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Solubility of solids was modeled in modified supercritical carbon dioxide as a predic-
ti®e method. The Peng-Robinson equation of state was used to characterize the ternary
systems using the one-fluid ®an der Waals rules. Ternary mixture parameters k , k ,12 23
and k were obtained from the binary mixtures using Wong-Sandler mixing rules or the13
linear combination of Vidal-Michelsen mixing rules together with UNIFAC as required
as a fully predicti®e tool for the liquid acti®ity coefficients. When this method was ap-
plied to predict the solubility of b -naphthol in CO modified with 6% and 10% toluene,2
®alues for the predicted solubility were ®ery similar to the measured ones, with de®ia-
tions of 9.6 and 26.3%, respecti®ely. Howe®er, when the method was applied to the
data of Simon et al. who examined six common cosol®ents, the results were not as good
in absolute terms, but the sol®ents were sorted in about the same order as found experi-
mentally. The method pro®ides quite an approximate guide to judge the most effecti®e
cosol®ent from se®eral candidates using a fully predicti®e methodology.

Introduction

Knowledge of solubility is essential for the design of sepa-
ration processes such as extraction or leaching with a super-
critical solvent. Solubility data are also required in the design
of the extract recovery and purification operations. The solu-
bilities of solids and liquids in supercritical fluids can be cal-
culated by the use of cubic equations of state for mixtures
with empirically-fitted binary interaction coefficients appear-
ing in the mixing rules for the energy parameters a and b.
Correlation of the binary interaction parameter has been at-

Ž .tempted, for example, by Hederer et al. 1976 with the
Ž .Soave-Redlich-Kwong EoS Soave, 1972; Brunner, 1994 . In

Ž .the last 20 years, emphasis has been placed Vidal, 1978 on
the use of the excess Gibbs energy models in the attractive
term parameter of the cubic equations-of-state, or the so-
called g ErEoS models. In this direction, significant advances

Ž . Ž .were made by Michelsen 1990b , Wong and Sandler 1992 ,
Ž .Tassios and co-workers Boukouvalas et al., 1994 , among

Ž .others Yakoumis et al., 1996 . The interesting point in this
approach is that it allows a group-contribution method such

Ž .as UNIFAC Fredenslund et al., 1975 to be used in the cal-
culation of the activity coefficients, and the excess Gibbs en-
ergy of the high density phase as a function of composition.
This is very important since the EoSrg E model, together with

Correspondence concerning this article should be addressed to F. Recasens.

ŽUNIFAC, has become fully predictive Orbey and Sandler,
.1998 .

In the extraction with SC solvents, carbon dioxide is the
fluid of choice for a number of engineering, safety, and eco-
nomic reasons. However, the low polarity of carbon dioxide
limits its use whenever a solute with very different polarity is
treated. In that case very high operating pressures would be
required. A so-called entrainer, or modifier, is used in such
cases. A practical advantage of a modifier is that in some

Žcases the operating pressure can be reduced as reported in
Ž .one case examined by Abaroudi et al. 1999 and Eychenne

Ž .et al. 2001 . In other cases, a remarkable solubility enhance-
Ž .ment can be achieved for small cosolvent concentrations 5% .

Several authors have attempted to correlate the solubility of
a solute in modified carbon dioxide using either empirical

Žmethods Sunol et al., 1985; Anitescu and Tavlarides, 1999;
.Sovova et al., 1999 , or generalized equations of state such as´

Ž . Ž .the Soave-Redlich-Kwong SRK Soave, 1972 , and others
ŽPeng and Robinson, 1976; Simon et al., 1993; Dobbs et al.,

. Ž .1987 . See Brennecke and Eckert 1989 for a review. The
Žhard sphere-van der Waals Dobbs et al., 1987; Trabelsi et

. Žal., 1999 , and the Sanchez-Lacombe lattice theory West et´

.al., 1998 are among the methods to characterize such solu-
bility, as well as the Scatchard-Hildebrand regular solution
and the Flory-Huggins theories considering a supercritical

