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Phase Equilibria for Supercritical Fluid

Process Design

Supercritical fluids (SCF’'s) are powerful solvents with many unique
properties. They have great potential for many extraction processes,

but reliable and versatile mathematical models of the phase equilibrium
thermodynamics are needed for their use in process design and eco-
nomic feasibility studies. This paper reviews existing experimental data
and analytical methods and attempts to delineate their strengths and
limitations. Also discussed are new data needs and possible new direc-
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tions for a better fundamental understanding of the molecular processes

in SCF solutions.

Introduction

In recent years the advent of supercritical fluid extraction
(SCFE) has been hailed by researchers as a solution for many
of the challenging separation problems of the 21st century.
Designers, however, have been apprehensive about the high cap-
ital costs coupied with the safety problems of both high-pressure
and (sometimes) flammable solvents. Above all, they are uneasy
about what appears to them to be a relatively untried technol-
ogy with relatively limited mathematical models for design and
scaleup.

In truth, SCFE is neither a panacea nor a hazard. Although it
has often appeared to be a solution in search of problems, there
are in fact many important areas where it can solve important,
practical separation problems. It has been used in the petroleum
industry with CO, for tertiary oil recovery and SCF pentane for
heavy ends processing. Unfortunately, many of the best suc-
cesses are proprietary, such as the applications in foods, flavors,
and fragrances, not to mention the difficult separations of ther-
mally labile pharmaceuticals; for the most part, information on
these are not yet available in the open literature. Reviews of
applications are available elsewhere (Williams, 1981; Paulaitis
et al., 1982; Ely and Baker, 1983; Rizvi et al., 1986; Larson and
King, 1986; Eckert et al., 1986b; McHugh and Krukonis,
1986).

SCFE probably is employed best for difficult separations,
especially on relatively low-volume, high-value products. It
should never be the first technique tried for any separation prob-
lem, but more often the last. Certainly if liquid-liquid extraction
or any type of distillation can do an adequate job, it is almost
always cheaper. Notable exceptions exist in processes where
environmental concerns or governmental regulations make su-
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percritical extraction with carbon dioxide more attractive than
conventional separations.

The hazards of SCFE are probably due most to its application
by people in industries not accustomed to dealing with moderate
pressures and /or flammable solvents. For example, much more
danger is perceived in the food industry than in the petroleumn
industry.

Nonetheless, any really widespread applications of SCFE in
the future are highly dependent on the ability of engineers to
model and predict phase equilibria in the complex systems rep-
resented. Only then will designers be able to choose the situa-
tions where this unique process will realize its full economic ben-
efit. Equally important, they will be able to identify and reject
many of the speculative schemes with little promise of economic
success, on the basis of valid process designs and economic feasi-
bility studies. Thus, design reliability may assuage the appre-
hension of many engineers to use SCFE and further its economi-
cal application. To open such doors for SCFE, we need first to
achieve a sufficiently detailed understanding of the actual mo-
lecular process in SCF mixtures, and then to use this knowledge
to transcend empirical correlations and develop reliable, versa-
tile, theoretically-based predictive models.

There are some special properties of SCF systems that make
them both very interesting for extractions and yet especially
challenging to characterize. Figure 1 presents a density-pressure
plot of a typical SCF solvent, and the shaded region is the area
where most extractions would take place. Note two features: 1.
the solvent density is high, nearly that of the normal liquid, and
this gives the fluid a high capacity for solutes; 2. the slope of the
isotherm (the compressibility) is very high, going to infinity at
the critical point itself. This factor means that very small pres-
sure changes give large density variations. Generally solubilities
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Figure 1. Pure component phase diagram in the vicinity
of its critical point.
Shaded region indicates where most SCFE occurs.

are too low and control problems are too difficult to operate an
extraction very near the critical point (within a very few degrees
celsius). To take advantage of the desirable physical properties,
however, the range Tx = 1.01-1.10 and P, = 1.01-1.5 would
typically be most attractive.

Figure 2 shows a typical plot of solute loading as a function of
solvent density, and the solubility is virtually exponential. This
means that very small pressure changes have enormous effects
on solubility. Finally, SCF’s typically have solute molecular dif-
fusivities much higher than those of liquids (Tsekhanskaya,
1968, 1971; Swaid and Schneider, 1979; Saad and Gulari,
1984a, b) and viscosities that are almost as low as those of gases
(Reichenberg, 1975; Stephan and Lucas, 1979). In all, they are
virtually ideal fluids for enhancing mass transfer across a boun-
dary.
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Figure 2. Typical exponential solubility behavior: phen-
anthrene in SCF ethylene.
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Thus, the important characteristics of SCF’s for extraction
are then:

1. They have a very high capacity for solutes. It is not unusual
for the solubility to be 10°-10° or even 10® greater than one
would expect in an ideal gas.

2. They offer the advantages of both distillation and extrac-
tion, in that they separate compounds not only by differences in
vapor pressure, but also by specific interactions with weli-chosen
solvent components. (See Entrainers, discussed later.)

3. They are readily adapted to very difficult separations. Not
only do they permit facile separation of thermally-labile materi-
als at low temperatures, but, because of the high compressibility
and exponential solubility, they can give good separations with
very small pressure variations. (See, for example, the virtually
monochromatic separation of polydispersed styrene oligimers,
Klesper, 1978.)

There are, however, two aspects of SCF behavior that render
them especially difficult to model. The first is the proximity to
the critical point itself, and the second is the great asymmetry of
most SCF systems of interest. The term “asymmetry” refers to
systems with large differences in both size and force constant (or
attractive forces) of the molecules involved, such as for the
phenanthrene-ethylene system shown in Figure 2. Most equa-
tions of state (EOS’s) and corresponding states treatments were
originally developed to deal with petroleum fractions, usually
not near the critical point, involving mixtures of similar mole-
cules as found in a typical cut. Most EOS’s, such as the common
cubic forms, are least precise in the region of interest for extrac-
tions near the critical point (within 1 to 10% in temperature and
1 to 50% in pressure, as discussed above). Most EOS’s, of
course, are completely inapplicable right at the critical point,
which is mathematically singular. The mixing rules to deter-
mine the characteristic constants of the mixture for the EOS
also become suspect, and the ubiquitous k ,, (adjustable parame-
ter that should be close to zero, customarily added to the stan-
dard mixing rule to obtain the solute/solvent energy interaction
parameter) becomes even larger and more variable. Finally,
because of both the high pressures and difficulties in sampling a
system with exponential solubility relationships, the acquisition
of extensive high-quality data becomes more exacting.

The very early work studying phase equilibria in SCF’s con-
sisted mostly of Edisonian extraction experiments, reported
primarily in the patent literature (for example, Zosel,
1963, 1978). In the past decade or so, significant progress has
been made both in experiment and analysis. Much more careful
measurements of solubilities, including both solvent and solute
mixtures, are now available, and semiempirical thermodynamic
models, as, for example, cubic equations of state (EOS’s) or per-
turbation models have been adapted to the correlation of solubil-
ities in well-characterized binary SCF systems. More recently,
investigators have probed more deeply, measuring thermody-
namic derivative properties and molecular phenomena, as well
as using computer simulations and more advanced EOS’s. These
promise to lead to a more fundamental understanding.

The purpose of this paper is to review these experimental and
analytical efforts in phase equilibrium thermodynamics of SCF
systems. We attempt to delineate what data are currently avail-
able and what data are needed for further development. Also we
wish to show both the capabilities and limitations of current cor-
relative and predictive methods. Finally we emphasize the need
for a better appreciation at a molecular level of the unique pro-
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cesses occurring, so that we might improve our models and
extend them to new compounds, more severe thermodynamic
conditions and to more complex, realistic situations.

SCF: Solid/Fluid Equilibria

The bulk of research with SCF’s has been the measurement
and modeling of the phase equilibria between heavy organic sol-
utes and the SCF’s. We not only review the results of solubility
studies for a wide range of solutes, but discuss the use of “en-
trainers” to enhance solubility and improve selectivity, special
considerations necessary with solute mixtures, and how separa-
tions can be made with SCF’s. Discussed also are the numerous
models and modeling methods that have been developed for sol-
id/fluid equilibria.

Solid/fluid solubilities

Most of the early experimental studies are tabulated in the
review by Paulaitis et al. (1982). The solutes generally fall into
two classes: the first comprises a series of simple, mostly aro-
matic hydrocarbons; the second is a wide variety of solutes of
practical importance, ranging from coal tar (Wise, 1970) to
pharmaceutical products such as morphine (Stahl and Willing,
1980). The experimental studies and applications for these natu-
ral products are discussed in more detail in a review by Ely and
Baker (1983).

The most commonly used solvent continues to be CO,, which
is attractive because of a convenient critical point of 304.2 K and
73.8 bar, low cost, nontoxicity, and nonflammibility. Other
interesting SCF’s investigated in the early studies include water,
methane, fluoroform, ethylene, and ethane.

