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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,CIhe 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 propepf$:*. 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.
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INTRODUCTION

Superecritical fluids received only little attention until the 1970's O
when they began to be considered as solvents for low-cost prc

cessing of food and pharmaceutical products. In the mid-1980’s
the scope of supercritical fluid technology widened to include sepa

’ ; . 4 Pure Polymer Swelling and Impregnation Impregnated Polymer
rations, reactions, and material processing of complex substanci e leh .
such as polymers, surfactants, and bio-molecules [McHugh and Krt e TN o
konis, 1994]. An impetus for this expansion was the need to re oS\ Add o (1w T NS Remove
. . °oo°g: —_— ) ——
spond to the increased performance demands on the materials tt Q200 Fluid o\ o7 [ Fluid Mixture
conventional techniques could not meet. Polymer processing witt o N
supercritical fluids includes fractionation, impregnation and purifi- A

. . Polymer with Impuri Swelling and Desorption Purified Polymer
cation of polymers, formation of porous or powdery polymers [Mc- Y purtty 9 P Y

Hugh and Krukonis, 1994], and dispersion polymerization [Shim Fig. 1. A schematic diagram describing the polymer impregnation-
et al,, 1999, 2001]. Since they have solvent strengths adjustable con- ~ nd purification processes. The purification process is re-
tinuously with temperature and pressure, the SFs are more advan- verse of the impr egna_tlo.n process. .
. . . o (O) additive or impurity; (-) supercritical fluid

tageous in polymer processing than the conventional liquid sol-
vents whose strengths are only modestly adjustable with tempera-
ture. Purification may be considered as a reverse process of the impreg-

Superecritical fluids also swell polymers so that they may be im-nation but uses the same concept of phase equilibrium (Fig. 1). For
pregnated rapidly (8 orders of magnitude for glassy polymers) withboth processes the supercritical fluid penetrates and swells the pol-
additives such as pharmaceuticals, flavors, fragrances, insecticidegmer fast [Chang et al., 1998], promoting the diffusion of the larger
etc., for controlled release applications [Berens et al., 1988; Sandolute molecules into or out of the polymer.
1986], or with additives such as dyes [Saus et al., 1993; Chang et An important factor required in designing the polymer impreg-
al., 1996], pigments, stabilizers, plasticizers, electrically conductivenation and purification processes is the equilibrium distribution coef-
agents, and toughness-improving agents. Polymers may be pufficient of a solute between a polymer and a supercritical fluid. The
fied by extraction of oligomers, monomers, residual solvent, anddistribution coefficient is also used in determining other thermody-
other impurities with pure supercritical fluids [Paulaitis et al., 1983]. namic properties. The polymer-solute Flory interaction parameters
are fundamental thermodynamic relations that are necessary to cal-
To whom correspondence should be addressed. culate the distribution coefficient. However, these thermodynamic
E-mail: jjshim@yu.ac.kr parameters are scarce in ternary systems containing polymers and
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Distribution of Solutes Between Polymer and Supercritical Fluid by ISFC 147

supercritical fluids. Conventional pressure-volume-temperature measas included in the calculation. A thermodynamic model based on
urement (for example, partial molar volume measurement by Eckthe Flory equation and the Peng-Robinson equation was employed
ert et al., 1986) or gravimetric sorption measurement [Berens antb explain the behavior and to predict thermodynamic properties
Huvard, 1989] is difficult to apply at elevated pressures. Those ar¢hat are relevant to polymer processing with supercritical fluids.
very time-intensive and may not be appropriate when the solute is
at infinite dilution. Without these restrictions the SFC has become THEORY
an attractive technigue to determine those thermodynamic properties.