Ž .phase like the liquid phase Gurdial et al., 1993 .
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Very few authors have attempted prediction of solubility of
a solid in a modified supercritical fluid as a ternary system
Ž .Sunol et al., 1985 . Using the PR-EoS with the one-fluid

Ž .mixing rules, Macnaughton et al. 1994 have taken two of
the three binary interaction coefficients from the literature,
and the third coefficient was calculated from Henry’s con-
stant of the solvent in the solute as determined from chro-
matography. This is extremely important because it would re-
duce the prediction of solubility to the indirect measurement
of using only a Henry constant by low-pressure gas-liquid
chromatography. To our knowledge, only Jaubert and

Ž .Coniglio 1999a, b used the group-contribution theory alone
for the estimation of phase diagrams for binary, ternary, and
quaternary systems in which SC carbon dioxide was one of
the components in dew-point and bubble-point calculations.
Their results are most encouraging.

In this work, we attempt to predict the solubility of a solid
in carbon dioxide modified with toluene, making use of the
three separate binary data, that is, from the CO -liquid sys-2
tem, the CO -solid system, and the solid-liquid system, each2
characterized with the predictive EoS method. The results of
the calculations are applied to sorting the best entrainer from
a list of candidates for dissolving Naproxen as reported by

Ž .Simon et al. 1993 , as a check of our theory with their data.

Phase Equilibrium Considerations
In this work, the following components were considered:

Ž .The fluid solvent carbon dioxide in our case scomponent
Ž1; the cosolventscomponent 2 usually a liquid at ambient

. Žconditions ; and the solutescomponent 3 usually a solid at
.ambient conditions . These components are assumed to be in

the SC phase, in equilibrium with the solid. Further, it is as-
sumed that neither the fluid solvent nor the cosolvent dis-
solves in the solid. In other words, the solid phase is pure
component 3 in equilibrium with a supercritical phase.

Imposing the equifugacity condition to this problem, the
Žsolubility y in the SCF phase is obtained as Prausnitz et al.,3

.1999

V s
P 3satP exp dPH3 sat RTP3y s 1Ž .3 Pf3

in which the nonidealities of the fluid phase, due to high
pressure, are included. The fugacity factor appearing in the
denominator can be calculated from an equation of state for
the mixture. Since the value of f can change from 10y3 to3
10y6, this is an important factor in the solubility enhance-
ment. Other factors affecting solubility in a supercritical fluid
are seen in Eq. 1. Using the PR-EoS with the classical mixing
rules, there are enough equations to determine f as a func-3
tion of y , and solve for y . The necessary equations for the3 3
Peng-Robinson case are as follows

RT a TŽ .mix
P s y 2aŽ .

®y b ® ®q b q b ®y bŽ . Ž .mix mix mix mix

where a and b are, respectively, the energy parametermix mix
and the size parameter for the mixture. These are calculated
from pure fluid data using the one-fluid van der Waals hy-

Žpothesis with the following mixing rules as McHugh and
.Krukonis, 1994

3 3

a s y y a 2bŽ .Ý Ýmix i j i j
is1 js1

a s 1y k a a 2cŽ .Ž . 'i j i j i j

where the pure component values are those specified by the
ŽPR-EOS equations as Reid, 1981; McHugh and Krukonis,

.1994

RTci
b s0.0778 3aŽ .i ž /Pci

a T s a T a T , v 3bŽ . Ž .Ž . Ž .i ci Ri i

R2T 2
ci

a T s0.45724 3cŽ .Ž .ci Pci

2
a T , v s 1q m 1y T 3d' Ž .Ž . Ž .Ri i i Ri

m s0.37464q1.54226v y0.26992v 2 3eŽ .i i i

Equation 2c involves a binary interaction parameter k thati j
is usually calculated either by fitting experimental phase-
equilibrum data, or with data generated with a completely
predictive method. The latter approach is used here.

