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Abstract−−−−Two methods of inverse supercritical fluid chromatography (ISFC), frontal analysis supercritical fluid chro-
matography (SFC) and elution SFC, have been compared for the determination of distribution coefficients of solutes
between a polymer and a supercritical CO2. The logarithm of the distribution coefficient showed monotonic decrease
with the density of the supercritical fluid (SF). The abnormal-maximum behavior of solute sorption in the polymer
phase was explained by the fluid and solute properties, φ2P/P2

sat. Interesting open-elliptic shapes of sorption and volume-
fraction curves were obtained and explained with the fugacity coefficient. Correction to the capacity factor was em-
ployed to eliminate the retention due to the adsorption on the surface of the silica support. A model based on the Flory
equation and the Peng-Robinson equation of state (EOS) successfully predicted the phase behavior of the ternary solute-
supercritical fluid-polymer systems using only interaction parameters obtained from the binary systems. The solute
distribution coefficient at infinite dilution was used to calculate the phase equilibrium at finite concentration using a
ternary-phase diagram.

Key words: Distribution Coefficient, Supercritical Fluid, Polymer, Solute, Sorption, Supercritical Fluid Chromatography,
Phase Equilibrium

INTRODUCTION

Supercritical fluids received only little attention until the 1970’s
when they began to be considered as solvents for low-cost pro-
cessing of food and pharmaceutical products. In the mid-1980’s,
the scope of supercritical fluid technology widened to include sepa-
rations, reactions, and material processing of complex substances
such as polymers, surfactants, and bio-molecules [McHugh and Kru-
konis, 1994]. An impetus for this expansion was the need to re-
spond to the increased performance demands on the materials that
conventional techniques could not meet. Polymer processing with
supercritical fluids includes fractionation, impregnation and purifi-
cation of polymers, formation of porous or powdery polymers [Mc-
Hugh and Krukonis, 1994], and dispersion polymerization [Shim
et al., 1999, 2001]. Since they have solvent strengths adjustable con-
tinuously with temperature and pressure, the SFs are more advan-
tageous in polymer processing than the conventional liquid sol-
vents whose strengths are only modestly adjustable with tempera-
ture.

Supercritical fluids also swell polymers so that they may be im-
pregnated rapidly (8 orders of magnitude for glassy polymers) with
additives such as pharmaceuticals, flavors, fragrances, insecticides,
etc., for controlled release applications [Berens et al., 1988; Sand,
1986], or with additives such as dyes [Saus et al., 1993; Chang et
al., 1996], pigments, stabilizers, plasticizers, electrically conductive
agents, and toughness-improving agents. Polymers may be puri-
fied by extraction of oligomers, monomers, residual solvent, and
other impurities with pure supercritical fluids [Paulaitis et al., 1983].

Purification may be considered as a reverse process of the im
nation but uses the same concept of phase equilibrium (Fig. 1)
both processes the supercritical fluid penetrates and swells the
ymer fast [Chang et al., 1998], promoting the diffusion of the lar
solute molecules into or out of the polymer.

An important factor required in designing the polymer impre
nation and purification processes is the equilibrium distribution co
ficient of a solute between a polymer and a supercritical fluid. T
distribution coefficient is also used in determining other thermo
namic properties. The polymer-solute Flory interaction parame
are fundamental thermodynamic relations that are necessary to
culate the distribution coefficient. However, these thermodynam
parameters are scarce in ternary systems containing polymers

Fig. 1. A schematic diagram describing the polymer impregnation-
and purification processes. The purification process is re-
verse of the impregnation process.
(�) additive or impurity; (·) supercritical fluid
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supercritical fluids. Conventional pressure-volume-temperature meas-
urement (for example, partial molar volume measurement by Eck-
ert et al., 1986) or gravimetric sorption measurement [Berens and
Huvard, 1989] is difficult to apply at elevated pressures. Those are
very time-intensive and may not be appropriate when the solute is
at infinite dilution. Without these restrictions the SFC has become
an attractive technique to determine those thermodynamic properties.