In principle, a variety of interesting physical and chemical prop-1. The Frontal Analysis SFC
erties can be obtained by inverse gas chromatography (IGC) and Since rubbery polymers behave as highly viscous liquids, the
inverse high performance liquid chromatography (IHPLC). How- partitioning of a solute between a polymer and a SF may be de-
ever, IGC is restricted due to the limited volatility and thermal sta-scribed by the following simple vapor-liquid phase equilibrium sug-
bility of many organic compounds, and IHPLC, due to the limita- gested by Prausnitz et al. [1999]. Here, the fluid phase is consid-
tions of the solute diffusion in the mobile phase, causing long analyered as a vapor phase and the rubbery polymer phase, as a liquid
sis time. ISFC overcomes these difficulties and permits high rephase. An ideal gas reference state and a (hypothetical) pure liquid
solution at low temperatures with short analysis time [Bartle, 1988].standard state are, therefore, chosen for the supercritical fluid and
ISFC has been used to measure thermodynamic properties of sdbr the solvent in the polymer, respectively.
utes [van Wasen et al., 1980; Olesik et al., 1987; Yonker and Smith, o
1988; Shim and Johnston, 1989, 1991a, b]. This chromatographic y,@P =P g*e pg,(FI;_TPf’)% 1)
method is often called elution chromatography. The basic parame-

ter for ISFC is the capacity factor, k, which is defined by the mole\yhere yis the mole fraction of i in the fluid phase (unity for a pure
ratio of the solute between a polymer and a fluid phase, and is desolvent),q is the fugacity coefficientp, is the volume fraction in
termined by the retention times of the solute and an unretained marihe polymerf, is the activity coefficient in the polymer=His the

er. The distribution coefficient of a solute is calculated from this ca-yapor pressure which may be extrapolated above the critical pres-
pacity factor and the phase-volume ratio of the mobile phase to thgyre if necessarg™ is the fugacity coefficient at the vapor pres-
stationary phase in the column. sure; and)¥  is the partial molar volume of i in the polymer phase.

The phase equilibrium is considerably more complex in the elu-ote that the activity coefficieit is defined as &b, based on the
tion SFC than in IGC because the interactions in the dense-fluidolume fraction, where & the activity of i in the polymer phase.
(mobile) phase are highly nonideal, and because the carrier fluigt js particularly useful for polymer systems, as it does not require
swells the liquid (stationary) phase. Therefore, it is challenging tothe molecular weight or the molecular weight distribution of the
understand this behavior and to determine thermodynamic propegyolymer.
ties by the ISFC. An important factor influencing the properties from  n gq;. (1) the two governing factors describing the nonideality
the ISFC is the SWe"ing of the Stationary phase By including theare(n for the fluid phase arﬂ for the po|ymer phase The Peng-
swelling data of polymers, more accurate properties can be deterobinson EOS [1976] may be used to obtain the fugacity coeffi-
mined from the distribution coefficient [Shim and Johnston, 1991a.cient and to describe the binary mixture in the fluid phase (since
b]. It is also important to eliminate the contribution of surface ad-there is no polymer molecule in the fiuid phase for any crosslinked
sorption to the solute retention, so that only the absorption into thgyolymer).
bulk polymer phase is considered in the determination of thermo-
dynamic properties. This can be accomplished by subtracting the Ing =—(Z 1) -In(Z -B)
capacity factor on the bare silica support from the capacity factor
in the polymer-coated silica. The resulting net capacity factor is due A R2Yyya bl z+1+/2)B
primarily to bulk absorption into the stationary-liquid coating [Card 2/2B0 a b% 7 +(1-/2)BY
et al., 1985; Shim and Johnston, 1991a, b].

