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Abstract-Two methods of inverse supea-critical fluid chromatography (ISFC), frolltal analysis supercritiml fluid dlro- 
matography (SFC) and elution S FC, have been compared for the determination of distribution coefficients of solutes 
between a polymer and a supercritical CO> The logarithm of the distribution coefficient showed monotonic decrease 
with the density of the superclitical fluid (SF). The abllormal-maximtml behavior of solute sorption in the polymer 
phase was explained by the fluid arid solute properties, d?,P/P~ ~. Interesting ope11-ellipfic shapes of soYptio11 and volulne- 
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-RobhlsO11 equation of state (EOS) successfially predicted the phase bchavio1- of tile 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, Superclitiml Fluid, Polylnel; Solute, So1-ptioI1. Supei~ifical Fluid Chromatography, 
Phase Equilibrium 

I N T R O D U C T I O N  

Superclitical fluids received o,lly liRle attention until die 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 superclitical fluid technology widened to include sepa- 
rations, reactions, and material processing of complex substances 
such as polymers, surfactants, and bio-molecnles [McHugh and Km- 
konis, 1994]. An impetus for this expansion was the need to re- 
spond to the increased performance demands on the materials that 
conventiollal techniques could not llleet. Polymer processing with 
supercritical finds includes fi-actionation, impregnation and purifi- 
cation of polymers, formation of porous or powdel T polymers [Mc- 
Hugh and Kmkonis, 1994], arid dispersio11 polylnerizatio11 [Siren 
et al., 1999, 21))1]. Since they have solvent s1iengths adjustable con- 
lmuously with telnperature and pressure, the SFs are 111ore advan- 
tageous in polymer processing than the conventional liquid sol- 
veils whose strengths are only modestly adjustable with tempera- 
hire. 

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, fi-agmnces, insecticides, 
etc., for controlled rdease applications [Bereus et al., 1988; San& 
1986], Ol-with a&!itives such a,s 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 ex~action of oligomers, monomers, residual solvent, and 
other impurities withpure supercritical fluids [Paulaitis et al., 1983]�9 
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Fig. 1. A schemalic diagram describing the polymer impr~nation- 
and purilimtion processes. The purifimtion process is re-  
verse of the impregnation process. 
(:i)) additive or impurity; (.) supercritical fluid 
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tktrificatio11 may be considered as a reverse process of the impreg- 
nation but uses the same concept of phase equilibrium (Fig. 1 I. For 
both processes the supercritical fluid penetrates and swells the 12ol - 
y111er fast [Chang et al., 1998], promoting the ditfiasion of the larger 
solute molecules into or out of the polymer�9 

An important factor required in designing die poly111er impreg- 
nation and ptuqfication processes is the equilibrium distribution coef- 
ficient of a solute between a polymer and a supercritical fluid. The 
disbibufion coefficient is also used in detenninmg other thennody- 
namic properties. The polymer-solute Flory interaction parameters 
are fimdameutal thermodynamic relations that are necessary to cal- 
culate the disbibutio11 coefficient. Howevel; these thennodyi~nic 
parameters are scarce in ternary systems containing polymers and 
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supercritical fluids. Conve~onal pressurewolurne-temperaure meas- 
urement (for example, partial molar volume measurement by Eck- 
err et al., 19861 or gmvimetric sorption measurement [Berens and 
Huvard~ 1 989] is difficult to apply at elevated pressures. Those are 
very trine-intensive and may not be appropriate when the solute is 
at infinite dilution. Without these restrictions the SFC has become 
an a~-active ted~ffque to detemtine fftose fftmnodyi~nic properties. 

In principle, a variety of interesting physical and chemical prop- 
erties can be obtained by inverse gas chromatography (IGCI and 
inverse high perfonnance liquid chromatoga'aphy (IHPLC 1. 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 diffmion in the mobile phase, causing long analy- 
sis time. ISFC overcomes these difficulties and permits high re- 
solution at low telnperattaes with short analysis trine [Bartle, 1988]. 
ISFC has been used to measure thermodynamic properties of sol- 
ntes [van Wasen et al., 1980; Olesik et al., 1987; -~bnker and Smith, 
1 988; Shim and Jotmston, 1989, 1991a, b]. Tiffs dn-ontatograptfic 
method is often called elution chromatography. The basic parame- 
ter for ISFC is rite capacity factol; 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 disbibution coetticient of a solute is calculated fiont tiffs ca- 
pacity factor and the phase-volume ratio of the mobile phase tothe 
stationary phase in the column. 