In principle, a variety of interesting physical and chemical prop-
erties can be obtained by inverse gas chromatography (IGC) and
inverse high performance liquid chromatography (IHPLC). How-
ever, IGC is restricted due to the limited volatility and thermal sta-
bility of many organic compounds, and IHPLC, due to the limita-
tions of the solute diffusion in the mobile phase, causing long analy-
sis time. ISFC overcomes these difficulties and permits high re-
solution at low temperatures with short analysis time [Bartle, 1988].
ISFC has been used to measure thermodynamic properties of sol-
utes [van Wasen et al., 1980; Olesik et al., 1987; Yonker and Smith,
1988; Shim and Johnston, 1989, 1991a, b]. This chromatographic
method is often called elution chromatography. The basic parame-
ter for ISFC is the capacity factor, k, which is defined by the mole
ratio of the solute between a polymer and a fluid phase, and is de-
termined by the retention times of the solute and an unretained mark-
er. The distribution coefficient of a solute is calculated from this ca-
pacity factor and the phase-volume ratio of the mobile phase to the
stationary phase in the column.

The phase equilibrium is considerably more complex in the elu-
tion SFC than in IGC because the interactions in the dense-fluid
(mobile) phase are highly nonideal, and because the carrier fluid
swells the liquid (stationary) phase. Therefore, it is challenging to
understand this behavior and to determine thermodynamic proper-
ties by the ISFC. An important factor influencing the properties from
the ISFC is the swelling of the stationary phase. By including the
swelling data of polymers, more accurate properties can be deter-
mined from the distribution coefficient [Shim and Johnston, 1991a,
b]. It is also important to eliminate the contribution of surface ad-
sorption to the solute retention, so that only the absorption into the
bulk polymer phase is considered in the determination of thermo-
dynamic properties. This can be accomplished by subtracting the
capacity factor on the bare silica support from the capacity factor
in the polymer-coated silica. The resulting net capacity factor is due
primarily to bulk absorption into the stationary-liquid coating [Card
et al., 1985; Shim and Johnston, 1991a, b].

While most chromatographic studies have been done at condi-
tions of infinite dilution, measurement of thermodynamic proper-
ties at finite solute concentration is also possible [Shim and Johnston,
1989]. In the frontal analysis technique, a stream of pure carrier fluid
is equilibrated with the stationary phase of the column and then re-
placed by a continuous stream of carrier mixed with solute vapor
at a constant concentration [Conder and Young, 1979]. The result-
ing frontal boundary may be used to calculate the total number of
moles of the solute absorbed in the stationary phase and the dis-
tribution coefficient of the solute. In this study, the distribution co-
efficients of solutes that were measured by the above ISFC were
compared with those predicted theoretically by a model. Prediction
of the phase behavior at finite concentration from the data at in-
finite dilution will also be discussed. To obtain more meaningful
results than obtained previously, an additional retention correction

was included in the calculation. A thermodynamic model based
the Flory equation and the Peng-Robinson equation was empl
to explain the behavior and to predict thermodynamic proper
that are relevant to polymer processing with supercritical fluids.

THEORY

1. The Frontal Analysis SFC
Since rubbery polymers behave as highly viscous liquids, 

partitioning of a solute between a polymer and a SF may be
scribed by the following simple vapor-liquid phase equilibrium su
gested by Prausnitz et al. [1999]. Here, the fluid phase is con
ered as a vapor phase and the rubbery polymer phase, as a 
phase. An ideal gas reference state and a (hypothetical) pure l
standard state are, therefore, chosen for the supercritical fluid
for the solvent in the polymer, respectively.

 (1)

where yi is the mole fraction of i in the fluid phase (unity for a pu
solvent); φi is the fugacity coefficient; Φi is the volume fraction in
the polymer; Γi is the activity coefficient in the polymer; Pi

sat is the
vapor pressure which may be extrapolated above the critical p
sure if necessary; φi

sat is the fugacity coefficient at the vapor pres
sure; and  is the partial molar volume of i in the polymer pha
Note that the activity coefficient Γi is defined as ai/Φi based on the
volume fraction, where ai is the activity of i in the polymer phase
Γi is particularly useful for polymer systems, as it does not requ
the molecular weight or the molecular weight distribution of t
polymer.

