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Abstract

Semicrystalline and amorphous poly(lactic acid) (L-PLA and D,L-PLA, respectively) were fractionated from chloroform solutions using
compressed CO, as an antisolvent. The following process variables were used to precipitate normalized molecular weight fractions (NMW)
of L-PLA ranging from 0.81 to 1.54 relative to the starting material: polymer concentration, initial organic solution volume, and the rate of
antisolvent addition. An analysis of variance (ANOVA) used to quantify the importance of these variables determined that polymer
concentration had the most significant impact on the NMW of L-PLA precipitated in this gas antisolvent (GAS) precipitation process.
The results of the ANOVA also suggest a predictive approach to polymer fractionation in this complex system. The analysis also highlights
the differences and similarities between the fractionation of semicrystalline and amorphous polymers using compressed antisolvents. © 2002

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Supercritical or near-supercritical fluids (SCF) have
gained increasing interest as antisolvents for the generation
of ultrafine particles and the separation of dissolved solutes.
Gas antisolvent recrystallization (GAS) and other precipita-
tion processes based on compressed antisolvents have been
employed to produce sub-micron particles of superconduc-
tor precursors, pigments, explosives, and a variety of phar-
maceuticals for controlled drug release applications [1-3].
Precipitation is achieved by contacting an organic solution
containing the dissolved solute with a solvent-miscible
compressed antisolvent. This results in a volume expansion
of the organic solution and reduction of solvent strength,
subsequently precipitating the solute. The advantages of
using compressed antisolvents are the ability to recover a
solvent-free product following depressurization, solute
precipitation at relatively moderate pressure (<100 bar),
and its applicability to thermally labile compounds. The
most common compressed antisolvent employed is CO,
(T. =31.1°C, P, =73.8bar), which is environmentally
benign, non-toxic, relatively inexpensive, and easily recov-
ered following depressurization.
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GAS recrystallization has been successfully applied to
many processes that require high purity and narrow size
distributions. The high supersaturations achieved in this
rapid precipitation process are effective in controlling
microparticle morphology, specifically size and size distri-
bution, for a variety of compounds such as organic salts,
pharmaceuticals, and polymeric materials [4—8]. GAS has
also been explored as a means of separating small dissolved
solutes, such as naphthalene and phenanthrene in toluene,
using compressed CO, as the antisolvent [9-11]. GAS-
based separations are achieved through the partial
expansion of the dissolved organic solution by a compressed
antisolvent, resulting in the selective precipitation of a
solute as a function of solubility. For both the recrystalliza-
tion and separation processes, the rate of antisolvent addi-
tion has been identified as an important parameter for
controlling the microparticle morphology and selectivity
of the separation, respectively [4,11-13].

More recently, GAS has been used to separate higher
molecular weight compounds. The ability to purify or
fractionate proteins has been demonstrated [14,15].
Similarly, the separation of lecithin and soy oil mixtures
using GAS precipitation has been successfully performed by
Catchpole et al. [16]. The pressure at which the mixed
solutes precipitated from the gas-expanded solution did
not correspond to the precipitation pressure of the individual
solutes. Therefore, it was not possible to accurately predict
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separation based on the behavior of the individual solutes
[16].

Tan and Chang [17] observed a reduction in the MW
of polystyrene microparticles precipitated by GAS.
Compressed HFC-134a, a fluorinated alkane, was used to
partially expand a solution of dissolved polystyrene
(185,000 MW) in chloroform (5-10 wt% polymer). The
rate of volume expansion of the organic phase and the oper-
ating temperature were found to have the most significant
influence on the MW of the precipitated particles. Partial
GAS expansion processes are also capable of precipitating
higher or lower MW fractions of poly(lactic acid) (PLA),
depending on the process conditions [18]. The following
process variables were investigated previously for the frac-
tionation of PLA: rate of antisolvent addition, initial organic
solution volume, and temperature. The interrelated kinetic
and thermodynamic processes leading to precipitation of
polymers by GAS suggests a complex relationship between
process variables and fractionation.