Recent investigations have included studies of solutes con-
taining interesting and specific functional groups, more natural
products, and to a wider variety of solvents with higher critical
temperatures and pressures. More importantly, solute and sol-
vent mixtures have been investigated to yield information on the
possibility of separations using SCF’s.

Recent research has demonstrated the applications of SCF
technology to natural products and systems of immediate practi-
cal importance. For example, there has been a significant effort
to determine the feasibility of extracting toxins from soil, acti-
vated charcoal, and other environmental solids (DeFilippi and
Robey, 1983; Brady et al., 1987; Dooley et al., 1987; Schantz
and Chesler, 1986; Hawthorne and Miller, 1987a, b), as well as
model compounds (Kander and Paulaitis, 1983; Eckert et al.,
1987). Unfortunately, the attractiveness of the extractions
seems to be dependent strongly on the particular properties of
the solid samples, which are variable and unpredictable. In
many cases, however, it has been demonstrated that solid sam-
ples can be cleaned by SCFE with good overall removal.

The high cost and lack of reliability of our energy sources
have evoked interest in better utilization of our nation’s own
resources. As a result, SCFE has been targeted as a means of
upgrading coal, tar sands, lignite, and other fuels, mostly by pre-
treatment (Vasilakos et al., 1985; Pang and McLaughlin, 1985;
Monge and Prausnitz, 1983; Scarrah, 1983; Chen and Kazimi,
1985). In these cases, higher-temperature fluids, such as tetra-
hydrofuran, toluene, benzene, the higher (up to dodecane) n-
paraffins, methanol, acetone or water, are required (Fong et al.,
1983; Eisenbach et al., 1983; Amestica and Wolf, 1985; Pennin-
ger, 1985; Wilhelm and Hedden, 1985; Ross et al., 1987; Desh-
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pande et al., 1987; Kershaw and Bagnell, 1987; Triday and
Smith, 1988). At these elevated temperatures, frequently above
400°C, both extraction and pyrolysis take place. Coal retains
most of its heating value after extraction, and organic sulfur can
be selectively removed by using polar solvents that are capable
of hydrogen bonding with the sulfur. This suggests that under-
standing specific chemical interactions (for example, hydrogen
bonding, acid/base interactions, and charge-transfer complexa-
tion) in order to tailor solvent mixtures will be important in the
optimization of coal extraction processes. While these systems
are important for evaluation of actual processes, it is again diffi-
cult to make generalizations or derive information about inter-
molecular interactions due to the wide variability of the samples.
Therefore, careful choice and investigation of model compounds
are required.

Since the early model compounds studied were nonfunctional
polycyclic aromatics, the logical extension was to polycyclic aro-
matic solutes containing oxygen, nitrogen and bromine func-
tional groups. These were investigated in both nonpolar and
polar solvents to examine the effect of solvent size and polarity
on the solubilities (Hansen, 1985). The solutes were acridine,
dibenzofuran, 9-fluorenone, and carbon tetrabromide. The sol-
vents were nonpolar CO,, ethane, ethylene, sulfur hexafluoride,
a relatively large solvent molecule, and the polar solvent fluoro-
form. The general conclusions were that the solubility was domi-
nated in most cases by dispersion forces, such that ethylene was
a better solvent than CO,, except for nonpolar solutes, for which
CO, was as good as ethylene. In general, fluoroform, the polar
solvent, was a poor solvent for nonpolar compounds, but
approached the solvent power of ethylene for polar solutes due to
the added dipole/dipole interactions which augmented the dis-
persion interactions.

The enhancement factor is a dimensionless measure of solvent
power, defined as the measured solubility divided by the ideal
gas solubility. While enhancement factors of 10* — 10 are quite
common, values as high as 10'? have been recorded (McKinley
et al., 1961). It was observed that the logarithm of the enhance-
ment factor was generally a linear function of the solvent densi-
ty. In fact, in a common nonpolar solvent, CO,, the solubilities of
both polar and nonpolar solutes with different functional groups
varied only as a result of different vapor pressures. As a result,
all these compounds have similar enhancement factors, as
shown in Figure 3 (Van Alsten, 1986). The enhancement is rela-
tively insensitive to the solute structure but very dependent on
the polarity and density of the solvent.

Another study looked systematically at the solubility of sol-
utes that were chosen to represent different chemical function-
alities in supercritical CO,, ethane, fluoroform, and chlorotri-
fluoromethane (Schmitt and Reid, 1986). The solutes were
either simple polycyclic hydrocarbons or monofunctional deriv-
atives of those hydrocarbons, chosen on the basis of their rela-
tively similar critical temperatures but greatly different struc-
tures. Ethane was the best solvent for the simple hydrocarbons;
CO, was nearly as good; and both fluoroform and CCIF; were
poorer solvents for these solutes. The trends, however, were sig-
nificantly different for solutes containing various functional
groups. CO, was significantly better for benzoic acid, and fluor-
oform (which had been a poor solvent for the simple hydrocar-
bons) was a good solvent for molecules like 2-aminofluorene and
1,4-naphthoquinone. This confirms the previously-mentioned
findings that polar solvents are poor for simple nonpolar hydro-
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Figure 3. Enhancement factors for three-ring aromatics
in supercritical CO, at 50°C.

carbons, but exhibit great potential for polar molecules and
those containing functional groups that can hydrogen-bond with
the acidic proton of the solvent.

A later study extended the SCF database to three additional
higher-temperature solvents: butane, ammonia, and ethanol
(Hess, 1987). The researchers studied solutes with higher melt-
ing points that contained sulfur as well as oxygen and nitrogen.
These included dibenzothiophene, thianthrene, thioxanthone,
xanthone, dodecahydrotriphenylene, and 6,13-dihydrodiben-
zo[b,i]phenazine. While this study greatly expanded the solubil-
ity database, the general conclusion was that the only differ-
ences in solubility were due to differences in vapor pressure.

A study of three hydroxybenzoic acid isomers and three dihy-
droxybenzene isomers in supercritical carbon dioxide corrob-
orated the above observations (Krukonis and Kurnik, 1985).
The authors concluded that the solubility could be correlated
with the melting point (or vapor pressure) of the isomer and that
a separation with supercritical fluids could be facilitated if there
were significant differences in the melting points (or, subse-
quently, vapor pressures) of the isomers. While separations
based on differences in vapor pressure are useful, it also would
be desirable to separate compounds on the basis of chemical
properties. Consequently, it has been proposed that separations
and enhanced solubilities would be achieved best by using sol-
vent mixtures, or “entrainer” mixtures that target specific inter-
actions between the solute and the solvent or entrainer.

Entrainers

Solubilities of heavy organic solutes can be greatly increased
by adding entrainers to the SCF solvent, as shown in Figure 4.
An entrainer, or cosolvent, is a small amount (1-5%) of an addi-
tional component, usually of intermediate volatility, added to
the SCF that does not change significantly the critical proper-
ties or density of the solvent mixture. The entrainer may be
selected to interact more strongly with one component to facili-
tate separations. The use of entrainers has improved selectivity
while maintaining the sensitivity of the solubility to small
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Figure 4. Solubility increase of acridine at 50°C with an
entrainer-doped solvent.

changes in temperature and pressure, which has made SCFE
such an attractive alternative to conventional separation meth-
ods.

Brunner presented the use of entrainers to enhance the solu-
bility of low-volatility /iguids in SCF’s (Brunner, 1983). Al-
though the analysis of the phase equilibria is complicated by the
solubility of the entrainer and SCF in the liquid phase, the solu-
bilities of the low-volatility liquids were several times greater
with the entrainer present. More importantly, the separation
factor (ratio of hexadecanol solubility to octadecane solubility)
was also increased by using methanol or acetone as the entrain-
er, because the entrainer was capable of hydrogen-bonding with
hexadecanol.

Solid solutes are also enhanced in many entrainer systems. In
general, nonpolar cosolvents or entrainers increase the solubility
of nonfunctional aromatic hydrocarbons up to several hundred
percent. For n-alkane entrainers the solubility enhancement is a
linear function of the solubility parameter: i.e., the longer the
chain, the greater the enhancement. Also, the greater the con-
centration of entrainer, the greater the solubility is enhanced.
For nonpolar solutes and entrainers, however, there is no indica-
tion of increased selectivity. The solubility isotherms are uni-
formly shifted upwards for the solutes studied. The ratio of sol-
ute mole fraction (y,) in the entrainer system to y, in the pure
solvent system is relatively independent of density, so no real
improvement in selectivity could be anticipated by temperature
and pressure manipulation (Dobbs et al., 1986).