While most chromatographic studies have been done at condfOn the contrary, the simple Flory theory [1969] may be adopted to
tions of infinite dilution, measurement of thermodynamic proper- describe the polymer phase, where the free energy of mixing of a
ties at finite solute concentration is also possible [Shim and Johnstof§rosslinked polymer with a solvent consists of an entropic term, an
1989]. In the frontal analysis technique, a stream of pure carrier fluig@nthalpic term that includes the Flory interacparametery, and
is equilibrated with the stationary phase of the column and then rethe elastic free energy term for the expansion of the network struc-
placed by a continuous stream of carrier mixed with solute vapofure. For a binary system the activity coefficient of the solvent 1
at a constant concentration [Conder and Young, 1979]. The resulin & crosslinked polymer 3 is obtained by differentiating the free
ing frontal boundary may be used to calculate the total number ofnergy of mixing with the result
molgs of the .sglute absorbed in the stationary phqse' anq the dis- INF, Z(1=1/X) D, +X 1,2+, (V) (O ~Dy/2) 3)
tribution coefficient of the solute. In this study, the distribution co-
efficients of solutes that were measured by the above ISFC werashere®, is the volume fraction of polymer; x is the ratio of the
compared with those predicted theoretically by a model. Predictiormolar volumes of polymer to solvent;is the molar volume of sol-
of the phase behavior at finite concentration from the data at invent;v, is the effective humber of chains in the network expressed
finite dilution will also be discussed. To obtain more meaningful in moles; and Yis the volume of the original unswollen polymer.
results than obtained previously, an additional retention correction For a ternary system, the activity coefficients of the two pene-

@

Korean J. Chem. Eng.(Vol. 19, No. 1)



148 J.-J. Shim

trants, 1 and 2, in the crosslinked polymer, 3, are provided by thehases, respectively.
following equations [Flory, 1969; Shim and Johnston, 1991b] Since the concentrations of the fluid and polymer phases are ex-
tremely small, we may introduce Henry’s law to describe the phase
Inl[,=(1-P,)-P ) D) (D, +D . :
ML= @)= VN + KB+ KisPo) (Do P equilibrium in the column. The Henry's constant may be obtained

—_ 1/3_
XelV i) PPV, VI V) (P~ 2) @ when K; is known. On the other hand, when the Henry’s constant
INF,=(1- D,) = P, (VV,) + (X1 Py +X 06 P3) (P + D) is available, Kmay be calculated from the following equation [Shim

~ Xus(VolV ) PP+, (V Vo) (P52 - D2) (5) and Johnston, 1991a]:

These equations may be used to predict the volume fractions and |, _vF QP
: : . == (12)

thus the degree of sorption of each penetrant in the polymer, given vh v (P-P)
the three binary Flory interaction parameters for the polymer phase Hz(PO)eXF{ZTJ

and the characteristic binary constapffér the fluid phase.

The equilibrium distribution coefficient of the penetrant may be Where H(P) is the Henry's constant at the reference pressre (P
defined as the ratio of the concentration in the polymer phase td he infinite dilution fugacity coefficient of the solugg, is obtained
that in the fluid phase [Shim and Johnston, 1989], from Eq. (2) derived from Peng-Robinson EOS. While the activity
coefficient of a solute at infinite dilution can be reduced from Eq.

-G -0V 5) with negligible®, as
= ©® O gligiblec,
. . L. Inr2°°: 1- ch(Vz/Vl) +X21¢1+X23q33_ X13(V2/V1)q31q33
where G and C are the concentrations of the solute in the liquid- VIV )(PE-D2) 13)
like polymer phase and in the fluid phase, respectivélis the
molar volume of the solute in the polymer phase which is approxi- RESULTS AND DISCUSSION

mated as that of pure (hypothetical) liquid; ahdissthe molar vol-

ume of the fluid phase. Combining Egs. (1) and (6) yields: 1. Solute Sorption and Distribution by the Frontal Analysis

K _V_F o.P (7) SFC
27 P —P/D _psa The equilibrium sorption of toluene in silicone rubber in the pres-
VzrzPZa‘@a[eXp[DYZ(Fl;—TPZI)E ence of CQwas measured by the frontal analysis SFC in our pre-
) vious study [Shim and Johnston, 1989], while the concentration of
2. The Elution SFC toluene in the fluid phase was maintained constant (0.14 mole%)
The capacity factor of the solute, i defined as the molar ratio  throughout the experiment. The amount of sorption showed maxi-
of solute between the liquid-like polymer(stationary)- and fluid(mo- um behavior at around 40 bar, but the sorption isotherms at two
bile) phases and is obtained directly from the retention time data ofjifferent temperatures intersected each other in the pressure plot.
the solute and a marker [Conder and Young, 1979] When the sorption was drawn as a function of density, the two iso-
Tt therms did not cross each other (Fig. 2). At 308.15 K, the sorption
TET 1 ®) curve had a maximum of 0.065 g/g £ density 0.08 g/ml and
then decreased rather rapidly to about 0.005 gigp€@e density