Antisolvent precipitation is commonly described as a
non-equilibrium, mass transfer limited process, therefore,
pathways that are energetically favorable may be
suppressed [19-21]. Antisolvent precipitation is particu-
larly complicated when processing semicrystalline poly-
mers, which can precipitate by either solid—liquid (S—L;
crystallization) or liquid—-liquid (L-L; liquid phase nuclea-
tion and growth or spinodal decomposition followed by a
solidification step) demixing. Demixing in antisolvent
membrane formation techniques using semicrystalline poly-
mers is considered to be primarily dependent upon polymer
concentration, with greater concentrations favoring S-L
demixing [19,20,26]. At intermediate polymer concentra-
tions, pathways associated with either L-L or S—L demix-
ing may develop, suggesting the possibility of influencing
this behavior with GAS processing. While S—L demixing
may be energetically or thermodynamically more favorable
for a given composition, L-L demixing frequently domi-
nates the precipitation process because it is kinetically more
favorable [19].

The goal of this investigation is to demonstrate the
fractionation of semicrystalline (L-PLA) and amorphous
(p,L-PLA) poly(lactic acid) by GAS and to determine the
influence of relevant GAS variables on fractionation
through statistical analysis. FDA-approved L-PLA was
selected for this investigation because of its application as
a matrix in controlled drug release devices [3,22,23]. The
release rate of a pharmaceutical agent from a biodegradable
polymer matrix is controlled by the degradation rate of the
polymer and/or diffusion of the drug through the matrix.
The degradation and release rates are proportional to the
polymer MW, suggesting the need for polymer synthesis
and fractionation methods to tailor polymer MW and
MW distribution. Previous studies have successfully
employed GAS to produce sub-micron particles of both
L-PLA and composites of polymers and pharmaceuticals
[3,7]. A reduction in the MW of polystyrene microparticles

formed by GAS further suggests that simultaneous fractiona-
tion may be possible [17].

A design of experiment approach was used to identify the
significance of the following GAS variables on fractiona-
tion: polymer concentration, initial solution volume, and
antisolvent pressurization rate. The information gained
from the factorial experimental design quantifies the physi-
cal significance of the GAS operating parameters and
suggests the ability to predict the results of similar frac-
tionations. Similarities and differences between the
precipitation of semicrystalline and amorphous polymer
fractionation by GAS are also described. In addition, the
key variables governing fractionation for L-PLA and
D,L-PLA are compared for the processing of semicrystalline
and amorphous polymers of similar MW.

2. Materials and methods
2.1. Materials

Semicrystalline L-PLA (100,000 MW) was purchased
from Polysciences Inc. and amorphous D,L-PLA (106,000
MW) was purchased from Sigma-Aldrich. The polydisper-
sity of both L- and D,L-PLA was determined experimentally
by gel permeation chromatography to be 2.27 = 0.63 and
1.41 = 0.32, respectively. Chloroform (99.9%, Reagent
Grade) and tetrahydrofuran (THF, certified spectranalyzed)
from Fisher Scientific were used as solvents. High purity
carbon dioxide gas (99.99%) was obtained from AGA speci-
ality gas. All materials were used without further purifica-
tion. The polymers were stored under refrigeration to inhibit
degradation. Polystyrene calibration standards for the gel
permeation chromatography analysis of the polymer MW
were purchased from Polymer Standards Services- USA,
Inc. The standards include 42, 112, 178, and 464 (X 103)
MW samples of narrow polydispersity (PD < 1.03).

2.2. Experimental methods

A Jerguson view cell (42 ml, rated to 345 bar) was used as
the precipitation chamber (Fig. 1). Safety features of the
view cell include a rupture disk rated to 345 bar, a physical
enclosure containing a plexiglass window for viewing, and
pressurised viewing windows positioned perpendicular to
the observer. The level of organic solution expansion was
visually monitored using a mirror located at an angle rela-
tive to the chamber windows. A syringe pump (ISCO model
500D) was used to supply compressed CO, to the chamber.
The cell pressure and antisolvent pressurization rate were
measured using a pressure gauge (Druck model DPI
280 £ 0.1 bar) located at the top of the view cell. The anti-
solvent flowrate and system pressure were maintained using
a stainless steel micrometering valve (Autoclave model
10VRMM?2812). A stainless steel vessel (150 ml Whitey,
rated to 124 bar) was used as an expansion vessel for depres-
surization. Precipitate formed in the chamber was collected
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air bath

