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ABSTRACT: There is increasing interest in the application
of supercritical CO2 (SCCO2) in the preparation of polymer
membranes. Membrane formation with SCCO2 as a nonsol-
vent is analogous to the conventional immersion precipita-
tion process using an organic nonsolvent. Polylactide mem-
branes were prepared with SCCO2 as the nonsolvent under
different experimental conditions such as different polymer
concentrations, different depressurization rates, and differ-
ent nonsolvent compositions. The effects of these conditions
on the cross-sectional structure were investigated through

scanning electron microscopy. In addition, solvent-induced
crystallization and CO2-induced crystallization were stud-
ied. The crystallinity of PLA membranes prepared with
different solvents or at different pressures was characterized
by wide-angle X-ray diffraction and differential scanning
calorimetry. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 98:
831–837, 2005
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INTRODUCTION

It is well known that supercritical fluids (SCFs) have
some distinctive properties, which include gaslike
viscosity and diffusivity, and liquidlike density and
dissolvability. Small changes in temperature and
pressure can cause dramatic changes in the diffu-
sivity, dissolvability, and dielectric properties of the
fluid, which makes it a tunable solvent.1–3 There-
fore, SCFs are being increasingly applied as solvents
for polymer processing based on their ability to
achieve desirable morphologies. SCF technology, re-
ferred to as “green chemistry technology,” has been
developed to form polymeric materials such as mi-
crospheres, porous fibers, porous foams, and porous
membranes. Typical processes are rapid expansion
of supercritical solutions (RESS),4 – 6 a microcellular
foaming process,7–9 and precipitation with com-
pressed fluid antisolvent (PCA).10 –13 In the RESS
process, supercritical solution is expanded through

a nozzle to form microspheres or microfibers. In the
microcellular foaming process, a polymer pellet is
saturated with SCCO2 and nucleation is induced by
supersaturation caused by a sudden depressuriza-
tion. In the PCA process, a polymer solution is
sprayed through a capillary into a vessel containing
compressed CO2 or SCCO2.

Most polymer membranes are prepared by the im-
mersion precipitation process. The application of SCCO2

has been attracting more and more attention, especially
in the preparation of polymer membranes.14–16 The gen-
eral advantages of membrane formation with SCCO2 as
the nonsolvent are as follows.14–18 CO2 is inexpensive,
environmentally benign, and nonflammable and its mild
critical conditions (Pc � 73.8 bar, Tc � 31.1°C) allow it to
be used with safe laboratory and commercial operation
conditions. Another advantage is that CO2 can be easily
and completely removed from products and a dry poly-
mer membrane is obtained without a collapsed struc-
ture. In addition, the solvent can be easily recycled from
gaseous CO2 after the pressure is diminished. Further-
more, it is convenient to control the morphology of prod-
ucts by altering the pressure and temperature.

Polylactide (PLA) is a kind of green material be-
cause of its biodegradability. Medicine and biology
have been the focus of uses of PLA recently, such as
PLA hollow fibers, PLA nanoparticles and porous
PLA membranes used in the controlled delivery of
drugs,19 –21 PLA foams used as scaffolds,22–24 and
porous PLA films used to culture some cells.25
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We previously26 studied the compatibility between
solvents [tetrahydrofuran (THF) and chloroform] and
SCCO2, and the effects of the solvents and precondi-
tioning on the morphology of PLA membranes were
investigated. In this study, the effects of other exper-
imental conditions on the cross-sectional structure of
the membranes are discussed, such as the polymer
concentration, depressurization rate, and composition
of the nonsolvent. Because the use of polymer mem-
branes may be limited by their mechanical properties,
it is necessary to study the effect of solvents and CO2
pressure on the crystallinity of membranes. It is also
found that the crystallinity of PLA membranes is in-
creased after being posttreated with SCCO2.

EXPERIMENTAL

Materials

PLA (mp 120°C) was supplied by CSIRO CMIT in the
form of semitransparent pellets. After being dried in
vacuo at 80°C for 48 h, PLA pellets were placed in a
desiccator prior to use. Analytical grade solvents (chlo-
roform and THF) were purchased from Tianjin Chemical
Co., and analytical grade methanol was obtained from
Luoyang Chemical Plant. CO2 (99.9% purity) was sup-
plied by Zhengzhou Shuangyang Gas Co. All reagents
were used without any further purification.