Johnston and coworkers obtained similar results for polar co-
solvents with polar solutes (Dobbs et al., 1987). The additional
dipole/induced dipole interactions shifted the isotherms upward
by a relatively constant factor. The enhancements for systems
with the possibility of hydrogen bonding or strong dipole/dipole
interactions, however, were frequently greater than those found
for the nonpolar solutes. For 2-aminobenzoic acid, the addition
of 3.5 mol % methanol increased the solubility 620%. These
findings suggested that entrainers could facilitate separations if
the solutes were of differing polarities. As a result, when Wong
and Johnston (1986) measured the solubilities of three sterols of
similar polarity—cholesterol, stigmasterol, and ergosterol, they
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found that the separation factors would be about the same with
or without entrainers added to the CO,. In this case, however,
entrainers might be useful even though they do not improve
selectivity. The solubilities of these sterols are so low that adding
the entrainer to enhance all the solubilities by about an order of
magnitude may be essential to the economics of the process.
Interestingly, the cholesterol/ethanol system formed a solid
complex that lowered its activity. As a result, solid complex for-
mation may be an additional means of improving separations in
some specific systems.

An extreme example of an entrainer effect was reported very
recently by Johnston (1988), who observed increases of solubil-
ity of two to three decades for hydroquinone in carbon dioxide
with the addition of small amounts of tributyl phosphate
entrainer, as shown in Figure 5.

Besides dipole/dipole and dipole/induced dipole interactions,
hydrogen bonding is an important and distinct mechanism for
solubility enhancement. Extremely polar compounds fike 9-fluo-
renone (3.4 D) are enhanced more greatly by acetone as an
entrainer, since it is more polar than methanol. Methanol, how-
ever, is capable of hydrogen bonding, so less polar solutes like
acridine (2.1 D) are more greatly enhanced by methanol (Van
Alsten, 1986). This suggests that careful choice of entrainers
could be used to separate compounds, not just on the basis of
polarity, but also on the basis of functionality and ability to have
specific interactions.

Mixed solutes

An important consideration in separation processes that must
be addressed is the effect of solute/solute interactions. In most
models of supercritical solubilities discussed later, investigators
assume infinite dilution of all solutes: i.e., no solute/solute inter-
actions, because the mole fractions are generally below 1072 or
107? (Dobbs et al., 1987; Johnston and Eckert, 1981; Johnston
et al., 1982; Schmitt and Reid, 1986; Ziger and Eckert, 1983).
However, there is significant experimental evidence to suggest
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Figure 6. Synergistic solubility behavior in a mixed solute
system.

that solute/solute interactions are important even in dilute solu-
tions.

Kurnik and Reid (1982) compared the ternary (two solutes)
solubilities to the corresponding binary solubilities and found
that in many cases the solubilities of both components were
increased by as much as 100%. This is shown for the benzoic
acid/naphthalene/CO, system in Figure 6. With solubilities on
the order of 107>-10~% mol fraction, attractive interactions
appear to pull both solute species into solution, resulting in the
synergistic behavior.

A study of the phenanthrene/anthracene/CO, by Kwiat-
kowski et al. (1984) provided additional and complimentary
information. They found that the solubility of anthracene
(about 10~° mol fraction) increased, while that of phenanthrene
(about 10~* mol fraction) decreased slightly relative to the
binary pairs. This suggests that anthracene sees attractive forces
from the more concentrated phenanthrene but that the anthra-
cene is sufficiently dilute not to effect the phenanthrene.

Fluorescence spectroscopy experiments have verified the exis-
tence of solute/solute interactions at low concentrations in SCF
solutions in terms of excimer formation (Brennecke and Eckert,
1988, 1989). Excimers are excited state dimers that result in a
broad structureless band at significantly longer wavelengths
than the normal fluorescence. While they are not dimers in the
sense of a ground state complex, their existence does indicate
that there is sufficient interaction in the short lifetime (=107%s)
of the excited state to form the excited state complex. For exam-
ple, the spectra of pyrene in SCF CO, show significant excimer
formation at a mole fraction of less than 107?, indicating solute/
solute interactions even at that low concentration.

These results emphasize that we must reconsider the concept
of infinite dilution for SCF solutions and take solute interactions
into consideration in the investigation and design of separation
processes.

Separations

Although binary and entrainer system solubilities suggest
that separations are possible with careful selection of solvent
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and possibly entrainer, very few experimental verifications of
these separations exist.

Chrastil (1982) reported that a-tocopherol could be selec-
tively extracted from a mixture of a-tocopherol and tripalmitin
with SCF CO,, especially at higher temperatures and pressures.
The In y, vs. density isotherms for these two compounds are
characteristically linear but have different slopes, leading to the
greatest difference in solubilities at higher pressures.

The only test of entrainer-induced selectivity changes is a
carefully designed one in which a mixture of anthracene and
acridine were extracted with a 1% CH,;OH in CO, mixture.
Anthracene and acridine do not exhibit synergism in the binary
solute mixture (as discussed above) and the acridine should be
highly interactive with the methanol through dipole interactions
and hydrogen bonding, while the anthracene should be relatively
unaffected. While the solubility of both components increased,
which is undesirable from a separations point of view, the select-
ivity increased dramatically, as shown in Figure 7 (Van Alsten,
1986). Thus, this constitutes an experimental verification of a
system in which specific interactions between an entrainer and a
solute enhanced separation in a SCF.

Alternate separation methods

The number of stages required for SCFE may be reduced
drastically according to a scheme taking advantage of the
inverse temperature relationship of the solubility in certain
regions of pressure-temperature space. This method may give a
highly purified product in a single step (Chimowitz and Pennisi,
1986), and requires that both solutes exhibit “crossover” points
at distinctly different pressures. The “crossover” point is the
pressure at which two isotherms cross on a y, vs. pressure dia-
gram, as shown in Figure 8, and many solutes exhibit this behav-
ior in the region near the critical point. Below the crossover
point, the solubility drops as the temperature is increased. This
behavior is not unusual but is simply the result of competition
between the temperature and density effects in a near-critical
fluid. Raising the temperature increases the vapor pressure and
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Figure 7. Increase in selectivity for acridine from an
acridine/anthracene mixture using entrainer-
doped SCF CO, at 50°C.
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exhibiting a crossover region for separation.

correspondingly increases the solubility. The solubility, how-
ever, is also a strong function of the density. Raising the temper-
ature decreases the density and decreases solubility. Below the
crossover point, the density effect dominates and lowers the
solubility with increasing temperature. The method proposed is
a two-stage isobaric cascade system with temperature cycling.
At a pressure intermediate between the two crossover pressures,
one can lower the temperature from 7, to T, and pure solute B
should drop out since the solubility of 4 would theoretically
increase. Then one can increase the temperature from T, to T,
and precipitate out pure solute A.

While Chimowitz and Pennisi (1986) found the process to be
quite successful in the separation of benzoic acid from a benzoic
acid and 1,10 decanediol system, other systems are more diffi-
cult, due to nonexistent, narrow or poorly-defined crossover
regions (Johnston et al., 1987a). For example, Johnston and
coworkers achieved only 79% purity from a 50/50 solute mix-
ture in the separation of the 2,3- and 2,6-dimethylnaphthalene
isomers using CO,.

Modeling phase equilibria

The design and evaluation of SCF separation processes relies
heavily on the ability to model the phase behavior. Several
major difficulties particular to the modeling of the SCF-phase
equilibria were mentioned earlier, including the asymmetry of
the systems, the high compressibility, and the mathematically
singular nature of the critical point.

The goals of the modeling efforts are both to correlate exist-
ing data and to attempt prediction of phase equilibria in regions
where experimental results are not available. Correlations often
contain a large number of regressed parameters, contain a vary-
ing amount of theoretical basis, and may succeed in fitting the
data with some accuracy. Conversely, models developed for the
purpose of prediction attempt to minimize the number of
parameters and link those parameters closely to real physical
phenomena while maintaining theoretical justification for the
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form of the equation. Both methods serve distinct and useful
purposes. In reality, however, the distinction between the two
methods is often lost, as theoretically-based models are forced to
fit the data better by the introduction of additional adjustable
parameters.

Models for supercritical-phase equilibria fall into several
categories. The most common method treats the SCF phase as a
dense gas and uses an equation of state to calculate the fugacity
coefficient of the solute in the fluid phase. In this approach, the
results are frequently very sensitive to the interaction energies
and size factors, necessitating the need to develop improved mix-
ing rules to estimate the mixture size and energy parameters
needed in the EOS. Another modeling strategy treats the SCF
phase as an expanded liquid (Mackay and Paulaitis, 1979).
There are also a large number of semiempirical correlations, as
well as models that have been developed for computer simula-
tions. We discuss these topics with emphasis on the equation of
state approach. ;

EOS-Cubic Equations of State. The most common method to
model SCF-phase equilibria is with an equation of state. For a
system consisting of a solid phase in equilibrium with the SCF,
the solubility of the solid in the fluid phase is given by

S (P — p®
P;at¢;al exp [UZ ( =7 2 )]

é,P

V2=

where

$' = saturation pressure
¢ = fugacity coefficient at saturation (usually very nearly
unity)
v5 = solid volume
P = system pressure
¢, = fugacity coefficient of the solute in the fluid phase

The reasonable assumptions that have been made in this equa-
tion are that the solid phase is pure and that the solid volume is
constant. The term in the exponent is the Poynting correction
factor and is generally less than 2 or 3 (Prausnitz et al.,, 1986).
The solubility in an ideal gas would be y, = P5* ¢5'/P. There-
fore, the large solubility enhancements in SCF’s relative to an
ideal gas are due to exceptionally small values of $,. An equation
of state determines the values of the solute fugacity coefficient
in the SCF phase.