In Eq. (1) the two governing factors describing the nonidea
are φi for the fluid phase and Γi for the polymer phase. The Peng
Robinson EOS [1976] may be used to obtain the fugacity coe
cient and to describe the binary mixture in the fluid phase (si
there is no polymer molecule in the fluid phase for any crosslin
polymer).

(2)

On the contrary, the simple Flory theory [1969] may be adopted
describe the polymer phase, where the free energy of mixing 
crosslinked polymer with a solvent consists of an entropic term
enthalpic term that includes the Flory interaction parameter, χ, and
the elastic free energy term for the expansion of the network st
ture. For a binary system the activity coefficient of the solven
in a crosslinked polymer 3 is obtained by differentiating the fr
energy of mixing with the result

(3)

where Φ3 is the volume fraction of polymer; x is the ratio of th
molar volumes of polymer to solvent; v1 is the molar volume of sol-
vent; νe is the effective number of chains in the network expres
in moles; and V0 is the volume of the original unswollen polymer

For a ternary system, the activity coefficients of the two pe

y iφiP = ΦiΓiPi
satφi

satexp
νi

P P − Pi
sat( )

RT
------------------------- 

 

νi
P

lnφi  = 
bi

b
---- Z  − 1( ) − ln Z  − B( )

− 
A

2 2B
--------------

2 yj jaji∑
a

------------------ − 
bi

b
----

 
 
 

ln
Z  + 1+ 2( )B
Z  + 1− 2( )B
------------------------------- 

 

lnΓ1 = 1− 1 x⁄( )Φ3 + χ13Φ3
2

 + ν1 νe ν0⁄( ) Φ3
1 3⁄

 − Φ3 2⁄( )
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trants, 1 and 2, in the crosslinked polymer, 3, are provided by the
following equations [Flory, 1969; Shim and Johnston, 1991b]

lnΓ1=(1− Φ1)−Φ2(ν1/ν2)+(χ12Φ2+χ13Φ3)(Φ2+Φ3)

− χ23(ν1/ν2)Φ2Φ3+ν1(νe/V0)(Φ3
1/3− Φ3/2) (4)

lnΓ2=(1− Φ2)−Φ1(ν2/ν1)+(χ21Φ1+χ23Φ3)(Φ1+Φ3)
− χ13(ν2/ν1)Φ1Φ3+ν2(νe/V0)(Φ3

1/3− Φ3/2) (5)

These equations may be used to predict the volume fractions and
thus the degree of sorption of each penetrant in the polymer, given
the three binary Flory interaction parameters for the polymer phase
and the characteristic binary constant k12 for the fluid phase.

The equilibrium distribution coefficient of the penetrant may be
defined as the ratio of the concentration in the polymer phase to
that in the fluid phase [Shim and Johnston, 1989],

(6)

where C2
P and C2

F are the concentrations of the solute in the liquid-
like polymer phase and in the fluid phase, respectively; v2

P is the
molar volume of the solute in the polymer phase which is approxi-
mated as that of pure (hypothetical) liquid; and vF is the molar vol-
ume of the fluid phase. Combining Eqs. (1) and (6) yields:

(7)

2. The Elution SFC
The capacity factor of the solute, k2, is defined as the molar ratio

of solute between the liquid-like polymer(stationary)- and fluid(mo-
bile) phases and is obtained directly from the retention time data of
the solute and a marker [Conder and Young, 1979]

(8)

where n2P and n2F are the number of moles of the polymer phase
and of the fluid phase, respectively; t2 is the retention time of the
solute; and t0 is that of a marker which has the minimal retention.
The molar ratio is written as the product of the concentration ratio
and the phase volume ratio as [Shim and Johnston, 1991a]

(9)

where VP and VF are the volumes of the polymer- and the fluid phases
in the column, respectively. From Eqs. (6), (8) and (9), K2 is related
to k2 as follows:

(10)

As the phase ratio varies upon the swelling of the stationary (liquid)
phase at high pressures, Eq. (10) may be modified to include the
swelling effect as

(11)

where V0
F/V0

P is the phase ratio at zero pressure; ∆VP/V0
P is the swell-

ing of the liquid phase; and F and P designate the fluid and liquid

phases, respectively.
Since the concentrations of the fluid and polymer phases are

tremely small, we may introduce Henry’s law to describe the ph
equilibrium in the column. The Henry’s constant may be obtain
when K2 is known. On the other hand, when the Henry’s const
is available, K2 may be calculated from the following equation [Shi
and Johnston, 1991a]:

(12)

where H2(P
0) is the Henry’s constant at the reference pressure (0).