5. Temperature control (heating fins)
6. Depressurization Vessel
7. Micrometering valve

1. CO; eylinder

2. ISCO syringe pump
3. Jerguson view cell
4, Membrane Filter

Fig. 1. Schematic of the GAS experimental apparatus. The perforated
boundary (line) indicates a physical enclosure for safety purposes and to
insulate for isothermal operation.

by forcing the CO,-expanded organic phase through a
0.2 wm nylon membrane Millipore® filter located at the
bottom of the chamber.

Solutions for fractionation were prepared by dissolving
PLA in chloroform at ambient temperatures and stirring
until dissolved. The samples were stored for roughly 24 h
to insure dissolution and chain relaxation. The precipitation
chamber was heated in a circulating air bath to 45 °C at
ambient pressure for temperature equilibration and to
drive off moisture. The chamber was then charged with a
known volume of the polymer solution at atmospheric
pressure and sealed. CO, was introduced into the chamber
by bubbling through the bottom of the view cell at a pre-
determined pressurization rate.

Addition of the CO, resulted in an expansion of the
solvent phase that was measured visually in the precipitation
chamber. The pressure (due to antisolvent addition) at
which the expanded organic solution became clouded with
solid precipitant was recorded as the cloud point pressure,
Pcp. The vessel was allowed to equilibrate at the pressure at
which the polymer precipitated until precipitation ceased
(visually observed). While maintaining Pcp, the flow of
CO, was reversed and the contents of the cell were forced
through the filter located at the bottom of the cell. The
precipitated polymer was collected on the filter, and the
chloroform was recovered at atmospheric pressure in a
sample vial.

Following filtration, the processed polymer was further
dried for approximately 1 h with 6 ml/min of CO, at the
precipitation pressure and operating temperature (Pcp and
45 °C) to remove residual solvent. The system was then
depressurized over 30 min. The membrane filter was
removed and stored in a desicator until analysis.

2.3. Analysis of the polymer MW

The molecular weight of the precipitated PLA samples

was determined using a gel permeation chromatograph
(Waters® 150C GPC) equipped with a refractive index
detector. A Styragel® HT4 column packed with 5 pm styr-
ene divinylbenzene particles (dimensions, 7.8 X 300 mm?;
MW range, 5000—-600,000) was used with a THF flowrate of
1 ml/min.

Solid PLA samples collected on the membrane filter were
solubilized in THF by immersing the membrane in a sealed
vial, and placing it in a 50-60 °C water bath for 1 h. The
solutions were then allowed to equilibrate overnight at room
temperature to ensure relaxation of the polymer chains.
Prior to analysis, the samples were filtered through a
0.45 pm poly(tetrafluoroethylene) syringe filter. The
samples were then placed into sealed sample vials and equi-
librated to 40 °C, the operating temperature of the GPC.

A MW calibration curve was constructed using 42, 112,
178, and 464 (X 10°) MW polystyrene standards. Each PS
standard was analyzed via GPC in triplicate and the average
time of elution of the maximum peak height was used to
construct the calibration curve for determining PLA MW. A
new calibration curve was constructed each day the PLA
samples were analyzed.

The weight-averaged MW was calculated according to
the following equation:

> MW}

MW, (D

- Z CiMW[

where c; is the concentration of the ith component with
molecular weight MW,. The MW of both the processed
and unprocessed polymer were analyzed concurrently to
account for variations in the instrument and possible PLA
biodegradation of the starting material due to hydrolysis.
The extent of fractionation is expressed in terms of a
normalized weight average molecular weight (NMW =
MW jrocessed/ MW unprocessed)- NMW > 1 indicates the precipi-
tation of a higher MW fraction relative to the starting
(unprocessed) material and NMW <1 indicates the preci-
pitation of a lower MW fraction. Standard deviations for
processed L-PLA fractionation experiments are based on
duplicate experiments and multiple GPC analysis. The
standard deviations reported for processed D,L-PLA are
the result of multiple GPC analysis.

