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ABSTRACT: Microspheres based on synthetic polymers
such as poly(methyl methacrylate) (PMMA) and PMMA
blends are known for their medical and optical applications.
The development of methods for processing polymeric mi-
crospheres using a nontoxic solvent, like supercritical car-
bon dioxide (SCCO2), is desirable. This work investigates the
solubility and behavior of polymers (PMMA and PMMA/
polycaprolactone blend) and solutes (cholesterol and albu-
min) in SCCO2 and SCCO2 � cosolvent (acetone, ethanol,
and methylene chloride). The knowledge of solubility be-
havior of materials in SCCO2 aids in the selection and/or
design of the most appropriate technique for materials pro-
cessing. Processing PMMA-based polymers with pure
SCCO2 leads to polymer swelling. The lack of polymer sol-

ubility in pure CO2 precludes their micronization by the
RESS (rapid expansion of supercritical solutions) process,
but on the other hand allows their impregnation. Polymer
plasticization caused by CO2 can be exploited in the PGSS
(particles from gas-saturated solutions) process. Addition of
a liquid cosolvent to CO2 enhances the dissolution of solutes
and polymers. Precipitation of the studied polymers by an-
tisolvent techniques seems feasible only by use of CO2 �
methylene chloride. © 2003 Wiley Periodicals, Inc. J Appl Polym
Sci 90: 3652–3659, 2003
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INTRODUCTION

Many researchers have studied the use of poly(methyl
methacrylate) (PMMA) microspheres in a wide variety
of applications ranging from medical or biological1,2 to
optical.3 One of the most important uses of the non-
degradable PMMA is as a bone cement,2 although it
has the disadvantage of preventing the bone from
growing into the space where the cement is placed,
which leads to weakened bones.4 To prevent this
problem, some attention have been devoted to the use
of biodegradable polymers,5,6 for example, poly-�-ca-
prolactone (PCL), which is nontoxic and relatively
cheap.7 The main drawbacks of this compound are its
slow degradation rate attributed to a high degree of
crystallinity and hydrophobicity and poor mechanical
properties. It has been shown that by blending PCL
with other polymers the rate of biodegradation is gen-
erally enhanced.8 Blending this polymer with PMMA

allows tailoring the hydrophilicity of the matrix with-
out significantly affecting the mechanical integrity.9

In this work, the polymers chosen for analysis were
pure PMMA and a blend consisting of PMMA and
PCL. The blend was a mixture of microdomains of
PCL in a matrix of PMMA. The in vivo biodegradation
process of PCL is expected to lead to the formation of
a kind of PMMA foam, resulting in hollow microen-
vironments that could promote cell proliferation and
implant integration.10 Recent experiments performed
in our laboratory have indicated that the PMMA/PCL
microcomposites are eroded by either basic or acid
treatment up to degrees that produce the disintegra-
tion of the particles in small fragments that could be
easily cleared from the body. Besides, PMMA is the
most widely used implant carrier for local sustained
delivery of antibiotics, antifungal and antiinflamma-
tory drugs, or even cancer chemotherapeutic agents
(e.g., gentamicin, fluconazole, or cisplatin).11–13 Fi-
nally, PMMA-based microspheres are considered as a
good alternative to the traditional extrudable ethylene
vinyl acetate (EVA) copolymer used for the localized
sustained release of bioactive proteins and osteoinduc-
tive agents (e.g., human growth hormone or bone
morphogenetic protein) used to enhance the regener-
ative ability of bone and other tissues.14 In other fields
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of applications, PMMA is used in the production of
advanced optical components.3 PMMA doped with
some chromophores (e.g., azodyes) exhibits nonlinear
optical properties that are important in the communi-
cations industry.