The infinite dilution fugacity coefficient of the solute, φ2, is obtained
from Eq. (2) derived from Peng-Robinson EOS. While the activ
coefficient of a solute at infinite dilution can be reduced from E
(5) with negligible Φ2 as

lnΓ2
∞=1− Φ1(ν2/ν1)+χ21Φ1+χ23Φ3− χ13(ν2/ν1)Φ1Φ3

+ν2(νe/V0)(Φ3
1/3−Φ3/2) (13) 

RESULTS AND DISCUSSION

1. Solute Sorption and Distribution by the Frontal Analysis
SFC

The equilibrium sorption of toluene in silicone rubber in the pr
ence of CO2 was measured by the frontal analysis SFC in our p
vious study [Shim and Johnston, 1989], while the concentration
toluene in the fluid phase was maintained constant (0.14 mol
throughout the experiment. The amount of sorption showed m
mum behavior at around 40 bar, but the sorption isotherms at
different temperatures intersected each other in the pressure
When the sorption was drawn as a function of density, the two 
therms did not cross each other (Fig. 2). At 308.15 K, the sorp
curve had a maximum of 0.065 g/g CO2 at density 0.08 g/ml and
then decreased rather rapidly to about 0.005 g/g CO2 as the density
increased to 0.5 g/ml, thereafter it decreased slowly. Because

K2 = 
C2

P

C2
F

------ = 
Φ2 ν2

P⁄
y2 νF⁄
-------------

K2 = 

νF

ν2
P

-----
φ2P

Γ2P2
satφ2

satexp
ν2

P P − P2
sat( )

RT
------------------------- 

 
------------------------------------------------------------

k2 = 
n2

P

n2
F

-----  = 
t2 − t0

t0

-----------

n2
P

n2
F

----- = 
C2

P

C2
F

------V
P

VF
------

K2 = k2
VF

VP
------

K2 = k2

V0
F V0

P
 − ∆VP⁄ V0

P⁄
1+ ∆VP V0

P⁄
---------------------------------------

K2 = 
νF

ν2
P

-----
φ2

∞P

H2 P0( )exp
ν2

P
∞

P − P0( )
RT

------------------------

------------------------------------------------------

Fig. 2. The amount of sorption of toluene in silicone rubber ex-
pressed versus the density of CO2.
— sorption predicted with the Flory/Peng-Robinson mod
using χ’ijs in Shim and Johnston [1989].
January, 2002
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solvent strength and thus the extraction power of the fluid increased
rapidly over the absorbing power of the polymer at densities larger
than 0.08 g/ml, the amount of solute in the polymer decreased with in-
creasing pressure. The overall shape of the sorption curve at 343.15
K was similar to that at 308.15 K, except for the fact that the height
was reduced to 1/4th.

At densities lower than 0.08g/ml, the sorption measurement would
take tremendous time. So I tried to predict the sorption quantita-
tively using a theoretical model (solid lines in Fig. 2). It can be easily
recognized that the gas phase is nearly ideal and therefore the sorp-
tion increases almost linearly with density. As the density of the gas
further increases, the sorption goes through a maximum, and then
decreases rapidly as the solvent strength becomes significant. It has
been widely known that the solubility is nearly proportional to the
density of the fluid. In this study, as the solute loading was fixed to
0.14 mol%, the fluid CO2 at high densities must have extracted the
solute that had already penetrated into the polymer phase, showing
a maximum at the density of 0.08 g/ml. Therefore, the density re-
presentation may be better for explaining the sorption behavior than
the pressure representation.