2.4. Design of experiment and statistical analysis

Due to the large number of possible independent vari-
ables associated with the GAS process, a factorial design
approach was used to determine the influence of key para-
meters and parameter interactions based on a minimum
number of L-PLA fractionation experiments. The effects
of polymer concentration (3 and 8 mg/ml), initial poly-
mer-organic solution volume (5 and 10 ml) in the precipita-
tion chamber, and rate of CO, addition (or pressurization
rate, 0.41 and 1.38 bar/min) were analyzed.
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Experimental conditions (polymer concentration, initial solution volume, and CO, pressurization rate) and results (Pcp and NMW) for the GAS fractionation of

L- and D,L-PLA in chloroform with compressed CO,

Experiment Polymer concentration CO, pressurization Initial organic Cloud point pressure, Normalized MW
no. (mg/ml) rate (bar/min) solution volume (ml) Pcp (bar) (NMW)
L-PLA—chloroform—CO;*

1 3 0.41 5 62.8 0.81 =0.14
2 3 1.38 5 63.4 0.89 £0.08
3 3 0.41 10 63.8 1.02 = 0.02
4 3 1.38 10 65.5 1.05 £0.11
5 8 0.41 5 63.2 1.44 = 0.17
6 8 1.38 5 63.8 1.52

7 8 0.41 10 65.4 1.43

8 8 1.38 10 67.6 1.54 £0.03
D,L-PLA7chloroform—C02h

9 3 0.41 5 64.8 1.46 £ 0.01
10 3 1.38 5 65.1 1.39 £0.21
11 8 0.41 5 64.3 1.55

12 8 1.38 5 62.2 1.7 = 0.05

* Standard deviation based on multiple experiments and GPC analyses.
® Standard deviation based on multiple GPC analyses.

The fractionation of relatively dilute concentrations (3
and 8 mg/ml; 0.2 and 0.54 wt%, respectively) of the
semicrystalline and amorphous polymers were investi-
gated at constant temperature (45 °C). This concentra-
tion range was chosen to represent the range employed
in typical compressed antisolvent precipitation experi-
ments [3] and to ensure minimal chain overlap in solution
[24].

A factorial design of experiment with three parameters
requires 2" experimental runs, where n is equal to the
number of individual variables tested (n = 3, L-PLA; n =
2, pD,L-PLA). The conditions for each experiment are
provided in Table 1. An analysis of variance (ANOVA)
was performed for both the L- and D,L-PLA fractionation
to determine the magnitude of effect associated with each
variable, and the cross-effects between potentially ‘coupled’
or interacting variables. NMW was related to the variables
in the following polynomial form:

n

y= B+ Z Bxi + Z Bjxx;  wherei <j )
i=1 i

where y represents the dependent variable NMW, x; the
main effects or independent process variables, xyx; the
cross-effects between independent variables, and the 8’s
are constants associated with each term. The relevance of
each term associated with variable(s) x; and/or x; was exam-
ined based on the probability that the constant associated
with each term is non-zero. This confidence was expressed
in terms of the F-ratio (F}), which is determined by dividing
the mean square for each source (variable) by the mean-
square error for the specific system (model). Experimental
F-ratios were compared to tabulated values (F;) that are
based on the desired confidence limit, and the degrees of
freedom associated with the numerator and denominator

[25]. A probability of greater than 95% that the parameter
B was non-zero was the criteria for accepting parameters in
a stepwise regression scheme, as demonstrated by the
F-ratio. Constructing the surface response plots for NMW
(based on Eq. (2)) provides a basis for predicting the
conditions necessary to achieve a desired GAS fractionation
of L-PLA.

3. Results and discussion

The cloud point pressure (Pcp) and the resulting NMW for
the fractionation of L-PLA and p,L-PLA are given in Table 1
as a function of the fractionation conditions. Both polymers
were successfully fractionated under the experimental
conditions investigated. The ability to fractionate both
high and low MW components of L-PLA using GAS preci-
pitation was demonstrated. For example, increasing L-PLA
concentration from 3 to 8 mg/ml while operating at the same
CO, pressurization rate and initial solution volume results in
an increase in NMW from 0.81 £0.14 to 1.44 =0.17
(experiments 1 and 5, respectively). The polydispersity of
the processed PLA was not statistically different from
unprocessed samples.