The phase equiliblitan is considel-ably more complex in the elu- 
tion SFC than in IGC because the interactions in the dense-fluid 
(mobile) ptkase are tffgtfly nonideak and because the camer fluid 
swells the liquid (stationaryl phase. Therefore, it is challenging to 
understand this behavior and to determine thermodynamic proper- 
ties by the ISFC. An importmlt factor ffN~nc~g the properties fi-Ollt 
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 Jol-~ston, 1991a, 
b]. It is also important to eliminate the contribution of surface ad- 
so~ptica to rite solute retention, so that o,fly the absc~ptic~t into the 
bulk polymer phase is considered in the determination of thermo- 
dynamic properties. This can be accomplished by subtracting the 
capacity factor on rite bare silica support fi-ont the capacity factor 
in the polymer-coated silica. The resulting net capacity factor is due 
prmtmily to bulk absolptic~t into the stationmy-liquid coatiug [Card 
et al., 1985; Shim and Johnston. 1991 a, b]. 

While most chromatographic studies have been done at condi- 
lions of inflIffte dilutic~ measuremmt of titennodynanfic proper- 
ties at finite solute concentpation is also possible [Shim and Johnston, 
1 989]. In the frontal analysis technique, a stream of pure carrier fluid 
is equilibrated with the stationary phase of the cohmm and then re- 
placed by a continuous stream of career mkxed with solute vapor 
at a constant concei~-ation [Conder and ~bung, 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- 
bibution coefficient of the solute. In riffs study, rite disbibution co- 
efficients of solutes that were measured by the above ISFC were 
compared with ritose 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 a&!ifional retention correction 

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

T I t E O R Y  

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

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

y,~,P - -~  ] (1) 

where y, is the mole fi-action of i in the fluid phase (unity for a pure 
solventl; 4, is the fugacity coefficient; q), is the volurne fraction in 
rite pdymer; F~ is the activity coefficient in the polymer; p,~t is rite 
vapor pressure which may be extrapolated above the critical pres- 
sure it" necessary; ~,~t is the fugacity coefficient at the vapor pres- 
sure; and v~ is the pa-tial molar volume of i in the polymer phase. 
Note that the activity coefficient F, is defined as a/q), based on the 
volume fiacfion, where ~ is the activity of i in the polymer ptmse. 
F, is particularly useful for polymer systems, as it does not require 
the molecular weight or the molecular weight distribution of the 
polymer. 

In Eq. ( 1 ) the two governing factors describing the nonideality 
are 4, for the fluid phase and F, for the polymer ptmse. The Peug- 
Robinson EOS [1976] may be used to obtain the fugacity coeffi- 
cient and to describe the binary mixture in the fluid phase Isince 
there is no polymer molecule in rite fluid phase for any crosslm_ked 
polymer 1. 

ln~,=~(Z 1) ln(Z B) 

a (2aY~g, _~ ]ht(Z +( 1 +4~-)B 
2~_B / a b)  \Z +(1-,4g2- )B ) (2) 

On rite coim-ary, rite simple Flory theory [1969] may be adopted to 
describe the polymer phase, where the free energy of mkxing of a 
crosslinked polymer with a solvent consists of an entropic term, an 
enthalpic tenlt that includes rite Flory interaction paralltetel; ~, atd 
the elastic free energy term for the expansion of the network slruc- 
rare. For a binary system the activity coefficient of the solvent 1 
in a crosslitkked polymer 3 is obtained by differentiating the flee 
energy of mi:dng with the result 

inF~ =(i i/x)@3 +XnoP~ @VI(VJ/V0)(OI3 d 4p/2) (3) 

where O~ is the volume fi-action of polymer; x is the ratio of the 
mola  vokanes of polymer to solvent; Vl is the mola  vokane of sol- 
vent; v, is the effective number of chains in the network expressed 
in moles; and Vo is tire volume of fire original uuswollen polymel: 