The sorption of toluene in silicone rubber at low pressures was
predicted by using the Flory/Peng-Robinson model suggested in
the previous section. The fugacity coefficients of CO2 and toluene
were obtained by Eq. (2) derived from Peng-Robinson EOS with
the CO2-toluene characteristic binary constant, k12=0.090. The Flory
interaction parameters were determined from binary data in the lit-
erature [Shim and Johnston, 1989]. The fugacity coefficients of tol-
uene and CO2 were substituted into Eq. (1), and then combined with
Eqs. (4) and (5). The resulting equations were solved and opti-
mized to find suitable values for Φ1 and Φ2. Assuming that the sorp-
tion of CO2 was not affected by the presence of dilute toluene, the
amount of sorption S2 was calculated by Eq. (14).

(14)

where ρ2 and ρ3 are densities of solute and polymer, respectively,
and ∆V/V0 represents the amount of swelling of silicone rubber. Fig.
3 shows that the product of the fugacity coefficient and pressure

divided by the saturation pressure of solute, φ2P/P2
sat, has a shape

similar to the sorption curves in Fig. 2. Because it does not con
any polymer-phase-related properties but the fluid-phase fuga
coefficient, the polymer phase is governed by the fluid phase
other words, the abnormal behavior of the sorption curve is expla
by the change of the solvent power of the fluid with density. T
behavior was explained previously by the activity of solute in 
polymer phase [Shim and Johnston, 1989]. Since this activity va
mainly with the interactions between the fluid and solute molecu
the total pressure of the system and the saturation pressure o
solute [Eq. (1)], φ2P/P2

sat is a better tool than the activity to under
stand the behavior.

When I plotted the sorption or the volume fraction of tolue
against the activity of toluene in the polymer phase, some inte
ing open-elliptic shape sorption curves were obtained (Figs. 4 
5). The higher the system temperature was, the smaller becam
ellipses. Along the bottom-half of the curve, the sorption and 
volume fraction increased with increasing activity of solute at lo
densities, while along the top-half, they decreased with decrea

Φ2 = 
S2 ρ3 ρ2⁄( )

∆V V 0 + S2 ρ3 ρ2⁄( ) + 1⁄
---------------------------------------------------

Fig. 3. The fugacity coefficient times pressure divided by the satu-
ration pressure of toluene versus the density of CO2.

Fig. 4. Open-elliptic shape sorption curves versus the activity of
toluene. The open ends are located at the low activity sides
of the ellipses.

Fig. 5. Open-elliptic shape volume-fraction curves versus the activ-
ity of toluene.
Korean J. Chem. Eng.(Vol. 19, No. 1)
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activity at high densities. Shim and Johnston [1989] showed previ-
ously that the activity increases at low pressures but decreases at
high pressures. The activity at constant temperature depends mainly
upon both pressure and the fugacity coefficient of solute. At low
pressures, the system pressure primarily influences the activity since
the fugacity coefficient does not decrease much. At high pressures,
however, the fugacity coefficient decreases dramatically as the in-
teraction between the solute and fluid molecules becomes signifi-
cant. In this region, the fugacity decrease overcomes the increase
of pressure and thus the activity decreases. Therefore, the sorption
varies with increasing pressure (density) along the elliptic curve,
forming a maximum near the activity of 0.27.

For a given volume fraction of toluene I obtained two different
activities: the larger one at lower density and the smaller one at higher
density. We have seen in Fig. 2 that we may get the same volume
fraction of toluene, Φ2, at two different densities. In Eq. (15), the
values for Φ1 and Φ3 at the higher density must be different from
those at the lower density, resulting in different values for a2.

a2≡Φ2Γ2=Φ2exp[(1− Φ2)−Φ1(ν2/ν1)+(χ21Φ1+χ23Φ3)(Φ1+Φ3)
− χ13(ν2/ν1)Φ1Φ3+ν2(νe/V0)(Φ1

1/3− Φ3/2)] (15)

Also, for a given activity of toluene, we have two different volume
fractions of toluene as they are at different fluid densities. Because
the activity coefficient of toluene Γ2 decreases with increasing pres-
sure [Shim and Johnston, 1989] or density, Φ2 should be larger at
the higher density for the same a2. For the impregnation of poly-
mer, a medium pressure and any lowest possible temperature cor-
responding to the maximum activity of toluene are preferred, as it
allows the largest amount of sorption. For purification of polymer,
a high pressure and a highest possible temperature corresponding
to the lowest activity may be chosen, as the least amount of solute
can exist in the polymer at this condition.