Increasing the polymer concentration, initial solution
volume, and pressurization rate increases both Pcp and
NMW for the fractionation of L-PLA. Pcp ranged from
62.8 to 67.6 bar corresponding to an increase in NMW
from 0.81 = 0.14 to 1.54 = 0.03. Furthermore, L-PLA
concentration has a significant effect on the NMW of the
resulting precipitate. Increasing the initial solution concen-
tration from 3 to 8§ mg L-PLA/ml (0.2-0.54 wt%) increased
processed NMW values by approximately 45% for all cases.
Increasing the initial solution volume and CO, pressuriza-
tion rate increased NMW by roughly 10%.
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Fig. 2. Effect of L-PLA concentration (3 mg/ml, filled symbols; 8 mg/ml,
unfilled symbols) on the organic phase volume expansion. (a) Plotted as a
function of time for both CO, pressurization rates (0.41 and 1.38 bar/min)
and (b) plotted as a function of time to represent the shift in expansion due
to an increase in L-PLA concentration (experiments 1 and 5).
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Fig. 3. Effect of L-PLA/chloroform initial solution volume on the volume
expansion plotted as a function of total pressure. A shift in the volume
expansion from 5 ml (unfilled symbols) to 10 ml (filled symbols) is shown.

3.1. Volume expansion of the organic solution

The volume expansion of the organic phase as a function
of time (Fig. 2) is primarily governed by the rate of CO,
pressurization. As expected, a pressurization rate of
1.38 bar/min results in a greater rate of expansion when
compared to a pressurization rate of 0.41 bar/min. No
significant differences in the volume expansion as a function
of polymer concentration or initial solution volume were
observed at the higher pressurization rate. However, at the
lower pressurization rate there is a decrease in the rate of
expansion as the L-PLA concentration increases from 3 to
8 mg/ml for the experiments conducted with 5 ml of initial
solution volume (Fig. 2(b)). A decrease in the rate of volume
expansion may be explained by a reduction in the rate of
antisolvent diffusion into the solution due to an increase in
viscosity. This trend is not evident in the low pressurization
rate experiments conducted at higher initial solution
volumes (10 ml).

Increasing the initial L-PLA/chloroform solution volume
from 5 to 10 ml decreases the % volume expansion of the
organic solution (defined as the change in solution volume
in the presence of CO, relative to the initial solution
volume) as a function of system pressure (Fig. 3). Initial
solution volume would not affect the % volume expansion
if CO, was uniformly distributed throughout the solution.
Thus, the effect of solution volume on the expansion is
further evidence of mass transfer limitations in the GAS
process. The initial solution volume can be used to control
the rate of CO, mass transfer into the organic solution,
influencing the expansion behavior, and ultimately the
precipitation conditions.

3.2. Precipitation pressure

The precipitation pressure (Pcp) is also affected by
polymer concentration, initial solution volume, and CO,
pressurization rate (Table 1). Pcp is a physical measurement
of CO, in the system at the time of precipitation. The Pcp
associated with L-PLA fractionation increased with increas-
ing initial solution volume, CO, pressurization rate, and
most significantly, polymer concentration. A linear relation-
ship exists between NMW and Pcp for L-PLA fractionation
at 3 mg/ml L-PLA, and this relationship is nearly indepen-
dent of solution volume and CO, pressurization (significant
at 95% confidence; R = 0.74).