For a t emay  system, rite activity coefficients of rite two pene- 
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b-anCs, 1 and Z m tile crosslillked polylnei; 3, are provided by tile 
following equations [Flow, 1969; Shim and Johnston, 1991b] 

lnF~ (1 ~ )  ~Jv/v~)+O&~+)&s%)(~+~) 
- Z ~ ( v / v ~ ) ~ + v ~ ( v / % ) ( ~ f  - ~#2)  (4) 

Z~#v21v,)@~% +v2(v]'v~)(~ ~ ~#2) (5) 

These equations may be used to predict the volume fractions and 
thus tile degree of sc~ption of each peneb-ont m tile polynlel; given 
tile tinee binary Flory interaction parameters for tile polymer phase 
and the characteristic binary constant kl2 for the fluid phase. 

Tile equilibrium distribution coefficient of tile peneb-mt may be 
defined as the ratio of the concenWation in the polymer phase to 
that m tile fluid phase [Shim and Jotmston, 1989], 

c.f O/vf (6) 
K2 C? y/V ~ 

where Cp and Cs are the concenirations of the solute in the liquid- 
like polylner phase and ill tile fluid phase, respectively; vf is tile 
nlolar vokane of tile solute in tile polynler phase which is approxi- 
mated as that of pure I hypothetical I liquid; and v p is the molar vol- 
ume of tile fluid phase. Combining Eqs. (1) and (61 yields: 

v P (~2P 
K2 - ~7) 

2. The Elut ion S F C  

The capacity factor of the solute~ k~, is defmed as the molar ratio 
of solute betwem tile liqmd-l~e polymei~ stat io~y ~ and fluidlnlo- 
bile } phases and is obtained directly froln tile retention time data of  
tile solute and a marker [Conder and kbung, 1 979] 

n~ L to (8) 
o F t0 n )  

where nf and n~ are the ntmaber of moles of the polymer phase 
and of tile fluid phase, respectively; L, is tile retention time of tile 
solute; and tc is that of a nlmker which has tile minimal retention. 
The molar ratio is ~ml~en as the product of the concenlration Patio 
and tile phase vohane ratio as [Siren and Jotmston, 1991 a] 

nf CpV ~ (9) 
nf CfV ~ 

where V ~ and Veare the volumes of the polymer- and the fluid phases 
ill tile colunm~ respectively. From Eqs. (6), (8) and (9), K, is related 
to k; as follows: 

V e 
K~ =k@- 7 (10) 

As tile pt~se Patio varies upon tile swellilg of the station~y (liquid) 
phase at high pressures, Eq. (101 may be modified to include tile 
swelling effect as 

K2 =k, V~ -AVe/V# (11) 
1 +AVP/Vf 

whole Vg/V{is tile phase Patio at zero plesstae; AVP/V~ is tile sweU- 
ing of the liquid phase; and F and P designate the fluid and liquid 

phases, respectively. 
Since the concenlrations of the fluid and polymer phases are ex- 

tlelnely small we may illtroduce Heiny's law to describe tile phase 
equilibrium m tile cokalm. Tile Henry's constant may be obtailled 
when K, is kaaown. On the other hand, when the Henry's constaut 
is available, ~ may be calculated fionl tile foUowing equation [Shim 
and Johnston. 1991 a]: 

v e ~;'p 
K, - (12) 

- V P - - P  " 0 -' 0 Fv (P P )] 
] 

where Ho4P~ is tile Henry's constant at tile reference pressure (p01. 
Tile infinite dilution fugadty coefficient of tile solute, ~,  is obtained 
from Eq. (21 derived from Peng-Robinson EOS. While the activity 
coefficient of a solute at infinite dilution can be reduced fronl Eq. 
(5) with negligible O~ as 

hlF['=l Oi(v2/vO+z.~i@i+X2fi> ~ Zi#v.JvD@fi>~ 

+v , (v / '%) (~ -~ /2 )  (] 3) 