The presence of impurities, residual monomer, wa-
ter, and so forth in PMMA polymer can greatly affect
the performance in the mentioned applications. More-
over, most of the cited additives added to the polymer
(either drugs or dyes) are thermally labile. Therefore,
the development of efficient and clean methods for
polymer processing at a low temperature is required.
New ways to prepare microcomposite polymer/solute
systems are also needed, to diminish the large amount
of organic solvent used in conventional processes. Su-
percritical fluid (SCF) technology has already proven
its applicability in the area of polymer processing.15,16

The most commonly used SC solvent is carbon dioxide
(CO2), with a convenient critical point of 304 K and 7.4
MPa. Polymers have only very limited solubility in
supercritical carbon dioxide (SCCO2) because CO2 has
a much lower cohesive energy density than that of the
polymers. The key issue in most of the successful
applications of SCCO2 in polymer processing is the
sorption and swelling behavior of polymers at high
pressure. In particular, polymeric systems containing
PMMA can dissolve a relatively large amount of CO2,
leading to a large glass-temperature depression and
thus low temperature and advantageous manufactur-
ing processes at supercritical conditions.17 Although
there has been interest in exploiting pure SCCO2 as a
solvent to process polymers, fewer studies have con-
centrated on the behavior of the polymeric phase in
contact with SCCO2 plus an organic liquid or a cosol-
vent. A liquid cosolvent can greatly enhance polymer
solubility in SCCO2 if it has an intermolecular poten-
tial that matches closely with that of a polymer repeat
unit.

In SCF technology, SCCO2 can be used as a solvent
[rapid expansion of supercritical solutions (RESS) pro-
cess18–21], as an antisolvent [gas antisolvent (GAS)
process and related processes22–25], or as a suspension
medium [particles from gas-saturated solutions
(PGSS) process26]. Monolithic systems, where the sol-

ute is dispersed at a molecular level in a polymer
body, can be prepared by using an impregnation pro-
cess in which the transfer of the solute into the matrix
is aided by the SCF.27–29 Materials solubility (both
polymer and solute or additive) in CO2 � cosolvent
must be considered before selecting the most appro-
priate process. In this work, materials solubility was
studied as a first step, before defining micronization or
encapsulation processes. The chosen organic solutes,
to be studied as model compounds, are (respectively)
a CO2-soluble compound, cholesterol (water-insolu-
ble), and a nonsoluble one, albumin (a water-soluble
globular protein widely used by researchers as a
model protein). Finally, the influence of three liquid
solvents [acetone, ethanol, and methylene chloride
(CH2Cl2)] on polymer behavior was investigated. Ac-
etone and CH2Cl2 are known to be good solvents for
the studied polymers, whereas ethanol is not.

EXPERIMENTAL

Materials

Sources and purity of materials are listed in Table I.
Acetone, ethanol, and CH2Cl2 were used as cosolvents
for CO2. Cholesterol and albumin were chosen as the
organic solutes. Finally, PMMA and a blend with PCL
were selected as polymeric matrices. Polymers were
synthesized in our laboratory following a published
procedure,9 based on a suspension polymerization
method. The resulting polymers showed a number-
average molecular weight of 540,000 and 42,000 for
PMMA and PCL, respectively.

Apparatus and procedure

The behavior of organic compounds and polymers
upon contact with either SCCO2 or SCCO2 � liquid
solvent was studied in a high-pressure analytical-scale
equipment (Sample Preparation Accessory, LDC An-
alytical, ThermoQuest Division, San Jose, CA) (Fig. 1).
A one-pass flow technique, in conjunction with a
gravimetric determination, was used for solubility
measurements. The reliability of equipment and pro-

TABLE I
Source and Purity of Materials Employed

Chemical Supplier Purity (wt %)