3.3. Analysis of the variance (ANOVA statistical analysis)

The effect of polymer concentration, initial polymer-
organic solution volume, and CO, pressurization rate on
the NMW of fractionated L-PLA was quantified by an
ANOVA through a least squares stepwise regression. The
results of the ANOVA analysis are presented in Table 2,
which contains the significant effects, cross-effects, and the
magnitude of these effects within 95% confidence limits.
The fractionation of L-PLA is primarily dependent upon
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Table 2
Response surface based on ANOVA results for GAS fractionation of L-PLA

Source of variation Sum of squares F-value (F)* B coefficients

Polymer concentration ~ 0.1298 226.9 0.1611
Initial solution volume  0.0286 49.3 0.0578
Concentration x volume 0.0158 27.3 —0.0071
CO, pressurization rate  0.0114 19.7 0.0054
Model error 6.0x107°

* Significant at 95% confidence limits (Fy > Fyp); Fops 3 = 9.12.

the polymer concentration of the organic phase, as shown in
Table 2. The effects of initial organic solution volume and
pressurization rate are significant but secondary to concen-
tration. In addition, the cross-effect between polymer
concentration and initial solution volume suggest that a
simultaneous increase in both variables results in the great-
est NMW.

Our previous investigation of L-PLA fractionation on the
GAS variables of initial organic solution volume (5 and
10 ml), CO, pressurization rate (0.41 and 1.38 bar/min),
and system temperature (25 and 45°C) at a constant
polymer concentration (<1 wt%) [18]. Pressurization rate
was the dominant variable in the fractionation of semicrys-
talline and amorphous PLA, although cross-effects between
temperature and pressure were evident in the fractionation
of L-PLA. For example, a higher temperature coupled with a
faster pressurization rate or a lower temperature coupled
with a slower pressurization rate resulted in an increase in
the NMW of precipitated L-PLA. The predictability of the
ANOVA was tested with additional L-PLA fractionation
experiments. Although the general trends in L-PLA fractio-
nation were predicted, the difference of these predictions
exceeded that of the experimental uncertainty. In these
previous experiments a low L-PLA concentration (8 mg/
ml or 0.54 wt%) was investigated in an effort to reduce
the influence of polymer concentration on demixing [24].

However, recent studies have shown that a change in the
demixing or precipitation pressure for a polymer solution
can occur at concentrations less than 1 wt% [21]. In addi-
tion, our previously observed ability (at constant polymer
concentration) to fractionate either high or low MW poly-
mer depending on GAS processing conditions [18] may be
related to competing L—L and S—L demixing processes. At
constant temperature, these physical processes are most
closely related to the concentration of polymer in solution
[16]. The strong dependence of fractionation on polymer
concentration demonstrated in this work, and the ability to
recover both high and low NMW polymers, suggest that the
variables governing GAS precipitation affect the mechan-
ism of demixing for this semicrystalline polymer.

The rate of antisolvent addition or pressurization rate is
the focus of many GAS investigations and affects both
volume expansion of the organic solvent and the extent of
solute separation [4,11]. Mass transfer limitations in GAS

precipitation clearly lead to non-equilibrium conditions.
These limitations are a function of pressurization rate, inter-
facial contact area between antisolvent and solution, and
solution properties affecting diffusion, such as viscosity.
This study suggests that the rate of volume expansion is
sensitive to process variables and affects polymer fractiona-
tion. However, polymer concentration proves to be the most
dominant parameter governing fractionation at constant
temperature, challenging the notion that the antisolvent
pressure or pressurization rate is the tunable parameter
primarily responsible for achieving a selective separation.
Our previous work [18] demonstrated that sequential, or
stepwise, fractionations could be performed to achieve
various molecular weight ranges of processed L-PLA
samples using GAS precipitation at constant temperature
(25 °C). Stepwise fractionations result in solutions of vari-
able polymer concentration; therefore, further understand-
ing of the effect of polymer concentration on fractionation
by GAS is necessary.

A response surface that relates L-PLA fractionation
(NMW) to the process variables was constructed using the
coefficients of the significant terms (3) determined by linear
regression (Table 2). The response surfaces constructed in
Fig. 4 represent the predicted conditions necessary to
achieve L-PLA NMW fractions of 0.75, 1.0, 1.25, 1.5, and
2.0 in the precipitation chamber at 45 °C based on the range
of variables investigated and the contacting scheme. For
example, to obtain a processed weight-averaged MW that is
50% greater than the unprocessed L-PLA with 8 ml of solu-
tion, an L-PLA concentration of roughly 8 mg/ml and a
pressurization rate ranging from 0.2 to 2 bar/min is required.