In the pressure plot, we can see the complex behavior of the dis-
tribution coefficient that is defined by Eq. (6). The lines have at least
one inflection point and are very steep downwards near the highly-
adjustable critical range for the solute [Shim and Johnston, 1989].
When the distribution coefficient K2 calculated by Eq. (7) was plotted

as a function of density, however, the plot appeared much sim
(Fig. 6). The logarithm of the distribution coefficient decreased m
notonically but slightly concaved upward. The distribution coef
cient (solid-line) was calculated from the Flory/Peng-Robinson m
el using the binary interaction parameters. In this model, the f
phase nonideality was corrected with the fugacity coefficient c
culated by Peng-Robinson EOS. The polymer phase nonide
was corrected with the activity coefficient calculated by the Flo
equation. The figure shows that the model predicts the distribu
coefficients very well. I confirmed again that density is a tool mu
better than pressure to explain the supercritical fluid behavio
2. Capacity Factors and Distribution Coefficients by the Elu-
tion SFC

From the definition in Eq. (8), the capacity factors can be ea
obtained from the experimental retention times of a marker an
solute that were measured by the fast elution SFC. Unfortuna
the capacity factors include additional retention due to the ads
tion on the bare silica that causes an experimental error. By the
finition of the capacity factor in Eq. (8) we can write the followin
relation between the capacity factors:

(16)

where k2
t is the capacity factor of solute in the polymer-coated sili

k2
P is the net capacity factor in polymer; k2

s
 is the capacity factor in

the bare silica; n2 is the number of moles of the solute; and the su
erscripts t, P, F, and s designate “total (polymer+silica),” “polym
“fluid,” and “silica,” respectively. From Eq. (16) the net capaci
factor of solute can be obtained by subtracting k2

s
 from k2

t
.

(17)

This net capacity factor may be free of retention due to the ads
tion on the silica surface. The average deviation of the amoun
correction was 2%. Fig. 7 shows that the logarithm of the net ca
ity factors for phenanthrene decreases linearly with density fo
temperatures. At higher densities, the solvent strength of the 

k2
t

 = 
n2

P
 + n2

s

n2
F

---------------  = 
n2

P

n2
F

-----  + 
n2

s

n2
F

-----  = k2
P

 + k2
s

k2
P

 = k2
t

 − k2
s

Fig. 6. The logarithm of the distribution coefficient of toluene (0.14
mole% in the fluid phase) decreases almost linearly with
fluid density.

Fig. 7. The linear behavior of the capacity factors of phenanthrene
measured with 7% silicone rubber-coated silica column.
These factors were corrected for adsorption on the silica
surface.
January, 2002
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phase is larger and the retention becomes shorter than at lower den-
sities. The factors also decrease with temperature. At higher tem-
peratures, we have shorter retention time than at lower temperatures
due to the higher energy and thus faster molecular motion of solute
molecules. The phase equilibrium favors the fluid phase and the
solute molecules easily desorb at this condition.

The distribution coefficients were more easily and quickly obtain-
ed from the corrected (net) capacity factors and the phase ratio than
those from the sorption measurement (the frontal analysis SFC).
The net capacity factor and the phase ratio used here were cor-
rected for polymer swelling by Eq. (11) with the data of Shim [1990].
Fig. 8 shows the distribution coefficients for toluene, naphthalene,
and phenanthrene at 308.15 K. The solid lines were calculated by
Eq. (12) using the Henry’s constants in Shim and Johnston [1991b].
The distribution coefficients for the three solutes were nearly paral-
lel each other. Phenanthrene had 7 to 25 times larger values than
toluene, and naphthalene had 2 to 5 times larger values. The dis-
tribution coefficients by the elution SFC showed near linear behav-
ior similar to those from the frontal analysis SFC.
3. Prediction of the Ternary Phase Behavior