R E S U L T S  A N D  D I S C U S S I O N  

1. Solute Sorption and Distribution by  the Frontal  Analysis  

S F C  

Tile equilibriual SOlpfion of toluene ill silicone robber in file pres- 
ence of CQ, was measured by the frontal analysis SFC in our pre- 
vious study [Shim and Jotmstc~ 1989], while tile concentration of 
toluene m tile fluid phase was mailltained constant (0.14 mole% I 
throughout the experiment The amount of sorption showed ma:d- 
nlUlI1 behavior at around 40 bar, but tile SOlption isotilemls at two 
different tenlpel-atures intersected each other in tile pressure plot. 
Wtlen tile SOlption was &-awn as a function of density, tile two iso- 
tilemls did not cross each other (Fig. 21. At 3(~.15 K, tile SOlption 
curve had a maximurn of 0.065 g/g CO~ at density 0.08 g/ml and 
then decreased lather rapidly to about 0.005 g/g CO2 as tile density 
increased to 0.5 g/nil, tilereafler it decreased slowly Because tile 
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Fig. 2. Tile amount  of sorption of toluene in silicone rubber ex- 
pressed versus the density of COy 

sorption predicted with the Flory/Peng-Robinson model 
using %7~s in Shim and Johnston [1989]. 
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solvent strength and thus the exlraction power of the fluid increased 
iapidly over tile absorbing power of tile polyln~ at densities lager 
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 ti~at at 308.15 K, except for tile fact that tile height 
was reduced to 1/4th. 

At densities lower ti]an 0.08 g/ink tile sorption nleasurement would 
take tremendous time. So I tried to predict the sorption quantita- 
tively using a theoretical model (solid lines in Fig. 21. It can be easily 
recognized that tile gas phase is nearly ideal and therefore tile sorp- 
don increases almost linearly with density. As the density of the gas 
fiJ~her increases, the sorption goes through a ma:dmum, and then 
decreases rapidly as the solvent strength becomes significant Ithas 
been widely l~own that the solubility is nearly proportional to the 
density of tile flui& In tilis sa~_ly, as tile solute loading was f~xed to 
0.14 mol%, the fluid CO~ at high densities must have extracted the 
solute that had already penetrated into the polymer phase, showing 
a maxinmm at tile density of 0.08 g/ml. Therefore, tile density re- 
presentation may be better for explaining the sorption behavior than 
tile pressure representation. 

The sorption of toluene in silicone robber at low pressures was 
predicted by using the Flory/Peng-Robinson model suggested in 
tile previous sectioi1 Tile fugacity coefficients of CO~ and toluene 
were obtained by Eq. (21 derived from Peng-Robinson EOS with 
the CO2-toluene characteristic binary constant, k~2=0.090. The Flory 
interaction parameters were detennined froln binary data in tile lit- 
erature [Shim and Johnston, 1989]. The fugacity coeflScients of tol- 
uene and C Q  were substituted into Eq. (11, and tii~i combined with 
Eqs. (41 and 151. The resulting equations were solved and opti- 
mized to find suitable values for q)~ and q)2. Assuming that the sorp- 
don of CO~ was not affected by tile presence of dilute toluene, tile 
amount of  sorption S~ was calculated by Eq. ( 141. 

S2 ( PiP2 ) @, - (14) 
AV/V0 + S,(pfp~ ) + 1 

wh~e p, and P3 are densities of solute and polymel; respectively, 
and AV/Vu represents the amount of swelling of silicone mbber. Fig. 
3 shows that the product of the fugacity coefficient and pressure 

divided by the saturation pressure of solute, (~,P/P~"~, has a shape 
similar to the soiptim curves in Fig. 2. Because it does not contain 
any polymer-phase-related propemes but the fiNd-phase fngacity 
coefficient, the polymer phase is governed by the find phase. In 
other WOldS, tile abnmnal behavior of tile SOlption curve is expl~led 
by the change of the solvent power of the find with density. The 
behavior was explained previously by tile activity of solute in tile 
polymer phase [Shim and Johnston, 1989]. Since this activity varies 
mainly with the interactions between the fluid and solute molecules, 
tile total pressure of tile systeln and tile saturation pressure of tile 
solute [Eq. (11], o~P/P~ ~ is a better tool than the activity to under- 
stand the behavioE 