where 1§ and # are the number of moles of the polymer phase jncreased to 0.5 g/ml, thereafter it decreased slowly. Because the
and of the fluid phase, respectivelyist the retention time of the

solute; and,tis that of a marker which has the minimal retention.

k
2 n§ t

The molar ratio is written as the product of the concentration ratic 0.08 g T T g
and the phase volume ratio as [Shim and Johnston, 1991a]
P pp e 308.15K
n—i =C—i\LF ) . 008F A 34315K 5
n, GV kg
o — Model
where V and V are the volumes of the polymer- and the fluid phases 8
in the column, respectively. From Egs. (6), (8) and (9is kelated E- 0.04 .
to k, as follows: ﬁ
VF %
K, =kz\7 (10) @ 0.02
As the phase ratio varies upon the swelling of the stationary (liquid’
phase at high pressures, Eq. (10) may be modified to include th 0.00 . ) ) )
swelling effect as 0.0 0.2 0.4 0.6 0.8 1.0
F AP PP Fluid Density (g/ml
<, =i Ve ~AVAV; a Y (g/mh

1+AVVE Fig. 2. The amount of sorption of toluene in silicone rubber ex-
. ) ) pressed versus the density of CO
where \J/V/g'is the phase ratio at zero pressiné)/Vj, is the swell- — sorption predicted with the Flory/Peng-Robinson model

ing of the liquid phase; and F and P designate the fluid and liquid usingx;s in Shim and Johnston [1989].
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solvent strength and thus the extraction power of the fluid increasedivided by the saturation pressure of solge/B", has a shape
rapidly over the absorbing power of the polymer at densities largesimilar to the sorption curves in Fig. 2. Because it does not contain
than 0.08 g/ml, the amount of solute in the polymer decreased with inany polymer-phase-related properties but the fluid-phase fugacity
creasing pressure. The overall shape of the sorption curve at 343.tBefficient, the polymer phase is governed by the fluid phase. In
K was similar to that at 308.15 K, except for the fact that the heighiother words, the abnormal behavior of the sorption curve is explained
was reduced to 1/4th. by the change of the solvent power of the fluid with density. The

At densities lower than 0.08 g/ml, the sorption measurement wouldehavior was explained previously by the activity of solute in the
take tremendous time. So | tried to predict the sorption quantitapolymer phase [Shim and Johnston, 1989]. Since this activity varies
tively using a theoretical model (solid lines in Fig. 2). It can be easilymainly with the interactions between the fluid and solute molecules,
recognized that the gas phase is nearly ideal and therefore the sotthe total pressure of the system and the saturation pressure of the
tion increases almost linearly with density. As the density of the gasolute [Eq. (1)]@P/B™" is a better tool than the activity to under-
further increases, the sorption goes through a maximum, and thestand the behavior.
decreases rapidly as the solvent strength becomes significant. It hasWhen | plotted the sorption or the volume fraction of toluene
been widely known that the solubility is nearly proportional to the against the activity of toluene in the polymer phase, some interest-
density of the fluid. In this study, as the solute loading was fixed toing open-elliptic shape sorption curves were obtained (Figs. 4 and
0.14 mol%, the fluid C@at high densities must have extracted the 5). The higher the system temperature was, the smaller became the
solute that had already penetrated into the polymer phase, showiraipses. Along the bottom-half of the curve, the sorption and the
a maximum at the density of 0.08 g/ml. Therefore, the density revolume fraction increased with increasing activity of solute at low
presentation may be better for explaining the sorption behavior thadensities, while along the top-half, they decreased with decreasing
the pressure representation.