3.4. Fractionation of D,L-PLA
Amorphous PLA (D,L-PLA) of approximately the same

NMWwW

L-PLA Concentration (mg/ml)

CO, Pressurization
Rate (bar/min)

Initial Solution
Volume (ml)

Fig. 4. NMW response surfaces for L-PLA fractionation based on ANOVA
results (R*> = 0.997). Contours plotted as a function of L-PLA concentra-
tion, initial solution volume, and CO, pressurization rate. The labels on
each surface represent the respective NMW.
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MW as L-PLA was also fractionated to compare with results
obtained for L-PLA. GAS fractionation produced only
higher MW fractions (NMW > 1) of D,L-PLA over the
range of conditions investigated (Table 1). In contrast,
both high and low MW fractions of processed L-PLA
were obtained. The effect of polymer concentration on the
fractionation is similar for D,L-PLA and L-PLA; an increase
in polymer concentration results in an increase in fractio-
nated NMW. However, the NMW of the processed amor-
phous polymer decreased linearly as a function of Pcp,
independent of D,L-PLA concentration and the CO, pressur-
ization rate (linear regression at 95% confidence;
R = 0.93). This is in contrast to the trend observed for
the fractionation of L-PLA, where there was a positive
correlation between NMW of the precipitated semicrystal-
line polymer and the pressure marking the onset of visual
precipitation.

The low concentrations of semicrystalline polymer
employed in this investigation would likely favor L-L
demixing [19,20]. However, a comparison of the GAS frac-
tionation of L- and D,L-PLA suggests that crystallization
may play a role in the fractionation processes of semicrys-
talline polymers. Fractionation of D,L-PLA only yielded
NMW greater than 1, while fractionation of L-PLA provided
NMW greater than and or less than 1. The link between
the NMW and the crystallinity of the processed semi-
crystalline polymer cannot be tested directly because of the
potential for solvent-induced and CO,-induced crystalliza-
tion of the polymer subsequent to precipitation [27,28]. Our
previous investigation of L-PLA fractionation demonstrated
no significant change in degree of crystallinity of L-PLA
recovered from the GAS fractionation process (approxi-
mately 20% crystallinity) as a function of GAS process
parameters [18].

4. Conclusions

GAS fractionation complements existing polymer
fractionation techniques using compressed or SCFs, while
operating at mild temperatures and pressures [29]. GAS is a
versatile fractionation technique capable of precipitating
either high or low molecular weight fractions of semicrys-
talline L-PLA depending on choice of processing condi-
tions. Our previous investigation has also demonstrated
that multiple fractionation steps can be used to achieve a
desired range of NMW [18], further supporting the versati-
lity of this technique.

An ANOVA was used to determine the statistical signifi-
cance of GAS variables on fractionation, and as a means to
predict the conditions necessary to achieve a desired MW
fraction. Through experimentation and statistical analysis,
this work quantifies the importance of polymer concentra-
tion as a process variable, with pressurization rate and
organic solution volume being of secondary significance.
Thus, solution concentration, and not the traditional pressur-

ization rate, is identified as a primary variable to manipulate
the fractionation of polymers via compressed antisolvent
techniques. Stepwise fractionation has been demonstrated
with GAS, suggesting the importance of quantifying the
effect of polymer concentration on the resulting molecular
weight of the processed polymer. While the influence of the
processing variables has been demonstrated, there is a need
for a more fundamental description of polymer fractionation
as a function of GAS variables (including polymer concen-
tration) that cannot be achieved with an ANOVA.

However, identifying the significant process variables
provides a framework for additional fundamental studies
regarding precipitation mechanisms in complex, non-equi-
librium antisolvent processes. For example, the ability to
precipitate both high and low MW PLA fractions suggests
a change in the demixing mechanism in the semicrystalline
polymer, which is primarily dependent on polymer concen-
tration under the isothermal processing conditions investi-
gated in this work. Examining such demixing events with in
situ light scattering techniques, such as those used to study
pressure induced phase separation [21], would provide
direct evidence of the demixing mechanism as a function
of composition and temperature.
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