When I plotted the sorption or the volume fraction of toluene 
against the activity of toluene in the polymer phase, some interest- 
ing open-elliptic shape sc~ptim curves were obtained (Figs. 4 and 
51. The higher the system temperature was, the smaller became the 
ellipses. Along the bottom-half of the curve, the sorption and the 
volume fractic~i increased with increasing activity of solute at low 
densities, while along the top-half, they decreased with decreasing 

0.08 

F Exp, 308.15 K] 
0.06 I" Exp' 34315 K[ 

03 

0.00 
0.0 0.t 0.2 0.3 

a2 

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. 
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Fig. 3. Tile fugacity coefficient thales pressure divided by tile satu- 
ration pressure of toluene versus the density of CO2. 
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Fig. 5. Open-elliptic shape volumefraction curves versus the activ- 

ity of toluene. 
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activity at tfigh densities. Shim and Jotmston [1989] showed previ- 
ously that the activity increases at low pressures but decreases at 
high pressures. Tile activity at constant tenlperamre depends nlahfly 
upon both pressure aid tile fugacity coefficient of solute. At low 
pressures, the system pressure primarily influences the activity since 
tile fugacity coefficient does not decrease inuctx At high pressures, 
however, the fugacity coefficient decreases dramatically as the in- 
teraction between tile solute and fluid molecules becomes signifi- 
cant In tixis region, tile fugacity decrease overcomes tile increase 
of pressure and thus the activity decreases. Therefore, the sorption 
varies with increasing pressure (density) along tile elliptic curve, 
fornling a maximum near tile activity of 0.27. 

For a given volume fi-action of toluene I obtained two different 
activities: tile larger one at lower density and tile snlaller one at higher 
density. We have seen in Fig. 2 that we may get the same volume 
fi'action of toluene, (D 2, at two different densities. In Eq. (15), tile 
values for (D 1 aid (D 3 at tile higher density must be different froln 
those at the lower density, resulting in different values for a2. 

a~ qb,F~ qb,exp[(1 @,) @jv Jvl)+(7~lqbi+Z~@j(qbi+@j 
)t,~(v/vJ~,%+vJv/V0)(~*J 3 ~)]2)] (15) 

Also, for a given activity of toluene, we have two different voltmle 
fi-actions of toluene as they are at different find densities. Because 
tile activity coefficient of toluene ~ decreases with increasing pres- 
sure [Shim and Jotmstoi~ 1989] or density, O, should be larger at 
tile higher density for tile same a2. For tile impregllation of paly- 
mel; a mediarn pressure and any lowest possible teanpea-ature cor- 
responding to the ma-dmum activity of toluene are preferred, as it 
allows tile largest amount of SOlption. For purification of polylnei; 
a high pressure and a highest passible tempermae corresponding 
to the lowest activity may be chosen, as the least amount of solute 
can exist in tile polymer at this condition. 

In the pressure plot, we can see the complex behavior of the dis- 
aibution coefficient that is defined by Eq. (61. Tile lines have at least 
one inflection paint and are very steep downwards near tile highly- 
adjustable critical range for the solute [Shim and Johnston, 1 989]. 
Wtlen tile distribution coellicient K2 calculated by Eq. (71 was plotted 

as a farlcdon of density, however, file plot appeared nmch simpl(~ - 
IFig. 6). The logarithm of the distdbution coetibieut decreased mo- 
notonically but slightly concaved upward. Tile distribution coeffi- 
cient (solid-line)was calculated fi-oln tile Flory/Peng-Robinson mod- 
el using the binary interaction parameters. In this model, the fluid 
phase nonideality was corrected with tile fugacity coefficient cal- 
culated by Peng-Robinson EOS. The polymer phase nonideality 
was corrected wit�9 tile activity coefficient calculated by tile Flory 
equation. Tile figure shows tilat tile model predicts tile distribution 
coefficients very well. I confirmed again that density is a tool much 
better than pressure to explain tile supercfitical fluid behavior. 
2. Capacity Factors and Distribution Coefficients by the Elu- 
tion SFC 