The first efforts to model SCF-phase behavior attempted to
use the virial equation (Ewald et al., 1953; King and Robertson,
1962; Najour and King, 1970; Réssling and Franck, 1983).
Even with the inclusion of the third virial coefficient, the virial
equation cannot model the dense fluid region at densities near
the critical; fourth or higher virial coefficients would be required
and these are certainly not available (Prausnitz et al., 1986).

Many equations used more recently are based on a perturba-
tion about a spherical hard-sphere reference. Simplifying as-
sumptions lead to what will be called the “perturbation” equa-
tions, and, with certain assumptions, the cubic equations (like
the van der Waals equation) result. Finally, lattice gas models
have been developed and refined that have shown some success
for modeling SCF-phase behavior.

Cubic equations of state are exceedingly simple, have been
remarkably successful in modeling SCF-phase behavior, and are
probably the most widely used in analyzing experimental data.
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Moreover, the cubic EOS must be the equation of choice for pro-
cess design of any very complex system, because the interactions
are too involved to justify the use of a more fundamentally-
based equation. However, due to their approximate and some-
what empirical nature, mixing rules are extremely important in
determining the quality of the model.

Most simple cubic EOS’s can be derived from a first-order
perturbation about a hard-sphere reference state. One can
obtain the van der Waals EOS by assuming that the integral of
the perturbing intermolecular potential for a pair of molecules is
a constant: this is the mean field approximation (Jonah et al.,
1983). The Redlich-Kwong (RK) equation and the Peng-Robin-
son (PR) equation (1976) are obtained by introducing a tem-
perature and density dependence into the perturbing inter-
molecular potential. The Peng-Robinson equation and the Soave
modification of the Redlich-Kwong (SRK) equation have been
used widely to model solid/SCF phase equilibria. Kurnik et al.
(1981) successfully reproduced solubility data for aromatic hy-
drocarbons in SCF ethylene and CQO, by including a regressed
binary interaction parameter to determine the cross energy
parameter. Most workers have found that the binary interaction
parameters are temperature-dependent, which introduces more
fitting of parameters. Schmitt and Reid (1986) obtained good
results by eliminating the binary interaction parameter and
regressing the solute size and energy parameters rather than
obtaining them from estimated critical properties. Although
limitations clearly exist, the Peng-Robinson equation gives a
good qualitative picture of all types of SCF-phase behavior
(Hong and Modell, 1983) and reasonably good quantitative fits
for a wide variety of systems. In fact, in a comprehensive com-

Table 1. Equations of State
Carnahan-Starling-van der Waals (CSVDW)

EQ-E+E8-F) a
Augmented van der Waals (AVDW)
é(]_f""fz—gs) 16 m+1
P=RT (i —bEmAlmE ¢
2 1
m+1 2
+ RTbﬂ""",,g m Ay £™F €

A, = Alder constants
€ = energy term
8= —(1/V) (3¥/3P)
B™* = maximum g at given temperature

Carnaghan Starling-Redlich Kwong (CSRK)
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p-_RiI[(l + £+ £) = 38, + y:f) ~ £yl _a
v TS 7z

where
£, Y1, V1, V2 = f(hard-sphere diameters and mole fractions)
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parison with several other equations, the Peng-Robinson per-
formed almost as well as more complicated perturbed hard-
sphere equations for a wide variety of solutes in a diverse field of
SCF solvents (Ellison, 1986; Hess, 1987).

EOS-Perturbation Equations. Use of the Carnahan-Starling
(1972) repulsive term, instead of the VDW version, significantly
improves the EOS’s representation of SCF equilibria. The
VDW V/(V - b) repulsive term is replaced by (I + ¢ +
£ — £)/(1 — £)’ where £ = b/V. This is the approach taken by
Johnston and his coworkers (Johnston and Eckert, 1981;
Johnston et al., 1982) in the development of the Carnahan-
Starling-van-der-Waals (CSVDW) model and the augmented
van der Waals (AVDW) equation. The form of these equations
is shown in Table 1. With the CSVDW, the solubility of nonpo-
lar aromatics in SC ethylene was represented quite well, espe-
cially in the higher-density regions. The interaction energy, a,,
was the parameter fit and was found to be only slightly tempera-
ture-dependent. In addition, a,,’s correlated well with the
enthalpy of vaporization of the solute. A Carnahan-Starling-
Redlich-Kwong (CSRK) equation, which incorporates both the
better repulsive and attractive terms, gave improved results as
well. A later study, which included polar solutes and SCF sol-
vents, found the CSVDW equation to give equally reasonable
results for the more complicated systems. Bertucco et al. (1986)
applied the same approach to a wider variety of systems and
found similar results. In addition, if one is willing to introduce a
second adjustable parameter for the combining rule of the vol-
umes, one can improve the fits further.

The AVDW equation also contains the improved CS repul-
sive term but uses the molecular dynamics square well results of
Alder (1969, 1972) to include second-order perturbation effects
and improve the attractive term. This significantly improved the
representation in the region of reduced densities from 1.0 to
1.5.

Subsequently, Johnston and coworkers have used a hard-
sphere van der Waals (HSVDW) equation which incorporates
an accurate repulsive expression for the hard-sphere mixture
(Mansoori et al., 1971) with the standard VDW attractive term
to correlate solute/SCF/entrainer data (Dobbs et al., 1986;
Dobbs and Johnston, 1987; Dobbs et al., 1987). The representa-
tions are good when the solute/cosolvent interaction parameter
is fit, but only comparable to the other equations when the
parameter is predicted from physical properties.

Another perturbation method that has been applied to SCF is
the perturbed hard-chain theory (PHCT) (Mart et al., 1986)
and its variations (Vimalchand and Donohue, 1985; Jin et al.,
1986; Ikonomou and Donohue, 1987; Morris et al., 1987; Walsh
et al., 1987). This model addresses the asymmetry of the size of
the molecules, taking into consideration the ability of the solvent
to interact with only part of the solute. Like the AVDW, the
PHCT includes the CS repulsive expression and an extension of
the second-order Alder functions for the attractive term. How-
ever, its mixture properties are based on surface or volume frac-
tions, and it uses mixing rules based on a nonrandom approach,
which we discuss in more detail in the mixing rule section.
Although different mixing rules are derived for each perturba-
tion, there is only one adjustable binary interaction parameter.
The model yields good results for the solubility of nonfunctional
polycyclic aromatics in nonpolar SCF solvents, using relatively
small values of the binary interaction parameter.

There are a variety of other perturbation methods (Jonah et
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al., 1983; Teja and Smith, 1983). These include a method which
uses the Padé approximant, a mean field approximation like the
van der Waals equation discussed earlier in the cubic EOS sec-
tion, except that higher-order perturbations are included and a
corresponding states treatment called the shape factor approach
that involves a perturbation about a nonspherical reference.
While these methods show promise for the limited systems pre-
sented, they would have to be analyzed for a wider range of sys-
tems to draw any conclusions.

EOS-Lattice Gas and Scaling Forms. A different approach
has been the use of lattice gas models or those including scaling
iaws (like the model of Leung and Griffiths, 1973), which are
nonanalytic. These approaches address the fact that behavior in
the immediare vicinity of the solution critical point is ‘nonclassi-
cal and cannot be described correctly by a classical equation of
state like the VDW equation or its modifications. In fact, the
limiting values of the partial molar volume, enthalpy, and heat
capacity approach negative or positive infinity and, for some
properties, the limiting values are path-dependent (Rozen,
1976; Chang et al., 1984; Chang and Levelt Sengers, 1986; Lev-
elt Sengers et al.,, 1986). This unusual behavior suggests the
need for a nonclassical EOS, which, if scaled properly, can
describe thermodynamic properties in terms of the “distance”
from the critical point, as governed by the universal “critical
exponents.” This is the essence of scaling law models. In this
spirit, lattice gas models and the Leung-Griffiths model impose
the correct asymptotic behavior at the critical point. Fortunate-
ly, most extraction and separation processes will take place suf-
ficiently removed (several degrees Kelvin) from the critical
point that consideration of the nonclassical nature of this region
is not generally necessary. However, complete understanding of
the critical region is of continued interest and a lattice gas model
or other scaled models seem to be the best approach.