Carbon dioxide Airgaz �99.9
Acetone Prolabo �99
Ethanol anhydrous Carlo Erba 99.9
Methylene chloride Carlo Erba 99.5
Cholesterol Sigma �99
Ovalbumine Sigma Grade II
PMMA Lab-synthesized 95PMMA, 4MMA, 1BPO
PMMA/PCL Lab-synthesized 83PMMA, 12PCL, 4MMA, 1BPO
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cedure was previously verified.30 Liquid CO2 was
compressed to the operating pressure with a high-
pressure pump. The dissolution cell (held in a con-
trolled-temperature oven, with accuracy of 1 K) con-
sisted of a tubular extractor of 10 mL, charged with
about 0.4 g of either a pure solute or a binary mechan-
ical mixture of organic compound plus polymer (50 wt
%). System pressure was controlled (accuracy 0.1
MPa) by means of a metering valve. The extracted
solute was recovered from the depressurized fluid by
bubbling through a collector filled with a liquid sol-
vent. To recover parts of solute that could have pre-
cipitated in the expansion device, the metering valve
was flushed with a few milliliters of a liquid sol-
vent.31,32 The liquid solvent was further evaporated
before weighing of the mass of extracted solid solute
(Balance B5 C1000, accurate to within �0.01 mg; Met-
tler, Greifensee, Switzerland). This technique allowed
the analysis of both the extracted solute and the ma-
terial that remained in the extractor (the residue) after
processing. Either pure CO2 or CO2 � cosolvent was
used as a solvent, the procedure being slightly differ-
ent in the two cases.

In experiments carried out with pure CO2, the ex-
tractor was charged with the solute mixed with glass-
wool fibers as bed packing. CO2 was allowed to flow
through the extractor for 60 min. Consumption of CO2
was measured by a gas flow meter (Kobold MAS-4009,
Hofheim, Germany). The flow rate was maintained at
about 0.7 mL min�1. Series of similar experiments
were performed at various flow rates ranging from
0.54 to 1.40 mL min�1. Variation of the flow rate
within this range was found to have no effect on the
measured solubility, thereby confirming that equilib-
rium was attained.

A typical experiment with CO2 � cosolvent in-
volved charging the extractor with the solute packed
with glass beads to avoid solid compaction. A second
pump (CM 3200; LDC Analytical) was connected to
the setup, before the entrance of the extractor (Fig. 1),
for liquid solvent addition. Various compositions of
CO2 � cosolvent were obtained by adjusting both flow
rates, with a total flow rate � 1.5 mL min�1. In each

experiment the cosolvent/CO2 ratio was increased in
four consecutive steps. Each step lasted 30 min, at the
end of which a collection procedure was performed
before continuing the experiment with an increased
amount of cosolvent.

Sample characterization

Purity and composition of the processed solid samples
were determined by 1H-NMR analysis. 1H-NMR spec-
tra were recorded in a Varian XLR-300 NMR spec-
trometer (Varian Associates, Palo Alto, CA) operating
at room temperature and 300 MHz, from deuterated
chloroform solutions (0.05 wt/vol). Scanning electron
micrographs of polymer beads were obtained by use
of a scanning electron microscope (SEM, JEOL JSM-
840, Peabody, MA).

RESULTS AND DISCUSSION

Behavior of materials in pure SCCO2

Experiments were carried out at a pressure of 20 MPa
and temperatures of 312 and 333 K. Single- and two-
solute systems were studied. Solubility values are re-
ported in Table II.

For cholesterol, measured solubility values were in
agreement with literature data.33–35 Albumin solubil-
ity in SCCO2 was negligible upon working conditions.
For the studied polymers, a measurable amount of
material was extracted, but because of the multicom-
ponent nature of polymeric samples, the quantified
mass could not be directly related to solubility. The
composition of the extracted material was first ana-
lyzed using 1H-NMR spectroscopy. Figure 2(a) shows
the 1H-NMR spectra of raw PMMA as well as the
extracted and residual portions, after SC processing.
Raw PMMA showed the main signals assigned to the
polymeric chain (–OOCH3 at 3.5 ppm and �-CH3 at
0.8–1.2 ppm) together with those allocated to the re-
sidual monomer MMA (–CACH2 at 5.5–6.2 ppm) and
benzoyl peroxide (BPO; –C6H5 at 7.2–8.1 ppm). The
extracted material mainly consisted of MMA mono-
mer and BPO initiator. The residue displayed only the
PMMA signals. A similar result was obtained for the
PMMA/PCL system [Fig. 2(b)]. Signals of PMMA,
PCL (–OOCH2 – at 4.0 ppm and –COOCH2 – at 2.5
ppm), MMA, and BPO were observed in the raw
material added to the extractor. After processing with
compressed CO2, the residue was purified of contam-
inants that were found in the extract. Using the data
obtained from the 1H-NMR analysis, the mass of con-
taminants was removed from the polymer solubility
calculation.

