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1 Introduction

The removal of impurities, such as residual solvents,
unreacted monomers, catalysts, and side-reaction products
from polymers represents an important step in polymer
processing. Conventional devolatilization techniques for the
purification of polymers have limited effectiveness. Devola-
tilization with supercritical fluids, however, can enhance
impurity removal by increasing the thermodynamic driving
force and molecular diffusivity. The high pressures involved
make this process a rather capital-intensive business. In
certain applications, however, the additional processing cost
can be offset by the benefits derived from high-specialty
polymers that can be produced using this technology.

2 Background

The unique properties of supercritical fluids were reported
almost one hundred years ago by observing that at high
pressures gases, such as carbon dioxide and ethylene, can
dissolve complex organic compounds and the dissolving
power of these fluids is a strong function of pressure. However,
the first commercial-scale supercritical processing of poly-
mers was utilized in the 1950s to manufacture billions of
pounds of low-density polyethylene per year using supercrit-
ical ethylene. In this process, the compressed ethylene serves
as both the monomer and the reaction solvent. Since that time,
considerable effort has been expended to develop other
commercial supercritical fluid processes. Particularly in recent
years, the use of supercritical fluids to extract low-molecular-
weight compounds from polymer matrices has received much
attention [1,7±11].

3 Purification of Polymers With Supercritical
Fluids

Conventionally, polymers are purified by either vacuum,
steam stripping or solvent extraction. These methods are not
sufficient to reduce the residual contents to the required
permissible levels. It has been reported in a USA patent that
supercritical devolatilization has the potential to produce
high-purity, high-quality products with lower energy costs [1].

A devolatilization process with supercritical fluids is
significantly different from conventional devolatilization
processes. In a typical supercritical devolatilization process,
the first step is the compression of the fluid to elevated
pressures above its critical pressure. The second stage is the
extraction stage, in which the polymer is exposed to the
supercritical fluid, it is swollen, and the free volume in the
polymer is increased so that the diffusion of the impurities out
of the polymer is enhanced. To illustrate this plasticization
effect, the polystyrene/carbon dioxide/benzene system was
chosen as a model system and the diffusivities of benzene and
carbon dioxide were predicted from the Vrentas-Duda free-
volume theory [2]. Fig. 1 shows that the diffusivity of benzene is
increasedbythreeordersofmagnitudeastheweight fractionof
carbon dioxide increases from 0 to 10 % in the mixture. The
increase in the diffusivity of benzene is more pronounced than
thatofcarbondioxidewhichis showninFig.2. Inadditiontothe
plasticization effect, the nonideal thermodynamic behavior of
the supercritical fluid polymer solution can cause diffusion-
induced convection which can influence the transport of
impurities out of the polymer. Therefore, appropriate models
tosimulatetheextractionstageofsupercriticaldevolatilization
processes should take into account the plasticization effect as
well as the convective diffusion mechanism in mass transfer
equation coupled with a suitable thermodynamic model to
predict the partial specific volumes of components [3]. Fig. 3
illustratestheeffectofdiffusion-inducedconvection,causedby
the nonideal thermodynamic behavior of the polystyrene/
carbon dioxide/benzene system, on the benzene removal rate.
According to this figure, the loss of benzene in polystyrene
during the extraction with supercritical carbon dioxide is
enhanced by the inclusion of the volume change on mixing. In
the final stage of the supercritical devolatilization process, the
swollen polymer phase is depressurized and gradually relaxes
and returns to, or at least approaches, its original volume.
During the swelling-deswelling of the polymers, significant
changes occur in the polymer morphology, especially in glassy
polymers. Hong and coworkers [4] found that the free-volume
fraction is always higher during depressurization than it is
under pressurization. If the relaxation time of the polymer to
the unswollen state is slow during the depressurization stage,
thensomeofthevolumeoccupiedbytheabsorbedsupercritical
fluid becomes available as free volume for the transport of the
impurity.Predictionsfromthefree-volumetheoryindicatethat
the diffusivity of benzene in unrelaxed polystyrene at 40 �C
after10wt.-% carbondioxidehasdesorbedcanbeashigh as3.7
� 10±4 cm2/sec if all the volume occupied by carbon dioxide
becomes available to the diffusing benzene. This value
represents the maximum diffusivity for the impurity, which
woulddecreaseasthepolymerconsolidatesandrelaxes toward
its equilibrium state. It is an enormous diffusivity compared to
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the estimated diffusivity of 3 � 10±13 cm2/sec [5] for benzene in
conventional glassy polystyrene at 40 /C or even the estimated
value of 6 � 10±9 cm2/sec for benzene in polystyrene plasticized
with 10 wt.-% carbon dioxide. This mechanism of rapid
impurity extraction during the depressurization step is
supported by the observations of Sasaki and coworkers [6]
which are illustrated in Fig. 4. This figure shows that, if
polystyrene containing 4.5 wt. % benzene is exposed to the
supercriticalcarbondioxideat40�Cfor1.5h,theconcentration
of benzene is reduced to approximately 3.5 wt.-%. However,
during the very short depressurization step, the concentration
of benzene is reduced to 3 %. The authors observed a similar
trend for the polyvinyl acetate/benzene system at the same
temperature.

Figure 1. Self-diffusion coefficient of benzene as a function of the carbon
dioxide composition in PS/benzene/CO2 ternary mixture where T1 refers to the
weight fraction of benzene.

Figure 2. Self-diffusion coefficient of carbon dioxide as a function of the weight
fraction of carbon dioxide in PS/benzene/CO2 ternary mixture where T1 refers
to the weight fraction of benzene.

4 Conclusion

In conventional supercritical extraction, the high solubility
of impurities in the supercritical fluid can enhance the
thermodynamic driving force for extraction. In addition, the

high solubility of the supercritical fluid in the polymer can
swell the polymer and can increase the mobility of impurities.
In addition to these two effects, there are two other
phenomena which can be important in supercritical devola-
tilization of glassy polymers. During the extraction stage, the
nonideal volumetric behavior of supercritical fluids in
polymers can cause convection induced by diffusion which
can influence the transport of impurities out of the polymer.
Furthermore, during the depressurization step, the coupling
between mass transfer and the polymer relaxation can be
important. The free-volume theory indicates that diffusion of
the impurity in the unrelaxed polymer can be several orders of
magnitude higher than the diffusivity that occurs in the
plasticized polymer during the extraction stage. The most
significant conclusion resulting from our work is that the mass
transferred during the very short depressurization step may be
the dominant mechanism in supercritical fluid devolatilization
of polymers. This conclusion is supported by the experimental
studies of Sasaki and coworkers [6] and leads to important
implications for the optimum design and operation of the
devolatilization of polymers with supercritical fluids. This
proposed mechanism suggests that impurity removal can be
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Figure 3. Mass of benzene per unit area of the polymer film as a function of time
during the absorption of the carbon dioxide.

Figure 4. Weight fraction of benzene in the polystyrene phase as a function of
time in the extractor. Data taken from the study of Sasaki et al. (1990) at a
pressure of 7.95 MPa and 40 �C.



facilitated by shortening the time of the depressurization step
and lowering the operating temperature of the process. Both
of these modifications will enhance the mass transfer
associated with diffusion in an unrelaxed glassy polymer
phase. Furthermore, for efficient devolatilization, the time of
exposure of the polymer phase to the supercritical fluid can be
significantly reduced by designing processes to exploit
volatility removal during the depressurization phase of the
operation.
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