A lattice gas model is based on the idea of the distribution of
molecules over the sites in a three-dimensional lattice. Trappe-
niers et al. (1970) used a mean-field, two-component iattice gas
model, which introduces vacant lattice sites, to explore the phe-
nomenon of ‘““gas-gas equilibria” observed for some noble gas
mixtures at high pressures. Vezzetti (1982) extended the two-
component lattice gas concept to model solubilities of solutes in
SCF’s, and asymmetric mixtures (1984) by allowing the solvent
and the solute to occupy different numbers of sites in the lattice.
Vezzetti obtained good fits for slightly asymmetric mixtures
using only one adjustable parameter. Kleintjens and coworkers
extended the mean-field lattice gas treatment of Trappeniers by
including an empirical entropy correction parameter (Kleintjens
and Koningsveld, 1980). With two mixture parameters, in addi-
tion to several pure-component parameters determined from
limited experimental data, they were able to reproduce quanti-
tively the phase diagrams of a number of systems as asymmetric
as naphthalene/ethylene (Kleintjens, 1983; Koningsveld et al.,
1984; Kleintjens and Koningsveld, 1983). The model has
recently been extended to multicomponent systems (Kleintjens
et al,, 1988).

A decorated lattice gas superimposes an additional set of lat-
tice sites at the midpoints of the regular lattice, and this is appli-
cable particularly to asymmetric systems. Wheeler (1972) first
applied this to describe limiting behavior of dilute solutions near
the critical point. Gilbert (1987) developed a decorated lattice
gas model that incorporates the Ising model to allow for full
development of the critical region. With this decorated lattice
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gas model, he was abile to fit solubility and partial molar volume
data, which is a more stringent test of any model because it
requires the pressure derivative of the model to be correct (as
discussed in the section on partial molar volumes), for highly
asymmetric mixtures with two adjustable parameters. Nielson
and Levelt Sengers (1987) concurrently developed a decorated
lattice gas model for supercritical solutions and were able to
reproduce portions of solubility curves. Although they use a
more complex nonclassical description of the pure solvent and
include the temperature and pressure dependence of the addi-
tional (solute) phase, they were unable to represent the partial
molar volume data at all quantitively with the same parameters,
perhaps due to a somewhat different interpretation of Mermin’s
decorated lattice gas. Kumar et al. (1987) also presented a lat-
tice-gas-based model that was able to reproduce the solubilities
of polycyclic aromatics in SCF’s outside the critical region with
only one temperature-independent interaction parameter. They
did not attempt to predict partial molar volumes.

Leung and Griffiths (1973) developed a scaling law equation,
not based on a lattice gas, that used “field” variables as the inde-
pendent parameters. Field variables are those that remain con-
stant across a phase boundary, like temperature, pressure, and
chemical potential. These are in contrast to “‘density” variables
like mole fraction that are different in the two phases. Leung
and Griffiths were successful in reproducing the phase behavior
for He’-He* mixtures. An attractive feature of this equation is
that the constants in the equation should be universal for all
components or obtained from physical data for that compound.
Unfortunately, when Rainwater and Moldover (1983) at-
tempted to extend the model to slightly more asymmetric mix-
tures, they could obtain adequate fits only when they adjusted
several of the parameters.

Fox presented one alternate method of dealing with the prob-
lem in which he suggested a way to modify classical EOS to
improve their performance in the nonclassical region, i.e., to
make them nonclassical in the region very close to the critical
(Fox, 1983). This was accomplished with a switching function to
change from the use of the nonclassical scaling equation close to
the critical point to a normal EOS further from the critical
region. Although it might be useful in practice, it does lead to
internal inconsistencies in the model.

While all these developments provide poorer representations
than cubic EOS or perturbation equations with the same num-
ber of parameters, they do provide a more theoretically-based
approach with potential for further development.

Expanded Liquid Treatment. The alternate method to the
dense gas approach is to describe the phenomena as expanded
liquid/solid equilibria. The disadvantage of this method is that,
instead of one thermodynamic variable (¢,) to be correlated or
predicted, two are needed (v~ and v,). Mackay and Paulaitis
(1979) took this approach with two adjustable parameters—the
infinite dilution activity coefficient and a binary interaction
parameter—to calculate the infinite dilution partial molar vol-
ume from the Redlich-Kwong EOS. They obtained very large
(=1,000) activity coefficients but observed good representations
for naphthalene in CO, and ethylene.

Instead of being used as adjustable parameters, the activity
coefficients could be estimated from a solution model. In a study
of dense gases for chromatographic separations, Giddings
(1969) suggested the use of the Hildebrand solubility parameter
and correctly observed that the solubility parameter and subse-

AIChKE Journal

September 1989 Vol. 35, No. 9

quently the solubility should be proportional to the fluid density.
Unfortunately, most attempts to include regular solution theory
have resorted to at least semiempirical formulations. Pang and
McLaughlin (1985) resorted to fitting the solubility as a func-
tion of the solubility parameter and pressure with four parame-
ters to model several aromatics in CO, and ethylene.

The most successful use of the solubility parameter in a semi-
empirical correlation was that of Ziger and Eckert (1983).
Using regular solution theory and the VDW equation, they
developed an equation for the enhancement factor, which they
modified slightly with two empirical parameters. They success-
fully reproduced the solubilities of a variety of functional and
nonfunctional solutes in SCF CO,, ethylene, and ethane.

Empirical. Although they are not capable of predicting
unknown phase equilibria, empirical models serve a useful pur-
pose in correlating existing solubility data. The most successful
of these has been a very simple three-parameter equation sug-
gested by Chrastil (1982)

C=d*exp(a/T + b)
where

C = concentration of the solute in a gas, g/L
d = density of the fluid, g/L
k, a, b = empirical constants

The form of the equation is based on the idea of complex forma-
tion between the solute and the solvent molecules. We shall dis-
cuss this concept in more detail in the sections on intermolecular
interactions. Chrastil fit successfully a variety of unusual sol-
utes, including acids, sterols, and water, in SCF CO,, as well as
a few other systems. Tan and Weng (1987) used this equation to
correlate their naphthol isomer data. Adachi and Lu (1983)
extended the correlation to a total of 37 systems, but at the price
of making the k density-dependent and adding two more param-
eters.

Mixing Rules. All of the EOS models are extremely sensitive
to the interaction energy and size factor of dissimilar compo-
nents in a mixture (Mart et al., 1986; Serbanovié¢ and Djordjev-
i¢, 1987). These are the parameters characteristic of the mixture
that are needed in the EOS. Therefore, the form of the mixing
rules to obtain these mixture parameters becomes very impor-
tant, and improving these mixing rules has been the object of
extended research. In most cases, the improved mixing rules
involve one or more additional adjustable parameters. The
results, however, are still extremely sensitive to the value (or val-
ues) of the interaction parameter so it is unclear whether the
added complexity is entirely justified.

Won (1983) proposed an empirical nonquadratic mixing rule
that represented the naphthalene/CO, system better than con-
ventional combining rules, but failed to meet the theoretical
requirement of a quadratic mixing rule at the limit of low pres-
sures. Another mostly empirical attempt (Mart and Papadopou-
lous, 1985) tried to include multibody effects. In a comparison
in which only a single adjustable parameter was used for each
method, their new mixing rules did perform better than normal
VDW mixing or the conformal solution mixing rules (discussed
later) using either mole or surface fractions for polycyclic aro-
matics in SCF’s.

Mansoori and coworkers made an interesting advance when
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they showed that the VDW mixing rules (VDW1) were not the-
oretically suited for use with other cubic EOS’s and derived the
appropriate rules for the RK and PR equations (Benmekki et
al., 1987; Kwak and Mansoori, 1986). Park et al. (1987) also
showed how the new mixing rules (VDW2) conformed to con-
formal solution theory. While the new rules may be theoretically
satisfying, they include more adjustable parameters: three for
the PR equation instead of the usual one. As a result, it is not
surprising that these new rules yield much improved results for
asymmetric SCF solutions.

Another approach has been the use of local composition and,
subsequently, density-dependent mixing rules. Mollerup pio-
neered the local composition concept to bridge the gap between
solution models and EOS (Mollerup, 1981). He used the non-
random two-liquid approach, which yields a significant im-
provement over the normal one fluid theory because it recog-
nizes the ordering around a solute due to the interaction energies
between molecules rather than trying to view the mixture as an
“averaged” pure fluid. Mollerup derived local composition (LC)
versions of the CSVDW, SRK and PR equations. Whiting and
Prausnitz (1982) used the same concept but different details to
show that the effect of the local composition consideration was
to include a density dependence in the mixing rules. As a result,
the mixing rules can maintain quadratic form at low densities,
but take on the more complicated forms at higher densities with
a smooth transition between the two extremes.

Mathias and Copeman (1983) applied the density-dependent,
local-composition (DDLC) form of the PR to liquids with some
success. Vidal (1984) showed the usefulness of the Mollerup LC
model for asymmetric SCF solutions by fitting the naphthalene/
CO, system remarkably well. He also used Whiting and Praus-
nitz’s DDLC model to reproduce the phase diagram for the
H,0/ethanol/CO, system. While the DDLC models give a bet-
ter intuitive description of the physical situation, these attempts
also require the evaluation of a number of system-specific
parameters. By contrast, Johnston and coworkers attempted to
correlate the unknown parameters with physical properties in
their use of the DDLC concept for SCF solutions (with entrain-
er) in the development of the augmented van der Waals density-
dependent local composition (AVDW-DDLC) model (Johnston
et al., 1987b; Kim and Johnston, 1987a). This will be discussed
in more detail in the section on modeling intermolecular interac-
tions.