SEM micrographs were used to examine changes in
the external appearance of PMMA and blend residue
as a result of SCCO2 treatment. For PMMA, some of

Figure 1 Experimental setup.
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the beads lost sphericity after processing with CO2
[Fig. 3(a), (b)], evidencing a glassy to rubbery transi-
tion. CO2 causes a large depression (60 K or more) in
the glass-transition temperature of PMMA at rela-
tively low pressure (4–6 MPa).17,36 In this work, ex-
perimental conditions of pressure and temperature
were high enough to induce plasticization in the poly-
mer, and thus morphologic changes in the beads. For
the PMMA/PCL residue, bead deformation was less
evident [Fig. 3(c), (d)]. The blend is a microheteroge-
neous system, where semicrystalline PCL domains are
immersed in a matrix of amorphous PMMA. Plastici-
zation is a process that has been described to last for
several hours,37 whereas the extent of our experiments
was only 1 h. SCCO2 diffusion rates in the glassy
PMMA are expected to be higher than those in the
blend also involving the nonswellable PCL.38,39

Series of experiments were also conducted on mixed
beds, composed of an organic (solute 1: either choles-
terol or albumin) and a polymer (solute 2: either
PMMA or PMMA/PCL). 1H-NMR analysis was used
to determine the composition of the extracted materi-
als. In most cases, the 1H-NMR signals assigned to
solute 1 hinder the integration of the signals corre-
sponding to the small fraction of polymer (solute 2)
that could be extracted. Therefore, solubility of solute

2 could not be accurately calculated and is not shown
in Table II. The first unexpected result was obtained
for systems involving cholesterol. The presence of
polymer in the extraction bed significantly lowered
the solubility of this material with respect to that in the
cholesterol/CO2 binary system. In these experiments,
the extractor was filled with a multicomponent sys-
tem, consisting mainly of an organic and polymer, but
also by an initiator and residual monomer. This be-
havior of negative cosolute effect induced by the mul-
ticomponent system may result from intermolecular
interactions between components that preclude cho-
lesterol dissolution.40,41

Behavior of materials in SCCO2 � cosolvent

Experiments were performed at 313 K and 18 MPa.
For acetone, ethanol, and CH2Cl2, within the compo-
sition range investigated in this study, the binary mix-
tures were a single phase.42–44

Solubility data of solids, upon addition of cosolvent
to CO2, are given in Table III. Cholesterol solubility
was markedly increased by the addition of any of the
three cosolvents. Albumin solubility was now observ-
able, the higher cosolvency effect of which was with
CH2Cl2. The solubility of PMMA and PMMA/PCL in

TABLE II
Solubility Data in Pure SCCO2, Expressed as Percentile Weight of

Extracted Amount per Unit Mass of CO2
a

Solute 1 Solute 2 T (K) Solubilitysolute 1 (wt %)

Cholesterol — 312 0.050
333 0.053

Albumin — 312, 333 —
PMMA — 312, 333 �0.001
PMMA/PCL — 312 0.001 (65%PMMA, 35%PCL)

333 0.001 (80%PMMA, 20%PCL)
Cholesterol PMMA 312 0.016

333 0.017
PMMA/PCL 312 0.018

333 0.019
Albumin PMMA 312, 333 —

PMMA/PCL 312, 333 —

a P � 20 MPa.