Fronl tile definition in Eq. 18), tile capacity fac'tol-~ can be easily 
obtained from the experimental retention times of a marker and a 
solute tilat were measured by tile fast elution SFC. Uiffc~tunately, 
tile capacity factors include a&!itional retention clue to the adsorp- 
tion on the bare silica that causes an experimental error. By the de- 
fruition of tile capacity factor in Eq. (81 we can wiite tile following 
relation between the capacity factors: 

k', _nf+ n~ _nf + ~ =kf +k~ (16) 

where i4 is tile capacity factor of solute in tile polylner-coated silica; 
k~ is the net capacity factor in polymer; k~ is the capadty factor in 
the bare silica; ~ is the number of moles of the solute; and the sup- 
ers(aipts t, R F, aid s designate "~tal (pol3aner+silicaC "~pol3anef" 
-fluid~" and -silicaS" respectively. From Eq. 1161 the net capacity 
factor of solute can be obtained by subtracting k: fronl k~ 

kf k'~ -k~ (] 7) 

TI~ net capacity factor may be flee of retelition due to tile adsorp- 
tion on the silica surface. The average deviation of the amount of 
COlTection was 2%. Fig. 7 shows ti~at tile logmtiml of tile net capac- 
ity factors for phenanti~-ene decreases linearly with density for all 
temperatures. At higher densities, the solvent strength of the fluid 
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Fig. 6. Tile logarRlml of the distribution coefficient of toinene (0.14 
mole% in file fluid phase) decreases almost linearly with 
fluid density. 
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Fig. 7. Tile linear behavior of file capacity factors of phenanflwene 
measured with 7% silicone rubber-coated silica column. 
These factors were COl~4ed for adsorption on file silica 
surface. 
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1000 Silicone Rubber 

i 
Tol 

k �9 Naph 
* Phen 

100 �9 ~ "  2 Calc 

'~ 
O0 02  04  0 6  08  10  

Fluid Density (g/ml) 

Fig. 8. The distribution coefficients of toluene, naphthalene, and 
phenanlhrene at 308.15 K versus the density of CO 2. Solid 
lines are cakulated by  Eq. (12). 

phase is larger and the retelNon becomes shorter than at lower den- 
sities. The factors also decrease with tempemhlre. At higher tem- 
peratures, we have shorter retention time t i l l  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 tilis condition. 

The distribution coefficients were more easily and quickly obtain- 
ed fi-oln tile corrected Inet) capacity factois and the phase ratio t i l l  
those from the sorption measurement (the frontal analysis SFC). 
The net capacity factor and the phase ratio used here were cor- 
rected for polymer swellhg by Eq. I 11 ) witi1 tile data of Shim [1990]. 
Fig. 8 shows the distribution coefficients for toluene, naplN-Nene, 
and phenanthrene at 3(lg.15 K. The solid lines were calculated by 
Eq. (121 using the HenlT'S constants in Shim and Johnston [1991b]. 
The distribution coet~cients for the three solutes were nearly papal- 
lel each other. PhenarNnene had 7 to Zq times larger values than 
toluene, and naphthalene had 2 to 5 times larger values. The dis- 
tribntion coefficients by the elution SFC showed near linear behav- 
ior similar to those from the frontal analysis SFC. 
3. Predict ion of  the  Ternary Phase  Behavior  