Procedures

Membrane formation was conducted in a high-pressure
stainless steel vessel (21.4 mL). A high-pressure syringe
pump (DB-80, Beijing Satellite Manufacturing Factory,
Beijing) used to charge CO2 into the vessel was attached
to the vessel via a coupling and high-pressure tubing. A
pressure gauge consisting of a transducer (model 93, IC
Sensors Co.) and an indicator (XS/A-1, Beijing Tianchen
Automatic Instrument Factory, Beijing) with an accuracy
of �0.01 MPa was also connected to the vessel to observe
the in situ pressure change of the system. During the
experiments, the vessel was placed in an isothermal wa-
ter bath, which included a temperature control module
(model C10, Thermo Haake) and a bath vessel (model
P5, Thermo Haake). The temperature fluctuation of the
bath was less than �0.1°C.

Casting solution

An appropriate amount of PLA pellets was dissolved
in THF or chloroform to prepare a casting solution
with a certain concentration. The components were
capped and magnetically stirred at 308 K for 48 h.

Membrane formation

A thin membrane from the casting solution was cast
onto a clean glass slide using a blade. The initial

membrane thickness was 182 �m. Then, the glass slide
with the membrane was immediately transferred into
the pressure vessel and CO2 was introduced into it.
The vessel was placed in the isothermal bath (308 K).
When the desired pressure was reached, it was held
for 1 h. Then the pressure was diminished and a dry
PLA membrane was obtained.

We changed the solvent, CO2 pressure, polymer
concentration, depressurization rate, or the composi-
tion of the nonsolvent to obtain PLA membranes with
different morphologies.

Posttreatment with SCCO2 on PLA membrane
prepared with chloroform/methanol as
solvent/nonsolvent

A membrane was prepared by casting the PLA/chlo-
roform solution (15 wt %) on a glass slide with a blade
and immersing the solution into methanol. The tem-
perature of the bath was kept at 20°C. The membrane
was kept in methanol for 72 h, dried (24-h air-drying,
24-h vacuum drying), and transferred into the pres-
sure vessel with CO2 charged into it. The temperature
of the system was 308 K. After keeping the system at
13 MPa for 1 h, CO2 was vented for 1 h.

Membrane characterization

The PLA membranes were prepared for scanning elec-
tron microscopy (SEM) analysis by first fracturing
them in liquid nitrogen. Then, the fractured samples
were stabilized vertically on aluminum stubs using
adhesive and sputter coated with an approximate 100
Å layer of gold. An SEM microscope (AMRAY-1000B)
at an accelerating voltage of 20 kV was used to observe
the structure of PLA membranes.

Wide-angle X-ray diffraction (WAXD) measure-
ments were conducted to examine the crystallinity of
the membranes. The apparatus was made up of an
XRD unit (D/MAX-3B, Rigaku Co.) with a Ni-filtered
Cu K� beam and a step length of 0.02°.

Membranes were scanned with a Netzsch 204 dif-
ferential scanning calorimeter under an atmosphere of
N2 at a heating rate of 10°C/min from 25 to 200°C.

RESULTS AND DISCUSSION

Effects of experimental conditions on cross-
sectional structure of PLA membranes

Effect of polymer concentration

When SCCO2 was used as the nonsolvent, PLA mem-
branes were prepared with different concentrations of
casting solution. The SEM photographs of the cross-
sectional structure of these membranes are shown in
Figure 1. The figure shows that, with the increase of
the polymer concentration, the average pore size de-
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creased and the uniformity of the pores became lower.
In addition, if the polymer concentration was too high,
dense and nonporous areas formed in the cross section
of the membrane (Fig. 1, bottom). The lower viscosity
brought about by the lower polymer concentration led
to the easy coarsening of the droplets, which resulted
in larger pores.

Effect of depressurization rate

Figure 2 shows the SEM photographs of the cross-
sectional structure of PLA membranes prepared with
different depressurization rates. The average pore size
increased and the pore density decreased with the
prolonged depressurization time, as shown in Figure
2. This was consistent with polystyrene foams pre-
pared with SCCO2 that were studied by Arora et al.27

It was apparent that a porous structure formed prior
to depressurization, and SCCO2 had some foaming

action on the membrane because of the absorption of
CO2. CO2 gaseous nuclei formed after depressuriza-
tion and, when the depressurization time was longer,
the gaseous nuclei had more time to grow, so larger
pores were obtained.

Figure 2 SEM photographs of the cross-section structure of
PLA membranes prepared with depressurization times of
(A) 2, (B) 15 and (C) 30 min; solvent, THF; polymer concen-
tration � 15 wt %; CO2 pressure � 13 MPa; pressure � 1 h;
temperature � 308 K.