The ternary-phase behavior of a CO2-liquid solute(toluene)-sili-
cone rubber system was fairly simple since the rubber is crosslinked
and is essentially insoluble in both fluid CO2 and liquid toluene.
There were a liquid(1)-liquid(2)-vapor three-phase region for this
ternary system at 308.15 K and 40 bar (Fig. 10). Here, “Liquid(1)”
is the silicone rubber-rich phase; “liquid(2)” is the toluene-rich phase;
and “vapor” is the CO2-rich fluid phase. The concentrations of CO2

and toluene at the three-phase boundary were 6.7 and 29.4 wt%,
respectively. The right-hand side of this three-phase region is the
liquid(1)-liquid(2) two-phase region and the left-hand side is the
liquid(1)-vapor two-phase region. The experimental distribution
coefficient data at finite concentration may be used to construct a
tie-line on the left edge of this region, allowing us to predict tie-
lines at higher concentrations. The tie-line in Fig. 9 was the one thus
obtained. At pressures higher than 75 bar, there exists only a liq-
uid(1)-vapor two-phase region and a silicone rubber-rich one-phase
region. The advantage of high pressure is that there is no restriction

on the concentration of toluene in the fluid phase. It is possibl
impregnate large amounts of liquid solute into the polymer from
fluid.

For a ternary system containing a solid solute such as naph
lene and phenanthrene, the phase diagram has a somewhat 
ent shape [Shim and Johnston, 1991b]. These solutes are soluble in
CO2, but CO2 is essentially insoluble in the crystalline solid phas
The equilibrium tie-lines between the fluid mixture and the po
mer are predicted by the Flory/Peng-Robinson model with Fl
binary interaction parameters. The sorption of solid solute may oc
cur slowly and inefficiently if it directly contacts the polymer. Th
supercritical fluid accelerates sorption by swelling the polymer, e
if the concentration of the solute is not so high. This kind of ph
diagram has practical importance for the application of the su
critical fluid polymer processing and can be calculated from the 
ary solubility data and the infinite dilution distribution coefficien
data. These ISFC experimental methods provide a rapid and
cient tool for determining distribution coefficients at infinite dilu
tion as discussed above.

CONCLUSIONS

Two ISFC methods, frontal analysis SFC and elution SFC, h
been found to be useful in measuring the equilibrium distribut
coefficients of solutes (either liquid or solid) between a polym
and a supercritical fluid. The abnormal-maximum behavior of s
ute sorption in the polymer phase could be explained by the f
and solute properties, φ2P/P2

sat, that are closely related to the solve
strength of the fluid. An interesting open-elliptic shape sorption cu
is due to the change of fugacity coefficient upon pressure. The 
ume-fraction curve had a similar shape to the sorption curve
was a little flatter. Elution SFC proved to be easier and faster
measuring the sorption and the distribution coefficients than the f
tal analysis SFC, without mentioning the conventional metho
However, a correction on the capacity factor was necessary to e
inate the retention due to the adsorption on the surface of the 

Fig. 8. The distribution coefficients of toluene, naphthalene, and
phenanthrene at 308.15 K versus the density of CO2. Solid
lines are calculated by Eq. (12).

Fig. 9. The triangular phase-diagram for the silicone rubber(cross-
linked)-CO2-toluene ternary system at 308.15 K and 40 bar,
which is based on weight fraction. The dashed line is a tie-
line and the shaded area is a 3-phase region.
Korean J. Chem. Eng.(Vol. 19, No. 1)
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support. The logarithm of the distribution coefficient shows a mo-
notonic decrease with the density of the supercritical fluid.

The Flory/Peng-Robinson model was useful to predict the phase
equilibria of solute-polymer-supercritical fluid ternary systems. It
predicted very well the distribution coefficients at finite concentra-
tion and fairly well at infinite dilution with only binary interaction
parameters in the literature. Another important result is that the dis-
tribution coefficient obtained at finite concentration or at infinite
dilution could be used to predict the phase equilibria at much higher
concentrations. The information on the phase equilibria was plotted
on a ternary-phase diagram of a system containing a solute. These
phase equilibria are useful in understanding and designing the pol-
ymer impregnation and purification processes.
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