. This
is in line with the fact that under similar conditions
the differences in precipitation times are generally
small for low-concentration polylactide/chloroform
solutions quenched in methanol.!” However, even
though the mass transfer is comparable, liquid-lig-
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Figure 4 Squared position of the first fringe in the cell
relative to the position of the initial interface as a function
of time and concentration for the system poly-L-lactide~
chloroform-methanol. Notice that the intercept at the y-
axis can vary somewhat for the different systems due to
differences in appointment of time zero. The intrinsic vis-
cosity of PLLA = 0.8 dL/g.
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Figure 5 Average values of the slope of diffusion front

motion versus initial polymer concentration for PLLA and
PDLLA.
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Figure 6 Influence of molecular weight of PDLLA and
PLLA on the diffusion kinetics (for further details, see
legend for Fig. 4). HMW: 4.6 dL/g; LMW: 0.8 dL/g.

uid demixing did not play a large role during the
immersion precipitation of concentrated solutions
(>20% w/w) of PLLA in chloroform but does for
PDLLA.Y™?° This result emphasizes that the mem-
brane morphology that results is largely determined
by the type of phase transitions that a system can
undergo.

Another series of experiments was performed to
investigate the influence of molecular weight on the
mass transfer dynamics by using polymer samples
with intrinsic viscosities of 0.8 and 4.6 dL,/g. Five
and ten percent w/w samples of both PLLA and
PDLLA in chloroform were quenched with meth-
anol, and the resulting diffusion fringe motion was
measured. The results for 5% w/w are shown in Fig-
ure 6. This figure indicates that the differences in
rates of propagation of diffusion fronts are negligible
within the experimental error of our system for the
two molecular weights at the concentrations inves-
tigated. This phenomenon has been observed in
other instances—for example, in the system PLLA-
dioxane-water it was observed that for intrinsic vis-
cosities between 1.6 and 4.7 dL./g, the delay time for
demixing for cast films of a 7% w/w solution re-
mained the same despite a 100-fold difference in the
viscosity of the solution (experiments not shown).
The macroscopic viscosity increases rapidly with
increasing molecular weight because the polymer
chains get more entangled. The distance between
the entanglements does not change much with mo-

lecular weight. This is why, in general, the diffusion
coefficient of small molecules in low-concentration
polymer solutions does not depend on the molecular
weight of the polymer and in fact is almost the same
as the binary diffusion coeflicient. These experi-
ments confirm that from the viewpoint of solvent/
nonsolvent exchange, it is acceptable to compare
membrane morphologies obtained using polymers
with different molecular weights.

Additional experiments were performed to inves-
tigate the phase separation behavior of polylactides.
Due to the low nonsolvent power of methanol, it
took a long time for gelation to occur. To circumvent
this and study gelation phenomena, 15% w/w PLLA
solutions were doped with varying amounts of
methanol to push the initial composition closer to
the binodal. This becomes clear from the gel growth
data, as displayed in Figure 7. Experiments were all
performed three times, and the slope of the linear
region was found to be reproducible within 5%. At
increasing methanol concentrations in the casting
solution, the gel starts growing earlier, and the gel
growth is more uniform. Whether liquid-liquid de-
mixing or solid-liquid demixing processes are re-
sponsible for the formation of the gels cannot be
determined from this experiment. This gelation be-
havior is similar to what Miller found for PES, for
which the slope of the linear region was found to be
a linear function of the concentration, just as it is
for diffusion front motion.'*** Similarly, for poly-
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Figure 7 The position of the first fringe relative to the
position of the initial interface for 15% w/w solutions of
PLLA in chloroform/methanol mixtures (nonsolvent:
methanol).
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Figure 8 Micrographs of the phase separation processes occurring in the polymer solution
after addition of the nonsolvent. The polymer solution is located on the right-hand side.
The solution bath interface is located on the left-hand side but is not visible on the mi-
crograph. (a) 20% w/w PDLLA in chloroform; nonsolvent: methanol (magnification 100X).
(b) 10% w/w PDLLA in chloroform; nonsolvent: methanol (magnification 250X). (¢) 5%
w/w PDLLA in chloroform; nonsolvent: methanol (magnification 250X). (d) 6% w/w
PDLLA in dioxane; nonsolvent: water (magnification 250X).
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(b)

Figure 9 Micrographs of the phase separation processes occurring in the polymer solution
after addition of the nonsolvent. The polymer solution is located on the right-hand side.
The solution bath interface is located on the left-hand side but is not visible on the mi-
crograph. (a) 20% w/w PLLA in chloroform; nonsolvent: methanol (unpolarized light,
magnification 100X). (b) 20% w/w PLLA in chloroform; nonsolvent: methanol (polarized

light, magnification 100X).

lactides there is a dependance of this slope on the
percentage of dopant in the initial polymer solution
which is approximately linear with the nonsolvent
concentration.