A variation of the density-dependent mixing rule concept was
presented by Mansoori and Ely (1985) who derived density
expansion mixing rules that are functions of composition, den-
sity and temperature. They yield better results than the VDW1
mixing rules but perform almost identically to the VDW?2 mix-
ing rules, even though they are significantly more complex.

In summary, the new mixing rules present an improvement
only if they can improve solubility and, perhaps, derivative prop-
erty representations without introducing new adjustable param-
eters or by introducing parameters that can be predicted from
known physical properties. While the local composition concept
describes the experimental observations of clustering in SCF’s
(discussed in the section on Intermolecular Interactions) more
accurately than conventional models, its successful application
to SCF solutions remains a challenge.

Computer Simulations. Molecular dynamics and Monte
Carlo simulations have also been used to model SCF-phase
behavior, although they have been extended to include even
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slightly asymmetric mixtures only recently. Hoheisel et al.
(1983) compared the results of the van der Waals a-fluid
approximations and the mean density approximation to essen-
tially exact mixture data for a L-J (12-6) system using molecu-
lar dynamics. The VDW1 fluid approximation worked best for
SCF mixtures but only for slightly asymmetric size ratios. In a
later paper (Vogelsang and Hoheisel, 1984), they attempted to
compare a supercritical fluid to a liquid, but the simulations
were at different densities so one cannot make any real compari-
sons. Likewise, Monte Carlo simulations are capable of predict-
ing the phase equilibria of somewhat nonideal fluid mixtures,
for example, acetone/CO, (Panagiotopoulos et al., 1986) and
naphthalene/CO, (Shing and Chung, 1987; Nouacer and
Shing, 1989). As computing technology continues to advance,
the use of these techniques presents a unique and challenging
way to simulate SCF phenomena and highly nonideal solutions.
The simulation results can be used to evaluate various approxi-
mate techniques and differentiate between errors in the methods
and errors in the potentials.

SCF: Liquid/Fluid Equilibria

Solid/fluid extraction processes possess the potential for the
largest solubility enhancements and, consequently, the largest
commercial implementation. However, there also exists the po-
tential for low-volatility liquids. Unfortunately, the investiga-
tion and analysis of liquid/fluid or solid/liquid/fluid systems
are complicated by the solubility of the fluid in the liquid phase,
which can often be quite high, so that one is far removed from
the Henry’s Law region. For example, at 35°C and 2,000 psia
(14 MPa) the solubility of CO, in the liquid #n-hexadecane phase
is nearly 85% (Charoensombut-Amon, 1986). This is especially
true near the upper critical end point (UCEP), which ends the
LLYV curve by one of the liquid phases becoming identical to the
vapor phase.

An extremely useful application, where this problem becomes
important, is the use of SCF’s for chromatographic separations.
Recent development of this technology has shown its benefit in
separating high-molecular-weight compounds and thermally-
labile compounds that cannot be separated by gas chromatogra-
phy. SCF chromatography has the added feature of pressure or
density programming, in addition to temperature variation, be-
cause solubilities are so sensitive to both temperature and den-
sity in SCF’s. Several reviews are available on the subject
(Gouw and Jentoft, 1972; Klesper, 1978; van Wasen et al.,
1980; Peaden and Lee, 1982). Because of the complex nature of
the stationary phase, little fundamental understanding of phase
behavior in SCF chromatography has appeared yet.

The difficulty in investigating liquid/fluid and other multi-
phase systems is the need to sample or otherwise determine the
compositions of all phases. Removing even small samples can
seriously disturb’the equilibrium, unless the vessel is very large
and obtaining representative samples is fraught with hazards!
Despite this limitation, there have been a number of studies of
both subcritical- and supercritical-phase behavior based on
clever modifications of this technique (Reamer and Sage, 1962,
1963, 1964; Tsang and Streett, 1981; Charoensombut-Amon et
al., 1986; Radosz, 1986; Nagarajan and Robinson, 1987; Adams
et al., 1988). However, there are several examples of low-volatil-
ity liquid/fluid or solid/liquid/fluid equilibria, in which only
the fluid phase composition was measured (Van Leer and Pau-
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laitis, 1980; Brunner, 1983; Chang and Morrell, 1985; Gopal et
al., 1985).

Mixed or pure solutes in the presence of a high-pressure fluid
can experience significant freezing point depressions, and the
SCF dissolved in the liquid phase can have a pronounced effect
on the composition of the fluid phase. Brunner found that, the
greater the dissolution of the fluid in the liquid, the higher the
solubility of the liquid in the SCF phase. Van Leer and Paulaitis
{1980) observed that the solubility vs. pressure isotherms of lig-
uids in SCF’s had a different qualitative form than those for sol-
ids. The liquids do not exhibit the precipitous decrease in solu-
bility in the vicinity of the fluid critical point. While modeling
these types of systems is more complicated than solid /fluid sys-
tems, Hess (1987) has shown for systems sufficiently removed
from a critical end point that standard methods for normal lig-
uids can be used for the liquid phase. In this way the solubility of
the fluid in the liquid, the solubility of the solid in the liquid, and
the freezing point temperature of the solute can be modeled for
solid/liquid/fluid systems. He reproduced the experimental
SLG curves for naphthalene/CO,, biphenyl/CO,, and octaco-
sane/CO, with remarkable accuracy.

A more complete picture of the phase equilibria, especially
the phase diagram, can be obtained with high-pressure view
cells, sometimes equipped with sampling valves for all phases
(Rodrigues et al., 1968; Lee and Kohn, 1969; Kalra et al., 1978;
Tiffin et al., 1978; Kohn et al., 1980; Legret et al., 1980; Li et
al., 1981; Meskel-Lesavre et al., 1981; Gasem and Robinson,
1985; Hsu et al., 1985; Nagarajan and Robinson, 1986; Ander-
son et al., 1986; Bufkin et al., 1986). A very early study (Chap-
pelear and Elgin, 1961) examined seven organic liquids in SCF
Freon 13. Several investigators have used this technique to study
the equilibrium between polymers or copolymers and their SCF
reactants or solvents (Luft and Subramanian, 1987; McClellan
et al., 1985; Seckner et al., 1988). These systems include ethyl-
ene/methyl acrylate and copolymers, polystyrene/toluene/CO,,
and polystyrene/toluene/ethane. Other popular techniques in-
clude high-pressure chromatography and flow gas saturation
techniques (Czubryt et al., 1970; Chen et al., 1976; Sebastian et
al., 1980; Kragas et al., 1984; Inomata et al., 1986a, 1986b).

The view cell experiment was simplified when it was shown
that a three-phase/three-component system could be fully de-
termined without sampling by measuring the phase volumes
with merely three different starting compositions (Paulaitis et
al., 1984, 1985; DiAndreth et al., 1987). In this way the
researchers determined phase diagrams of the two-and three-
phase regions of alcohol/H,0/CO, systems. McHugh et al.
(1983) used a similar method to investigate the ethanol/H,0/
ethane system. The alcohol systems were also of interest to Brig-
nole et al. (1984, 1985, 1987), who suggested the use of super-
critical fluids for the extraction of alcohols from water and pre-
sented entire processes for the recovery systems.

Derivative Properties

While developing an equation of state that can model volume
and solubility data is a challenge, concurrently modeling a
derivative property is an even more demanding endeavor. Not
only does one have to develop an equation that accurately repro-
duces the solubility, but the compositional dependence must also
be correct. Two properties exhibit anomalous behavior in the
vicinity of the solution critical point: the excess enthalpy of mix-
ing and the solute partial molar volume. In fact, a fundamental
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relationship exists between these two quantities; Wheeler
(1972) has shown that in the context of the decorated lattice gas
model, the infinite dilution partial molar volume should scale as
the infinite dilution partial molar enthalpy (see relationship to
hE below) arbitrarily close to the solvent’s critical point. In addi-
tion, Debenedetti and Kumar (1988) have analyzed these
quantities in terms of the formation of solvent clusters around
the solute (this will be discussed in detail in the next section on
Intermolecular Interactions) and used that information to de-
scribe the regions of inverse solubility behavior of many systems,
in which an increase in temperature causes a decrease in solubil-
ity.