The sorption of toluene in silicone rubber at low pressures was
predicted by using the Flory/Peng-Robinson model suggested it
the previous section. The fugacity coefficients of, @@d toluene e Exp, 308.15K
were obtained by Eq. (2) derived from Peng-Robinson EOS with
the CQ-toluene characteristic binary constapt-8.090. The Flory 0.06
interaction parameters were determined from binary data in the lit
erature [Shim and Johnston, 1989]. The fugacity coefficients of tol-
uene and CQwere substituted into Eq. (1), and then combined with
Egs. (4) and (5). The resulting equations were solved and opti
mized to find suitable values for, and®,. Assuming that the sorp-
tion of CQ was not affected by the presence of dilute toluene, the
amount of sorption Svas calculated by Eq. (14).

0.08

a Exp, 343.15K

0.04

Solute Sorption (g/g)

0.02

2OV, +S,(p/p,) +1 0.00 : :
» . 0.0 0.1 0.2 0.3
wherep, andp, are densities of solute and polymer, respectively, a,

andAV/V, represents the amount of swelling of silicone rubber. Fig. _. - i -
3 shows that the product of the fugacity coefficient and pressurt'a: 'g. 4. Open-eliptic shape sorption curves versus the activity of
toluene. The open ends are located at the low activity sides

of the ellipses.

0.08
200 | 308.15K ® Exp, 308.15K
A Exp, 343.15K
0.06 r
— Model
g
o
% 100 1 < 004y
343.15 K
0.02 +
0 ' ' ' 0.00 . '
0.0 0.2 04 0.6 ° 0.0 0.1 0.2 0.3
Fluid Density (g/ml) a

Fig. 3. The fugacity coefficient times pressure divided by the satu-  Fig. 5. Open-elliptic shape volume-fraction curves versus the activ-
ration pressure of toluene versus the density of CO ity of toluene.
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activity at high densities. Shim and Johnston [1989] showed previas a function of density, however, the plot appeared much simpler
ously that the activity increases at low pressures but decreases @ig. 6). The logarithm of the distribution coefficient decreased mo-
high pressures. The activity at constant temperature depends mainhptonically but slightly concaved upward. The distribution coeffi-
upon both pressure and the fugacity coefficient of solute. At lowcient (solid-line) was calculated from the Flory/Peng-Robinson mod-
pressures, the system pressure primarily influences the activity sinagl using the binary interaction parameters. In this model, the fluid
the fugacity coefficient does not decrease much. At high pressureghase nonideality was corrected with the fugacity coefficient cal-
however, the fugacity coefficient decreases dramatically as the ineulated by Peng-Robinson EOS. The polymer phase nonideality
teraction between the solute and fluid molecules becomes signifiwas corrected with the activity coefficient calculated by the Flory
cant. In this region, the fugacity decrease overcomes the increagguation. The figure shows that the model predicts the distribution
of pressure and thus the activity decreases. Therefore, the sorptiamoefficients very well. | confirmed again that density is a tool much
varies with increasing pressure (density) along the elliptic curvebetter than pressure to explain the supercritical fluid behavior.
forming a maximum near the activity of 0.27. 2. Capacity Factors and Distribution Coefficients by the Elu-

For a given volume fraction of toluene | obtained two different tion SFC
activities: the larger one at lower density and the smaller one at higher From the definition in Eq. (8), the capacity factors can be easily
density. We have seen in Fig. 2 that we may get the same volumebtained from the experimental retention times of a marker and a
fraction of toluene,, at two different densities. In Eq. (15), the solute that were measured by the fast elution SFC. Unfortunately,
values ford, and®; at the higher density must be different from the capacity factors include additional retention due to the adsorp-
those at the lower density, resulting in different values,fora  tion on the bare silica that causes an experimental error. By the de-
finition of the capacity factor in Eq. (8) we can write the following

=@, [,=P 1-P)-P [} D) (P, +D. . .
=BT ,=PLXP(L Po) =P VIV) + (X Pr#XeP) (P4 ) relation between the capacity factors:

- X13(V2/V1)q31¢3+V2(VeN0)(¢¥3_ cDa/Z)] (15)
P S P S
Also, for a given activity of toluene, we have two different volume  k; :w =n—§ +n—§ =Kk; +k; (16)
fractions of toluene as they are at different fluid densities. Because L L

the activity coefficient of toluerg, decreases with increasing pres- where Kkis the capacity factor of solute in the polymer-coated silica;
sure [Shim and Johnston, 1989] or dengdityshould be larger at k¢ is the net capacity factor in polymefidthe capacity factor in
the higher density for the samg Bor the impregnation of poly-  the bare silica;.ris the number of moles of the solute; and the sup-
mer, a medium pressure and any lowest possible temperature cagrscripts t, P, F, and s designate “total (polymer+silica); “polymer;
responding to the maximum activity of toluene are preferred, as itfluid; and “silica;’ respectively. From Eq. (16) the net capacity
allows the largest amount of sorption. For purification of polymer, factor of solute can be obtained by subtractirfyokn K,
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. This net capacity factor may be free of retention due to the adsorp-
In the pressure plot, we can see the complex behavior of the didion on the silica surface. The average deviation of the amount of
tribution coefficient that is defined by Eqg. (6). The lines have at leastorrection was 2%. Fig. 7 shows that the logarithm of the net capac-
one inflection point and are very steep downwards near the highlyity factors for phenanthrene decreases linearly with density for all
adjustable critical range for the solute [Shim and Johnston, 1989kemperatures. At higher densities, the solvent strength of the fluid
When the distribution coefficient,Kalculated by Eq. (7) was plotted

ks =k> —k; a7

100
1000 T : : . b
[¢]
e 308.15K e W
A 343.15K 10 b o ]
100 L — Model | [ E
~ e % o
X o®0
) * 7
1F o 1
10 *o¥a .
L]
8 .l
K . i "
1 L . . . 0.2 0.4 0.6 0.8 1.0
0.0 0.2 0.4 0.6 0.8 1.0 Fluid Density (g/ml)
Fluid Density (g/ml) . . . .
Fig. 7. The linear behavior of the capacity factors of phenanthrene
Fig. 6. The logarithm of the distribution coefficient of toluene (0.14 measured with 7% silicone rubber-coated silica column.
mole% in the fluid phase) decreases almost linearly with These factors were corrected for adsorption on the silica
fluid density. surface.
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1000 T T T T Silicone Rubber

= Tol

100{

Ks

1 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0

Fluid Density (9/ml)

CO, Toluene

Fig. 8. The distribution coefficients of toluene, naphthalene, and
phenanthrene at 308.15 K versus the density of GC5olid
lines are calculated by Eq. (12).

Fig. 9. The triangular phase-diagram for the silicone rubber(cross-
linked)-CO ,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.

phase is larger and the retention becomes shorter than at lower den-
sities. The factors also decrease with temperature. At higher tenon the concentration of toluene in the fluid phase. It is possible to
peratures, we have shorter retention time than at lower temperatur@spregnate large amounts of liquid solute into the polymer from a
due to the higher energy and thus faster molecular motion of solutéuid.
molecules. The phase equilibrium favors the fluid phase and the For a ternary system containing a solid solute such as naphtha-
solute molecules easily desorb at this condition. lene and phenanthrene, the phase diagram has a somewhat differ-
The distribution coefficients were more easily and quickly obtain- ent shape [Shim and Johnston, 199Tbése solutes are soluble in
ed from the corrected (net) capacity factors and the phase ratio tha@O,, but CQ is essentially insoluble in the crystalline solid phase.
those from the sorption measurement (the frontal analysis SFC)he equilibrium tie-lines between the fluid mixture and the poly-
The net capacity factor and the phase ratio used here were camer are predicted by the Flory/Peng-Robinson model with Flory
rected for polymer swelling by Eq. (11) with the data of Shim [1990]. binary interaction parametefi$e sorption of solid solute may oc-
Fig. 8 shows the distribution coefficients for toluene, naphthalenecur slowly and inefficiently if it directly contacts the polymer. The
and phenanthrene at 308.15 K. The solid lines were calculated bgupercritical fluid accelerates sorption by swelling the polymer, even
Eq. (12) using the Henry's constants in Shim and Johnston [1991bjf the concentration of the solute is not so high. This kind of phase
The distribution coefficients for the three solutes were nearly paraldiagram has practical importance for the application of the super-
lel each other. Phenanthrene had 7 to 25 times larger values tharitical fluid polymer processing and can be calculated from the bin-
toluene, and naphthalene had 2 to 5 times larger values. The diafy solubility data and the infinite dilution distribution coefficient
tribution coefficients by the elution SFC showed near linear behavdata. These ISFC experimental methods provide a rapid and effi-