Figure 1 SEM photographs of the cross-section structure of
PLA membranes prepared with different polymer concen-
trations: C � 20 wt %, F � 25 wt % solvent, THF; CO2
pressure � 13 MPa; pressure � 1-h; depressurization � 1-h;
temperature � 308 K.
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Effect of composition of nonsolvent

For the conventional immersion precipitation process,
the strength of the nonsolvent coagulation bath was
decreased by introducing solvent into it. This was the

concept of a soft coagulation bath that allowed for the
relatively slow exchange of solvent and nonsolvent.
Then, delayed liquid–liquid demixing occurred and a
dense top layer formed.

Similarly, in an attempt to alter the strength of the
nonsolvent SCCO2, solvent was introduced into the
bottom of the vessel to alter the composition of the
nonsolvent. In addition, the additional solvent and the
casting membrane did not touch each other prior to
the charging of CO2. The procedures were the same
with those discussed above.

The ratio of the introduced excess solvent THF to
SCCO2 by volume were 1 : 99 (0.21 mL), 2 : 98 (0.43
mL), and 3 : 97 (0.64 mL). A series of PLA membranes
were prepared with different compositions of nonsol-
vents, the SEM results of which are presented in Fig-
ure 3. Apparently, with the increase of the amount of
excess solvent, the membrane thickness decreased and
the morphology became worse. No membrane was

Figure 3 SEM photographs of the cross-section structure of
PLA membranes prepared with different compositions of non-
solvent: (C) THF/SCCO2 � 0 : 100 (vol/vol); (D) THF/SCCO
� 1 : 99; (E) THF/SCCO2 � 2 : 98; solvent, THF; polymer
concentration � 20 wt %; CO2 pressure � 13 MPa; pressure
� 1 h; depressurization � 1 h; temperature � 308 K.

Figure 4 The results of WAXD measurements of PLA
membranes prepared with different solvents at 13 (top) and
7 MPa (bottom); polymer concentration � 15 wt %; pressure
� 1 h; depressurizing � 1 h; temperature � 308 K.
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obtained when 0.64 mL (3 : 97) or more THF was
introduced.

According to the study of the compatibility between
the solvent and SCCO2, when the pressure was lower
than 6 MPa, the interaction of molecules in the PLA/
THF/SCCO2 ternary system was as follows:

PLA–THF � CO2–THF

that is, the affinity of PLA and THF was stronger than
that of CO2 and THF while the pressure was relatively
low. During the pressurization, the additional solvent
diffused into the casting membrane because of the
carryover of CO2. This led to the dilution of the casting
solution, which caused the decrease of the membrane
thickness. When the viscosity of the casting solution
was too low because of dilution of the excess solvent,
it led to worse morphology and even the failure of
membrane formation.

Study of crystallinity of PLA membranes

Effect of solvent

It is well known that the crystallization of some amor-
phous and semicrystalline polymers can be induced

by solvents as well as heat and strain. The interaction
between the polymer and solvent can reduce the glass-
transition temperature (Tg) effectively. If the reduction
of the Tg is large enough to put the system in the
crystallization temperature region, the polymer chains
can rearrange themselves into a lower free energy
state.28,29 Solvent-induced crystallization occurs and
higher crystallinity is obtained.

In our previous work,26 we discussed the effects of
the solvent on the crystalline morphology of the mem-
brane. Different crystallinities were obtained in PLA
membranes with different solvents, which were char-
acterized by WAXD and differential scanning calorim-
etry (DSC).

The results of WAXD measurements are shown in
Figure 4. It is well known that narrower and stronger
diffraction peaks imply higher crystallinity in a
WAXD pattern. As shown in Figure 4 (top), the dif-
fraction pattern of the PLA membrane with THF as the
solvent exhibited a strong diffraction peak at a 2�
value of 16.56°, but a weaker crystallization peak ap-
peared at 16.60° for the membrane prepared with
chloroform. It can be concluded that, at 13 MPa, the
membrane prepared with THF had higher crystallin-
ity. The same result was obtained at 7 MPa.

DSC measurements were conducted to obtain fur-
ther evidence. The area of the fusion peak was calcu-

Figure 5 The results of WAXD measurements of PLA
membranes prepared at different pressures; solvent, THF;
polymer concentration � 20 wt %; pressure � 1 h; depres-
surizing � 1 h; temperature � 308 K.