Excess enthalpies of mixing

The excess enthalpy of mixing of SCF solutions can be mea-
sured efficiently by flow calorimetry. The excess enthalpy of a
binary mixture is related to the partial molar enthalpies of both
components by:

hE — x,(hy — hy) + xy(hy — hy)

Therefore, unusual behavior of either component’s partial molar
enthalpy will be reflected in the excess enthalpy of mixing.
Christensen and coworkers have studied a number of systems
and presented an excellent review of the subject (Christensen et
al., 1987). The common characteristics of these systems are
shown for the propane/Freon-12 system in Figure 9. The critical
temperature of propane is 370.0 K and that of Freon-12 is
385.2 K. At temperatures below the more volatile component’s
critical temperature hZ consists of small positive values, charac-
teristic of a regular solution. As the temperature is raised, A%
becomes extremely large and negative. At even higher tempera-
tures, near the critical temperature of the heavier component,
the values are extremely large and positive. Finally, above the
critical temperature of the less volatile component, A% returns to
small positive deviations from ideality. Additional data are
available for the CO, + N, and CO, + n-hexane + toluene sys-
tems (Wormald and Eyears, 1988; Faux et al., 1988). This phe-
nomenon is explained as the more volatile component being in a
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Figure 9. Excess enthalpies of mixing of SCF propane
and Freon-12.
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more dense state in the mixture than it would be as a pure com-
ponent when the mixture is near but above the critical point of
that component (the lower T,), resulting in a lower partial molal
enthalpy in the mixture. Therefore, if the system were at a pres-
sure below the critical locus, condensation into the mixture
would occur. Conversely, near the higher T, the less volatile
component is in a less dense state than it would be as a pure com-
ponent, resulting in a higher partial molal enthalpy in the mix-
ture (Christensen et al., 1987). This is termed an “equation-of-
state” effect, whereby the two components are more or less
expanded relative to the pure components, depending on their
respective reduced temperatures, resulting in the changing Ay,
(and, correspondingly, vZ) values. Morrison et al. (1985) used
thermodynamic stability arguments to explain the general shape
of the excess enthalpy curves. These arguments with the neces-
sary condition that (H/dx), r diverges at the pure-component
critical point are used to justify all the qualitative features of
this complex behavior. A variety of EOS models, some with
binary interaction parameters, have been used in an attempt 1o
reproduce the AZ data. While most EOS’s give the qualitative
form, none has been very successful at quantitative modeling.

Partial molar volumes

Another property of interest is the partial molar volume. Of
the derivative properties it is the most fundamental macroscopic
thermodynamic property that can be used to analyze supercriti-
cal solution phenomena (Kim and Johnston, 1985). The partial
molar volume is related directly to the solubility through the
fugacity coefficient of the solute in the fluid phase. Yonker and
Smith (1988a) pointed out the importance of the partial molar
volume in determining the density dependence of the retention
time in SCF chromatography.

As pointed out earlier, the variation in the fugacity coefficient
accounts for the large changes in the solubility and enhance-
ment factors. The integral in determining the fugacity coeffi-
cient is “forgiving” in that errors in 7, can be averaged out over
the pressure range. Therefore, one can have an EOS that may
model solubilities but does not represent well v, data; thus it
does not really represent the molecular interactions. Unfortu-
nately, until recently partial molar volume data in the supercrit-
ical region were extremely scarce. However, a handful of inves-
tigators reported values obtained by taking the compositional
derivative of volume data for mixtures in the critical region
(Bensen et al., 1953; Chappelear and Elgin, 1961; Tsekhans-
kaya et al., 1966; Ehrlich and Fariss, 1969; Ehrlich, 1971; Wu
and Ehrlich, 1973; Abraham and Ehrlich, 1975). All these val-
ues were at finite concentrations, and the common observation
was that the partial molar volumes of the solute became very
large and negative (~—100 to —1,000 cm®/mol) in the vicinity
of the solvent critical point. The systems studied were very
diverse, including organic liquids in SCF ethane and Freon-13,
polymers in SCF ethylene, and NaCl in SCF water. Even with
these limited data, suggestions of “molecular cluster” forma-
tion, solute-solvent bond formation, and the collapse of the sol-
vent about the solute abounded.

The dearth of v, data is undoubtedly due to the difficulty in
obtaining it, especially near the critical point where small
changes in temperature and pressure can cause large errors in
the measured values. Van Wasen and Schneider (1980) pro-
posed a chromatographic method to calculate the solute partial
molar volume at infinite dilution from the isothermal pressure
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dependence of the experimentally-determined solute retention
time. Paulaitis et al. (1981), however, pointed out that, through
the assumption of Henry’s law solution behavior, the method
assumed that (395/9y,)pp.r—r1. approached zero. Unfortu-
nately, the partial molar volume is both predicted and observed
to be a strong function of the solute concentration. Eckert et al.
(1983, 1986a) proposed a novel method to measure infinite dilu-
tion partial molar volumes of solutes in SCF’s, which involved
the use of a high-precision densitometer so that measurements
could be made as close as 2°C from the critical point of the sol-
vent. They reported values for several organic solutes in SCF
CO, and ethylene as large as —20,000 cm?®/mol. A typical iso-
therm is shown in Figure 10. Biggerstaff and Wood (1988) have
used the precision densitometer method as well to determine the
partial molar volumes of argon, ethylene and xenon in subcriti-
cal and supercritical water. While these measurements were at
somewhat higher solute concentrations, they are interesting be-
cause the solutes exhibit large positive partial molar volumes in
the vicinity of the solvent critical point. In contrast to the work
of Eckert et al. (1983, 1986), in these systems the solutes have
lower critical temperatures than the solvent, so that the solute/
solvent interactions are more repulsive than the solvent/solvent
interactions.

All these observations are in agreement with the classical
arguments of Wheeler (1972), who used the decorated lattice
gas theory to show that the infinite dilution partial molar vol-
ume of the solute should diverge to negative infinity at the sol-
vent critical point if there are attractive interactions between the
solute and the solvent and to positive infinity if there are repul-
sive interactions. The infinite dilution partial molar volume
data, extremely near the solvent critical point, show unusual
behavior because they can have different limiting values depen-
dent on the pathway of approach (Rozen, 1976). Levelt Sengers
and coworkers (Chang et al., 1984; Chang and Levelt Sengers,
1986) explained this phenomenon in terms of the Leung-Grif-
fiths model. As the solute concentration goes to zero (infinite
dilution) the mixture critical point is changing with the change
in composition. Dependent on the path of approach to the pure
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Figure 10. Partial molar volume at infinite dilution of
naphthalene in ethylene at 12°C.
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solvent critical point (such as along an isobar or isotherm), the
system will be at varying distances from that changing mixture
critical point resulting in different values of the partial molar
volume and other limiting properties.

Intermolecular Interactions
Evidence of clustering

The observed U5 values provided the main impetus for a whole
new realm of investigations seeking to better understand the
intermolecular interactions between the solute and the other
species in SCF solutions.

The extremely large negative infinite dilution partial molar
volumes measured by Ziger suggest the clustering or agglomer-
ation of many solvent molecules when a molecule of solute is
added to solution, perhaps somewhat akin to electrostriction
about a center of force in solutions. This can be envisioned as the
collapse of the solvent shell about the solute or the formation of
solute/solvent clusters in solution. Benson and coworkers made
this suggestion of some type of clustering, complex formation, or
strong solute/solvent interactions as early as 1953 when they
looked at the 7, of NaCl in SCF H,O (Bensen et al., 1953).
More recently, Eckert et al. (1983) showed that the extremely
large values of 75 measured by Ziger corresponded to the disap-
pearance in volume of as many as 100 moles of solvent per mole
of solute: i.e., a solvent partial molar volume of —10,000 cm®/
mol at a solution density of 100 cm?/mol. The composition and
density around the solute could be very different from the bulk
solution due to the strong solute/solvent interactions. This may
account for some of the success of the LC and DDLC mixing
rule models.

These data, however, also indicate such strong phenomena
that perhaps specific interactions, which may account for the
difference in the bulk density and the local density of solvent or
entrainer around a solute, may be important in modeling SCF-
phase equilibria. In such a case, a chemical-type model of clus-
ter or aggregate formation may be a useful representation of the
molecular structure and may be superior to strictly EOS treat-
ments. This is especially important in entrainer systems, where
the cosolvent may be chosen specifically to hydrogen bond or
have acid/base interactions with the solute to pull it into solu-
tion. In these systems, one is concerned about the composition in
the region about the solute, which is likely to be enriched with
entrainer, as well as changes in the local density resulting from
unusual solute/SCF solvent interactions.

Both experimental and modeling efforts to better understand
the clustering phenomenon are extremely limited. Nevertheless,
they will be presented here in some detail due to their signifi-
cance in trying to understand the molecular interactions that
govern SCF solubilities, enhancements and separations.

Experimental studies

An excellent way to study solute/solvent and solute/entrainer
interactions is with nonintrusive spectroscopic methods. In this
way, the systems can be examined on a microscopic level with-
out perturbing the molecular interactions.