Tile ~nazy-pha,se behavior of a Cs solute~toluene)-sili- 
cone mbber system was fairly simple since the robber is erosslinked 
and is essentially insoluble in both fluid CCh and liquid toluene. 
There were a liquick 1 )-liquick2 l-vapor ttx-ee-phase region for tiffs 
temm 7 system at 308.15 K and dO tmr {Fig. 101. Here, "%iqui& 11"" 
is the silicone mbber-rich phase;-liqui& 2)'" is the toluene-rich phase; 
and "'vapor" is the CCh-rich fluid phase. The concentrations of CCh 
and toluene at the three-phase boundary were 6.7 and 29.4wt%, 
respectively. Tile dgiht-t~ld side of t i~ tixee-phase region is tile 
liqui&l )-liqui&2) two-phase region and the left-hand side is the 
liquigl l-vapor two-phase regiort The experimental distribution 
coefficient data at finite concentt-ation may be used to construct a 
tie-line on tile left edge of this region, allowing us to predict tie- 
lines at higher conceim-ations. Tile tie-line in Fig. 9 was the one tilus 
obtained. At pressures higher than 75box; tilere exists only a liq- 
uig 1 l-vapor two-phase region and a silicone robber-rich one-phase 
region. Tile advmlhage oftfigh pressure is that there is no restriction 

COz Toluene 

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. 

on the concentpation of toluene in the fluid phase. It is possible to 
impregnate large amounts of liquid solute into tile polymer fi-om a 
fluid. 

For a ternary system containing a solid solute such as naphtha- 
lene and phei~lffn-ene, file phase diagiam has a somewhat differ- 
ent shape [Shim and Johnston, 1991b]. These solutes are soluble in 
CCh, but CCh is essentiaUy insoluble m file crystaUine solid phase. 
The equilibrium tie-lines between the fluid mfxture and the poly- 
mer are predicted by the Flory/Peng-Robinson model with Flory 
binary iIltel'actioI1 parameters. Tile SOlption of solid solute may oc- 
cur slowly and inefficiently it" it directly contacts the polymen The 
supereritical fluid accelerates sorption by swelling the polymer, even 
if the concenmation of the solute is not so high. This kind of phase 
diagram has practical importance for the application of the super- 
critical fluid polymer processing and mn be calculated fi-oln tile bin- 
ary solubility data and the infinite dilt~on distribution coefficient 
data. These ISFC exp~rnental methods provide a rapid and effi- 
cient tool for detenninmg distfibutic~l coelticients at mfiuite dilu- 
tion as discussed above. 

C O N C L U S I O N S  

Two ISFC meffl~ds, frontal mlalysis SFC mid elufic~l SFC, have 
been found to be useful in measuring the equilibrium distribution 
coefficients of solutes (either liquid or solidi between a polymer 
and a supercritical fluid. The abnormal-maximum behavior of sol- 
ute sorption in the polymer phase could be ~r by the find 
and solute properties, ~2Pd:~8 t, fflat are closely related to the solvent 
strength of the fluid. An interesting open-elliptic shape sorption curve 
is due to the change of fugacity coefficient upon pressure. The vol- 
ume-fi-acfion curve had a similar shape to tile soxpfion curve but 
was a little flattel: Elution SFC proved to be easier arid faster for 
meast~ng the solptk~l mid the distribution coelticiei~ t i l l  tile fi-on- 
hal analysis SFC, without mentioning tile conventional metil~ls. 
However, a correction on the capacity factor was necessary to elim- 
inate the retention clue to tile adsolption on tile surface of tile silica 
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support. Tile logalidml of file distlibutio11 coefficient shows a mo- 
notonic decrease with the density of the supercritical fluid. 

Tile Floly/Peng-Robinso11 model was usefial to predict file phase 
equilibria of solute-polynler-supercTitical fluid temmy systems. It 
predicted very well the distribution coefficients at finite concentm- 
tie11 and faMy well at infinite dilution with only binary iuteractio11 
parameters in the litem0are. Another important result is that the dis- 
ttibutio11 coefficient obtained at finite concentmtio11 Ol- at infinite 
dilution could be used to predict file phase equiliblia at nmch higher 
concentrations. The information on the pl-lase equilibria was plowed 
on a telrlaly-phase diagram of a system co1itaining a solute. These 
phase equilibria are useful in understanding and designing file pol- 
ymer impregnation and pmification processes. 
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