ior similar to those from the frontal analysis SFC. cient tool for determining distribution coefficients at infinite dilu-
3. Prediction of the Ternary Phase Behavior tion as discussed above.

The ternary-phase behavior of a &iuid solute(toluene)-sili-
cone rubber system was fairly simple since the rubber is crosslinked CONCLUSIONS

and is essentially insoluble in both fluid Cénd liquid toluene.

There were a liquid(1)-liquid(2)-vapor three-phase region for this Two ISFC methods, frontal analysis SFC and elution SFC, have
ternary system at 308.15 K and 40 bar (Fig. 10). Here, “Liquid(1)” been found to be useful in measuring the equilibrium distribution
is the silicone rubber-rich phase; “liquid(2)” is the toluene-tich phase;coefficients of solutes (either liquid or solid) between a polymer
and “vapor” is the C@xich fluid phase. The concentrations of O and a supercritical fluid. The abnormal-maximum behavior of sol-
and toluene at the three-phase boundary were 6.7 and 29.4 wt%ate sorption in the polymer phase could be explained by the fluid
respectively. The right-hand side of this three-phase region is thand solute propertieg,P/B?, that are closely related to the solvent
liquid(1)-liquid(2) two-phase region and the left-hand side is the strength of the fluid. An interesting open-elliptic shape sorption curve
liquid(1)-vapor two-phase region. The experimental distribution is due to the change of fugacity coefficient upon pressure. The vol-
coefficient data at finite concentration may be used to construct aime-fraction curve had a similar shape to the sorption curve but
tie-line on the left edge of this region, allowing us to predict tie- was a little flatter. Elution SFC proved to be easier and faster for
lines at higher concentrations. The tie-line in Fig. 9 was the one thumeasuring the sorption and the distribution coefficients than the fron-
obtained. At pressures higher than 75 bar, there exists only a ligal analysis SFC, without mentioning the conventional methods.
uid(1)-vapor two-phase region and a silicone rubber-rich one-phaselowever, a correction on the capacity factor was necessary to elim-
region. The advantage of high pressure is that there is no restrictianate the retention due to the adsorption on the surface of the silica
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support. The logarithm of the distribution coefficient shows a mo- Kuwahara, N., Okazawa, T. and Kaneko, M., “Osmotic Pressures of

notonic decrease with the density of the supercritical fluid. Moderately Concentrated Polydimethyl Siloxane Solutiahs;
The Flory/Peng-Robinson model was useful to predict the phase Polym. Scj Part C 23, 543 (1968).

equilibria of solute-polymer-supercritical fluid ternary systems. It McHugh, M. A. and Krukonis, V. J., “Supercritical Fluid Extraction:

predicted very well the distribution coefficients at finite concentra-  Principles and Practice!2ed., Butterworths-Heinemann, Boston

tion and fairly well at infinite dilution with only binary interaction (1994).

parameters in the literature. Another important result is that the disNg, H. J. and Robinson, D. B., “Equilibrium Phase Properties of the Tol-

tribution coefficient obtained at finite concentration or at infinte  uene-Carbon Dioxide Systend; Chem. Eng. Daf®23(4), 325

dilution could be used to predict the phase equilibria at much higher (1978).
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