The earliest studies were not motivated so much by interest in
clustering as by a need to quantify the solvent power of SCF’s
for chromatographic applications. A common method of classi-
fying solvents is the Kamlet-Taft equation (Kamlet et al., 1977,
1983). This is a linear solvation energy relationship that relates
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some observed quantity (reaction rate constant, position of the
maximum absorption peak in the IR, UV-visible, NMR, ESR,
etc.) to three scales of chemical characteristics by:

XYZ = XYZ, + aa + bB + so*

where o, 8, and = * are solvent-specific and represent the sol-
vent’s ability to be a hydrogen bond donor, ability to be a hydro-
gen bond acceptor, and its polarity/polarizability, respectively.
The a, b, and s are solute-specific and have been tabulated for a
wide variety of chromophores. In this case, the quantity mea-
sured was the wavelength of maximum absorbance of a dilute
chromophore in solution, which will be different with different
solvents due to varying degrees of solvent-induced stabilization
of the electronic states. For CO,, the n* values are negative,
indicating very weak interaction (Hyatt, 1984; Sigman et al.,
1985). Subsequently, data became available for Xe, SF,, C,H,,
and NH; (Yonker et al., 1986; Smith et al., 1987), that indi-
cated somewhat changing values of =* through the SC region,
but no marked changes in the immediate vicinity of the critical
point.

In a more detailed study, Kim and Johnston (1987b) found
that the actual local solvent densities were greater than those
predicted for a uniform bulk SCF solution by the standard sol-
vent shift theory of McRae (1957). They compared the pre-
dicted and observed values to obtain estimates of the actual local
density. In addition, they showed that the estimated local den-
sity could be correlated with the solvent isothermal compress-
ibility: i.e., the solvent became more tightly packed around the
solute when the solvent was very compressible near the critical
point. They used only one dye and it is unknown whether the
results are solute-specific.

The fluorescence spectra of solutes are particularly sensitive
to the solvent environment. Kajimoto et al. (1988) used this
technique, coupled with absorption, to study (N,N,dimethyl-
amino)benzonitrile in SCF fluoroform. Fluoroform is highly
polar and, as a result, is likely to cause large shifts in the spectra.
In addition, this benzonitrile forms a charge-transfer complex so
that both the normal and the charge transfer peaks could be
studied. In the slightly SC region, the shifts were greater than
those predicted by the McRae (1957) theory in both the absorp-
tion and fluorescence spectra. Once again, this was explained as
the aggregation of the solvent molecules around the solute in the
low-density SCF. The authors describe the aggregation with a
Langmuir-type adsorption equilibria, but this required signifi-
cant assumptions about the relative contributions of the solvent
molecules to the shift.

Nonetheless, these experiments do point out that there is sig-
nificant evidence of aggregation of the solvent molecules around
the solute, at least in these systems involving rather polar and
highly functional solutes.

Strong solute/solvent interactions or clustering is also impor-
tant nearer the critical point in nonpolar systems (Brennecke
and Eckert, 1988, 1989). The ratio of the intensity of the first
peak to the intensity of the third peak in the fluorescence spec-
trum of pyrene is an excellent measure of the strength of these
interactions. The transition corresponding to the first peak is not
allowed by symmetry arguments. If there is strong interaction
between the solute and the solvent, however, the symmetry is
disrupted and that transition takes place with greater intensity.
The intensity of the third peak is relatively insensitive to the sol-
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Figure 11. Fluorescence spectroscopy results indicating

clustering near the critical point.

vent environment. Figure 11 shows this ratio of intensity for two
isotherms of pyrene in supercritical ethylene at a common mole
fraction. The 11°C isotherm, which is nearer the critical point,
has much higher values for 7, /I, than the isotherm further away,
indicating much stronger solute/solvent interaction nearer the
critical point. The decrease in I,/1, along either isotherm at
lower densities is a result of the decreased density, not the prox-
imity to the critical point.

The next obvious step was to try to understand and quantify
the clustering of entrainers about solutes. Kim and Johnston
(1987a) measured the vg,, of phenol blue in several CO,/
entrainer systems. Using an approach based on the dielectric
enrichment arguments of Nitsche and Suppan (1982), they cal-
culated local entrainer compositions. In all cases, the local com-
positions exceeded the bulk concentrations because the entrain-
ers interacted more strongly with the solute than with the SCF
solvent. For the phenol blue/acetone/CO, system, the entrainer
concentration is as much as four times the bulk concentration
near the solvent critical point but approaches that bulk concen-
tration at high pressures. In a slightly varied approach, Yonker
and Smith (1988b) estimated the local compositions by assum-
ing a linear contribution of the entrainer and the solvent to the
observed 7 * value. Their results for the 2-nitroanisole/2-propa-
nol/CO, system were in complete agreement with those of Kim
and Johnston (1987a).

Modeling

The spectroscopic experiments and the vy data lead to two
conclusions: First, even with nonpolar SCF solvents, there is an
unusually strong interaction between the solute and the solvent
that resuits in a local density about the solute that is greater
than the bulk. Second, in entrainer systems, the local composi-
tion is indeed enriched with the entrainer. In both cases, the
effects are most significant in the region of high compressibility
near the critical point.

One approach to model this behavior is chemical theory,
which hypothesizes the formation of aggregates in solution and
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treats them by the law of mass action. (See for example, Alger,
1982.) Chemical theory has frequently been used for systems
known to form strong hydrogen bonds. It was used to describe
high-pressure, light-hydrocarbon/methanol systems, but only
included complex formation of the methanol molecules with
each other (Peschel and Wenzel, 1984).

A very rough model of the clusters in SCF’s was made using
ideal chemical theory, which assumes that all nonidealities in
solution are due to complex formation. While this is an unrealis-
tic model since SCF’s are far from ideal gases, ideal chemical
theory predictions do show good qualitative agreement with
Ziger’s infinite dilution partial molar volume date for naphtha-
lene in CO, at 35°C. A plot of these predictions with cluster sizes
of n = 10 and n = 50 is shown in Figure 12 (Eckert et al., 1983).
An equation of state could be used to obtain fugacity coeffi-
cients to produce a model containing both chemical and physical
contributions.

Donohue and coworkers (Walsh et al., 1987) recognized the
formation of complexes between solutes in SCF’s and entrainers
added to the SCF. In the associated perturbed anisotropic chain
theory (an extension of the PHCT discussed in the section on
Perturbation EOS), only the ideal gas term is affected by asso-
ciation by changing the number of molecules present. Both asso-
ciation between alcohol molecules and solvation of the solute by
the alcohol are taken into account. However, no complex forma-
tion is assumed to occur between the solute and the SCF sol-
vent.

By contrast, Debenedetti (1987) has used a fluctuation analy-
sis to derive an expression for the solute infinite dilution partial
molar volume in terms of an actual cluster size of solvent mole-
cules around the solute. While this cluster size is numerically a
measure of the statistical correlations between solute and sol-
vent concentration fluctuations at infinite dilution, it is pre-
sented as taking on the mechanistic significance of the number
of SCF solvent molecules surrounding the solute. Cluster sizes
are calculated from v5 data by using literature data for solvent
density and compressibility. These calculated cluster sizes indi-
cate as many as 100 molecules of CO, surrounding a molecule of
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Figure 12. Ideal chemical theory predictions of the par-
tial molar volume of naphthalene in CO, at
35°C.

n = cluster size.
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naphthalene or tetrabromomethane in the region of highest CO,
compressibility; examples for the naphthalene/CO, system are
shown in Figure 13.

Lee and coworkers have been successful in solving the integral
equations and calculating the direct pair correlation functions
for asymmetric SCF systems such as naphthalene/CO, and
pyrene/CO, (Lee and Cochran, 1988; Lee, 1989). They find
that clustering is evident as long-range correlations in the fluc-
tuations of solvent molecules around the solute.

There have also been attempts to modify the purely physical
EOS models to permit them to describe without chemical theory
the very strong solute/solvent or solute/entrainer interactions.
Johnston and coworkers (Kim and Johnston, 1987a; Johnston et
al., 1987b) modeled the phenol blue/entrainer/CO, systems, by
modifying the already very good AVDW equation with the
DDLC of Mollerup (1981) and Whiting and Prausnitz (1982).
They correlated the cross interaction energy with the total con-
figurational internal energy, which can be calculated from liter-
ature solubility parameter values, so no new adjustable parame-
ters were introduced. The qualitative agreement they obtained
suggests some possibilities for this method.

Conclusions

o SCF extraction is often inappropriate for separations be-
cause easier methods are available, but when it is needed it is a
very powerful tool.

o The applicability of SCFE is highly dependent on our ability
to model and predict phase equilibria in complex systems. SCF
systems are especially challenging because of the high com-
pressibility and the asymmetry of the systems encountered.

e Many good data exist, especially for solid solutes in SCF’s,
including entrainer effects and a few data for mixed solutes.
Fewer good data exist for liquid solutes, and especially for the
solubility of SCF’s in equilibrium liquids.

e Cubic EOS’s and perturbation models have enjoyed some
success in the correlation of solubilities. They are less successful
either in representing derivative properties or in prediction.

o A better fundamental understanding of molecular behavior
in SCF’s is needed to develop predictive models. Present studies
that show promise are spectroscopic investigations and perhaps
models of solution behavior incorporating specific interactions.
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Computer simulation also provides a powerful tool, especially
when used in conjunction with experiment.
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