Figure 2 1H-NMR spectra of raw, residual, and extracted polymers: (a) PMMA and (b) PMMA/PCL. Samples were
processed at 20 MPa and 313 K.
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pure acetone, ethanol, and CH2Cl2 was estimated by
shaking 0.1 g of polymer in 10 mL of solvent at 313 K
for 60 min. Acetone and CH2Cl2 were good solvents
for the studied polymers, whereas ethanol was not. By
mixing SCCO2 with any of the three studied cosol-
vents, the solubility of PMMA increased with respect
to the solubility in pure CO2 (compare data in Tables

II and III). However, trends on solubility level, with
respect to the amount of cosolvent added to CO2, were
different for each liquid solvent (Fig. 4). For CO2 �
ethanol, the solubility was low and practically not
affected by the increase in cosolvent percentage. For
CO2 � CH2Cl2, the solubility increased continuously
by raising the cosolvent percentage. For CO2 � ace-
tone, the polymer solubility, as a function of solvent
percentage (between � 7.0 and 32 wt %), exhibited a
maximum at about 15 wt % of cosolvent. The decrease
on solubility at high cosolvent ratios may come from
the particular procedure used, given that data were
obtained by sequential increments of cosolvent per-
centage on a single polymer batch. On the other hand,
the decrease may also be attributable to the rejection of
polymer out of the CO2 � acetone mixture when

Figure 3 SEM micrographs of raw and 60-min SC-pro-
cessed polymers (residue) at 20 MPa and 313 K.

TABLE III
Solubility of Solids in SCCO2 Plus Different Extends of Cosolvent, Expressed as

Percentile Weight of Extracted Amount per Unit Mass of Fluida

Solute

Acetone Ethanol CH2Cl2

wt % of
cosolvent Solubility (wt %)

wt % of
cosolvent Solubility (wt %)

wt % of
cosolvent Solubility (wt %)

Cholesterol 9.4 0.085 9.3 0.130 12.4 0.097
14.5 0.130 14.3 0.180 22.0 0.174

Albumin 7.0 0.005 7.0 0.003 11.0 0.004
14.5 0.003 15.0 0.001 20.0 0.006
25.9 0.002 24.4 �0.001 38.3 0.008
28.5 0.002 31.5 0.001 43.6 0.005

PMMA 7.0 0.016 7.7 0.001 15.8 0.002
14.5 0.022 13.0 0.001 22.0 0.008
26.6 0.007 26.9 0.002 38.3 0.020
31.8 0.003 31.5 0.001 43.6 0.025

100 very high 100 very low 100 total
PMMA/PCL 7.0 0.025 (88%PMMA, 12%PCL) 7.7 0.001 (51%PMMA, 49%PCL)

14.5 0.003 (31%PMMA, 69%PCL) 14.3 0.001 (24%PMMA, 76%PCL) 12.0 0.005 (88%PMMA, 12%PCL)
26.6 0.004 (22%PMMA, 78%PCL) 24.4 0.003 (18%PMMA, 82%PCL) 21.4 0.010 (91%PMMA, 9%PCL)
31.8 0.039 (74%PMMA, 26%PCL) 31.5 0.003 (86%PMMA, 14%PCL) 36.8 0.014 (73%PMMA, 27%PCL)

100 very high 100 very low 100 total

a Experiments were performed at 18 MPa and 313 K.

Figure 4 Solubility behavior of PMMA with respect to the
amount of cosolvent added to SCCO2. Experiments were
performed at 18 MPa and 313 K.
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solvent–solvent interactions outweighed solvent–
polymer interactions.35

Within the range of pressure, temperature, and
solvent composition investigated, solubility trends
for PMMA in the blend were different from those
found for the individual polymer. First, for the three
studied cosolvents, the amount of PMMA extracted
from the blend was much lower than the amount
extracted from the individual polymer. Second, for
acetone and ethanol solvents, the solubility in-

creased significantly at high cosolvent percentages.
The most remarkable finding, accessible from the
blend behavior in solvent mixtures, was related to
variations of the PMMA/PCL ratio in the various
recovered extracts (Fig. 5). For ethanol and acetone,
the amount of PCL extracted with respect to PMMA
increased when the cosolvent content was increased
from about 7.0 to 30 wt %. For cosolvent proportions
� 30 wt %, the amount of extracted PCL drastically
diminished with respect to PMMA. Thus at high
cosolvent proportions, the solubility behavior of
polymer blend in CO2 � cosolvent mixtures was
similar to that in pure liquid solvents. For CH2Cl2

the ratio PMMA/PCL in the extracted samples was
always similar to that in the original polymer; that
is, the fraction of PMMA was considerably higher
than that of PCL.