Figure 6 The results of WAXD measurements of untreated
and posttreated PLA membranes with SCCO2.

TABLE I
Heat of Fusion of PLA Membranes Prepared with

Different Solvents and Calculated from DSC Patterns

CO2 pressure
(MPa) Solvent

Heat of
fusion (J/g)

13 THF 42.78
Chloroform 21.74

7 THF 38.02
Chloroform 27.77

Polymer concentration � 15 wt %; pressure � 1 h; depres-
surization � 1 h; temperature � 308 K.

TABLE II
Heat of Fusion and Tg of PLA Membranes Prepared at
Different Pressures and Calculated from DSC Patterns

CO2 pressure
(MPa)

Heat of
fusion (J/g) Tg (°C)

13 36.44 53.3
16 38.51 52.3

Solvent, THF; Polymer concentration � 20 wt %; pressure
� 1 h; depressurization � 1 h; temperature � 308 K.
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lated, and the results are provided in Table I. It is well
known that the heat of fusion is proportional to the
crystallinity of polymers. Therefore, the larger the area
of the fusion peak is, the higher the crystallinity of the
polymer. The results in Table I make it obvious that
the PLA membrane prepared with THF had a larger
melting heat at both 7 and 13 MPa.

Effect of CO2 pressure

Chiou et al.,30 Condo et al.,31,32 and Mizoguchi et al.33

reported that SCCO2 induced crystallization of poly-
mers. This induced-crystallization effect was brought
about by the plasticization of CO2 just as the sorption
of CO2.

Figure 5 provides the WAXD results of PLA mem-
branes prepared at 13 and 16 MPa. Obviously, the
PLA membrane had higher crystallinity at 16 MPa. For
further verification, DSC measurements were per-
formed and the results are shown in Table II. Note that
the membrane prepared at 16 MPa had a higher heat
of fusion. Furthermore, it was also found that the Tg of
the membrane prepared at 16 MPa was lower than

that obtained at 13 MPa. This indicated that the plas-
ticization effect due to the absorption of CO2 was
enhanced with pressure, which contributed to the re-
duction of the Tg.

Posttreatment with SCCO2 on PLA membrane
prepared with chloroform/methanol as
solvent/nonsolvent

To study the effect of posttreatment on the crystallin-
ity of membrane, a series of characterization measure-
ments were carried out. The results of WAXD mea-
surements are presented in Figure 6. After posttreat-
ment, three bulged and weak peaks were replaced by
a narrow and strong crystallization peak at 16.76°. It
was obvious that the crystallinity increased after the
posttreatment with SCCO2.

In an attempt to verify the WAXD results, the heat
of fusion of untreated and treated PLA membranes are
listed in Table III. This indicates that the crystallinity
increased because of the induced crystallization of
CO2, which led to the increase of the heat of fusion. In
addition, the decrease of the Tg was caused by the
plasticization of CO2.

Figure 7 shows that there was an apparent exother-
mic peak at 94.3°C in the DSC pattern of the mem-
brane without treatment, which might have been
caused by stress history stored in the membrane.
However, the exothermic peak disappeared for the
posttreated membrane. This suggested that the stress
effect stored in the membrane could be eliminated by
the treatment with SCCO2 and the mechanical and

Figure 7 The DSC patterns of untreated and posttreated PLA membranes with SCCO2.

TABLE III
Heat of Fusion and Tg of Untreated and Posttreated PLA

Membranes with SCCO2

PLA membrane
Heat of

fusion (J/g) Tg (°C)

Untreated 27.82 62.7
Posttreated with SCCO2 28.67 54.1
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thermal properties of the membrane could be im-
proved.

CONCLUSION

With SCCO2 used as a nonsolvent, PLA membranes
were prepared under different experimental condi-
tions such as different solvents, pressures, polymer
concentrations, depressurization rates, and nonsol-
vent compositions. A series of measurements, which
included SEM, WAXD, and DSC, were performed to
characterize the membranes. We found that the pore
size and uniformity of pores decreased with the in-
crease of the polymer concentration. When the depres-
surization time was prolonged, the pore size increased
and the pore density decreased. As the amount of the
introduced solvent was increased, the membrane
thickness decreased. Moreover, the crystallinity of the
membranes was varied with different solvents and
different pressures. When THF was used as the sol-
vent, the membrane had higher crystallinity. For the
membrane treated with SCCO2, the crystallinity in-
creased and the mechanical and thermal properties of
membranes were simultaneously improved.
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