Visualization of Structure Formation during
Immersion Precipitation

Figure 8 presents micrographs of the phase sepa-
ration processes occurring in PDLLA solutions
shortly after addition of the nonsolvent. As expected,
for solutions containing the amorphous poly-DL-
lactide, phase separation always occurred by liquid-
liquid demixing independent of solvent/nonsolvent
combination and polymer concentration. A turbid
gel layer was present close to the interface. The
sample thickness is still too large to allow visualiza-
tion of details of the processes in the gel layer. Just
behind the gel layer in the solution, the nucleation
and growth of droplets can clearly be observed. As
expected, no crystallites could be detected using po-
larized light. To the best of our knowledge, micro-
graphs with these details have not been published
yet in the literature of the immersion precipitation
process.

For the semicrystalline poly-L-lactide system,
liquid-liquid demixing and solid-liquid demixing
processes could be distinguished easily by visu-
alization of the phase-separated solution with both
polarized light and unpolarized light. For concen-
trated solutions of PLLA (>15% v/v), the thick-
ness of the gel layer observed with polarized light
was the same as the thickness of the gel layer ob-
served with unpolarized light. This indicates that
liquid-liquid demixing does not precede solid-lig-
uid demixing in these cases. An example is pre-
sented in Figure 9.

The spherulites are easily distinguished at the
interface between the precipitated solution and the
homogeneous solution. In Figure 10, micrographs
are presented for a 5% v/v solution of PLLA in
chloroform with methanol as a nonsolvent. The
white area in the micrograph obtained with crossed
polarizers indicates the presence of a crystalline gel.
In the micrograph taken with unpolarized light, a
second layer due to liquid-liquid phase separation
can be observed between the gel layer and the ho-
mogeneous solution. This indicates that crystalli-
zation occurs in the polymer-rich phase generated
by the liquid-liquid demixing process.
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(b)

Figure 10 Micrographs of the phase separation processes occurring in the polymer so-
lution after addition of the nonsolvent. The polymer solution is located on the right-hand
side. The solution bath interface is located on the left-hand side but is not visible on the
micrograph. (a) 5% PLLA in chloroform; nonsolvent: methanol (unpolarized light, mag-
nification 250X). (b) 5% PLLA in chloroform; nonsolvent: methanol (polarized light, mag-

nification 250X).

Similar trends were observed with the solvent—
nonsolvent system dioxane-water [Fig. 11(a,b)]. The
corresponding system with dioxane-methanol did
not show a layer due to liquid-liquid demixing. A
homogeneous birefringent gel layer was detected
[Fig. 11(c)].

These findings are in line with previous results
for the phase diagrams and the resulting morphol-
ogies of the membranes obtained with these sys-
tems.!”?° For PDLLA, only evidence for liquid-liq-
uid demixing was observed for all solvent/nonsol-
vent systems. For PLLA in combination with
dioxane/water or chloroform/methanol at low poly-
mer concentrations, liquid-liquid demixing preceded
solid-liquid demixing and at high polymer concen-
tration crystallization occurred without the preced-
ing liquid-liquid demixing. For PLI.A/dioxane/
methanol, liquid-liquid demixing processes did not
play a role during the precipitation. It can be ex-
pected that this technique can be of use for other
fundamental studies on membrane formation (e.g.,
macrovoid formation). Further improvements can
be attained by further reducing the thickness of the
capillary and by introducing video analysis tech-

niques like in the system used for the study of sol-
vent/nonsolvent exchange.

CONCLUSIONS

The results for the exchange studies show that
diffusion in the systems with PLLA and PDLLA
is comparable and independent of the molecular
weight. The exchange rate decreases with in-
creasing polymer concentrations in the casting
solution. The phase separation behavior of simple
PLLA-chloroform cast solutions proved to be dif-
ficult to measure, because of large film shrinkage
and weak gel structure. However, cast solutions
doped with nonsoclvent displayed uniform, repro-
ducible behavior and showed an increase in the
rate of phase separation as the amount of dopant
increased. The microscopic technique yielded use-
ful additional information on the structure for-
mation. For PDLLA-containing solutions, pre-
cipitation occurred by liquid-liquid demixing. For
PLLA-containing solutions, depending on the
solvent/nonsolvent combination and the com-
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Figure 11 Micrographs of the phase separation processes occurring in the polymer so-
lution after addition of the nonsolvent. The polymer solution is located on the right-hand
side. The solution bath interface is located on the left-hand side but is visible only in the
bottommost micrograph (c). (a) 6% w/w PLLA in dioxane; nonsolvent: water (unpolarized
light, magnification 100X). (b) 6% w/w PLLA in dioxane; nonsolvent: water (polarized
light, magnification 100X). (c) 6% w/w PLLA in dioxane; nonsolvent: methanol (polarized

light, magnification 100X).

position of the solution, both liquid-liquid demix-
ing and solid-liquid demixing could occur. For low
concentrated solutions of PLLA in dioxane and
chloroform immersed in water and methanol, re-

spectively, crystallization occurred after liquid-
liquid demixing. For concentrated solutions for
the system PLLA /chloroform/methanol and low
concentrated solutions for the system PLLA/
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dioxane /methanol, precipitation occurred mainly
by crystallization.
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