SEM micrographs were used to examine changes
in appearance of PMMA and PMMA/PCL residues
as a result of liquid solvent or SCCO2 � cosolvent
treatment (Fig. 6). For PMMA polymer, only sam-
ples contacted with CO2 � ethanol maintained the
spherical shape of the particles [Fig. 6(b)], although
beads were slightly deformed and compacted
around the glass beads’ packing material. Alterna-
tively, PMMA beads contacted with CO2 plus either
acetone [Fig. 6(a)] or CH2Cl2 [Fig. 6(c)] completely
lost the original shape. For PMMA/PCL beads, sim-
ilar pictures where obtained regardless of the cosol-
vent used [Fig. 6(d)–(f)]. Beads were still visible,
although distorted, providing further evidence of
the extreme difficulty of plasticization of PMMA/
PCL with respect to PMMA.

Figure 5 Variation of the PMMA/PCL ratio in the recov-
ered extracts obtained by adding different amounts of co-
solvent to SCCO2. Experiments were performed at 18 MPa
and 313 K. �, PMMA; �, PCL.

Figure 6 SEM micrographs of polymers (residue) after 120-min treatment with mixtures of SCCO2 � cosolvent at 18 MPa
and 313 K.
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Relevance in the preparation of microparticles

The ultimate goal of this work was to provide funda-
mental knowledge for selecting the most adequate SC
process for micronization or encapsulation of solutes.
Process selection must be carried out in connection
with materials behavior and solubility in SCCO2 and
fluid mixtures. Results from the materials solubility
survey in pure and mixed SCCO2 (Tables II and III)
give the first indication of which SC-processing tech-
nique seems to be a better choice. Cholesterol, with
values in the 0.05 wt % solubility range, is considered
as a soluble compound in compressed CO2 and can be
micronized using the RESS process, with or without
the addition of a cosolvent. In contrast, albumin
showed a negligible solubility in pure SCCO2, under
working conditions, and a very low solubility in fluid
mixtures. Therefore, this material would be better pro-
cessed using antisolvent techniques. The low solubil-
ity of PMMA and PMMA/PCL also preclude their
micronization by RESS.

Although most polymers are not soluble in SCCO2,
the solubility of compressed CO2 in many amorphous
polymers is as high as that of typical liquid swelling
agents.45,46 CO2 has the advantage of being a nonper-
manent swelling agent and solvent-free end products
are easily obtained. Polymers themselves are rarely
pure materials because they are contaminated with
polymerization agents and residual monomers and
solvents. For biomedical applications, in the final
polymer-based drug system, the contaminants may
produce side effects detrimental to a patient’s health,
which limit their use in human therapy. Polymer pu-
rification is thus very valuable. It was shown that CO2

removed toxic residual monomers and initiator of po-
lymerization from PMMA and PMMA/PCL (Fig. 2).
This effect is based on polymer swelling induced by
CO2, which facilitates diffusion of impurities out of
the polymer. The same effect can be used for polymer
impregnation by diffusion of a solute from the carrier
SCF to the swelled polymeric matrix. The final addi-
tive/polymer content ratio will be a function of the
relative solubility of the solute in the fluid and poly-
mer phases. Thus the low solubility of polymers in
SCCO2 is, in contrast, an interesting feature for pro-
ducing monolithic loaded microspheres free of resid-
ual monomer or solvent. However, for compounds of
low solubility in SCCO2, the impregnation process
would be economically acceptable only if the solute
shows a high affinity for the polymeric matrix. In
purification or impregnation processes, the morphol-
ogy of the polymer beads should not be significantly
altered. Of the two investigated polymers, PMMA was
the most vulnerable to morphological distortive ef-
fects caused by treatment with CO2 (Figs. 3 and 6).
PMMA/PCL showed little or no gross deformation.

The addition of a cosolvent modifies solids solubil-
ity in SCCO2. To date, most of the performed experi-
ments have been carried out to study the increase of
solubility of organic solids by the addition of low
amounts (2–5 wt %) of liquid cosolvent to CO2. With
respect to encapsulation, it is necessary to investigate
the solubility of organics and polymers in mixtures of
SCCO2 and relatively large amounts of different co-
solvents. In this work, an increase in solubility by the
addition of cosolvent to CO2 was observed for all
studied solids (Table III). Frequently, a good solvent at
normal conditions can be located as an adequate co-
solvent at SC conditions. However, the behavior of
polymers has been found to be different with respect
to that of small organic molecules. First, both the fluid
and cosolvent are generally soluble in the polymer.
Second, a large amount of cosolvent is needed to
detect an increase in solubility. Finally, the choice of
cosolvent can be motivated by either a good dissolu-
tion level at normal conditions or a synergic effect.19

Indeed, a nonsolvent at atmospheric conditions may
become an effective cosolvent for polymers when
mixed with CO2.

The behavior of studied polymers in CO2 � cosol-
vent allows us to propose several ways for the mi-
cronization of these materials using the RESS process.
For pure PMMA (Fig. 4), enhancement of the extracted
amount by addition of ethanol to CO2 occurs, but a
RESS process based on this mixture may be econom-
ically questionable. In contrast, CH2Cl2 significantly
enhanced the dissolved amount of PMMA. Acetone
also increased polymer solubility, but only when it
was added in percentages lower than about 15 wt %.
Similarly, acetone and methylene chloride are poten-
tial cosolvents for RESS of PMMA/PCL, but the
amount of cosolvent added influenced the composi-
tion of the extracted material (Fig. 5).

Precipitation of polymers by antisolvent techniques,
although feasible, is related to the differences of poly-
mer solubility in pure liquid solvent and that in CO2 �
liquid solvent. The choice of the liquid solvent to
initially dissolve the polymer is crucial for inducing
supersaturation by CO2 addition, and as a conse-
quence will determine the final particle size and yield.
Pure ethanol dissolved polymers only slightly; thus,
unless the ethanol content is very low in the CO2 �
ethanol mixture, precipitation may not occur, given
that the solubility in pure ethanol was in the same
range of order as the solubility in the mixture. The
solubility ratio was more favorable with CH2Cl2, es-
pecially at a content of 15 wt % of liquid solvent.
CH2Cl2 dissolved the polymers to a considerable ex-
tent, so small size could be expected. For acetone,
solubility of the polymers was not a continuous func-
tion of the liquid solvent percentage in the fluid mix-
ture, and thus nucleation and growth of particles are
difficult to control.
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CONCLUSIONS

Regarding potential SC techniques for the manipula-
tion of the studied materials, generalizations are sum-
marized in the following remarks, based on the ob-
served solubility behavior. They are not claimed to be
exhaustive or even of the most appropriate engineer-
ing design, given that liquid solvents other than ace-
tone, ethanol, or CH2Cl2 can facilitate micronizing or
encapsulating compounds.

• Processing of PMMA-based polymers with
SCCO2 leads to polymer swelling, which facili-
tates the removal of toxic contaminants and the
impregnation with additives.

• The low solubility of polymers in pure CO2 pre-
cludes their micronization by RESS.

• The studied liquid solvents are potential cosol-
vents for RESS processing of polymers. Increasing
the amount of cosolvent is not a guarantee of
increasing solute solubility, as was shown for the
system CO2–acetone–PMMA. On the other hand,
only at high cosolvent ratios were the components
of the PMMA/PCL blend dissolved homoge-
neously.

• Precipitation of the investigated polymers by an-
tisolvent techniques seems feasible using only
CH2Cl2 as a liquid solvent. For ethanol, polymers
are not soluble enough in the pure liquid solvent.
For acetone, the behavior appears too complex
such that nucleation and growth of particles, and
thus particle size, are difficult to control effec-
tively.

The authors acknowledge European Community Project Su-
prophar (G1RD-CT-2000-00164) for financial support and
thank B. DeGioannis for help with solubility measurements
and G. Abraham for preparation of polymers.
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