The co-volume for the mixture b is calculated with themix
parameter h .i j

3 3

b s y y b 4aŽ .Ý Ýmix i j i j
is1 js1

b q bŽ .i j
b s 1yh 4bŽ .Ž .i j i j2

ŽThis is usually set to zero, h s0 Vidal, 1978; McHugh andi j
.Krukonis, 1994 , as k is sufficiently sensitive.i j

The expression for the fugacity coefficient in terms of the
composition of the fluid phase is as follows

bU
3

lnf s z y1 yln z y BŽ . Ž .3 g gbmix

3

2 y aÝ j 3 j U z y2.414BA bjs1 g3
y y ln 5aŽ .ž /2.828 B a b z y0.414Bmix mix g� 0

where A, B and bU can be calculated from the following
equations

a Pmix
As 5bŽ .2 2R T

b Pmix
Bs 5cŽ .

RT
3

Ub s2 y b y b 5dŽ .Ý3 j 3 j mix
js1
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To predict the solubility of a solid in a modified supercritical
fluid, it is necessary to predict the mixture parameters. In
what follows we describe how these can be calculated from
the three binary pair systems and the type of models used to
do that.

Solid solute-compressed gas equilibrium
We first predict the solubility of the solid in pure, com-

pressed gaseous CO using the equation of state of Peng-2
Robinson with two mixing rules: the linear combination of

Ž .Vidal and Michelsen rules LCVM and that of Wong and
Ž .Sandler WS , together with the UNIFAC method to calcu-

Ž .late the activity coefficients of a dense liquid phase. Once
information on the liquid phase is available, estimation of the

Ž .fluid phase fugacity coefficients Smith et al., 1996 , is possi-
Ž .ble. Secondly, the binary interaction parameter k is found13

by fitting the solubility data predicted from UNIFAC with
the Peng-Robinson equation with the classical mixing rules.
The LCVM and the Wong-Sandler mixing rules are as fol-
lows:

The LCVM Mixing Rules. In the development of these
rules, the energy parameter of the equation of state a ismix
written in terms of the excess free energy. In this method
there is linear combination of the Vidal and the Michelsen
rules through proper weights l and 1y l. Thus

a s la q 1y l a 6aŽ . Ž .V M

1 g E

a s q y a 6bŽ .ÝV i iA RTV i

E1 g bmix
a s q y ln q y a 6cŽ .Ý ÝM i i iA RT bM ii i

in which a and a are the original expressions proposedV M
Ž .by Boukouvalas et al. 1994 . The resulting expression for a

is

l 1y l g E 1y l b bmix mix
a s q q y ln q y ln1 3ž / ž / ž /ž /A A RT A b bV M M 1 3

n

q y a 6dŽ .Ý i i
is1

where

ai
a s 6eŽ .i b RTi

The other equations are

b sÝ y b 6dŽ .mix i i

a s a b RT 6eŽ .mix mix

When the Peng-Robinson equation of state is used as the
Ž .EoS, then ls0.36, A sy0.623 Vidal, 1978 , and A sV M

Ž .y0.53 Michelsen, 1990b . Then, the analytical expression for

the fugacity coefficient in the fluid phase is obtained after
integration as

b P ®y bŽ .3 mix
lnf s z y1 ylnŽ .3 gb RTmix

'a ®q 1q 2 bŽ .3 mix
y ln 7aŽ .' '2 2 ®q 1y 2 bŽ . mix

l 1y l 1y l b bmix 3
a s q lng q ln q y1 q a3 3 3ž / ž /A A A b bV M M 3 mix

7bŽ .

where g is estimated from UNIFAC group-contribution3
Ž .method Fredenslund et al., 1975 and a defined by Eq. 6c3

for is3.
The Wong-Sandler Mixing Rules. In this case, the energy

Ž . Ž .parameter Eq. 8a and the co-volume Eq. 8b for the mix-
ture are written in terms of the excess Gibbs free energy.
One mixing rule stems from the limiting behavior at low pres-
sure where the difference b-arRT should be directly related
to the second virial coefficient. The other mixing rule refers
to the limit of the Helmholtz energy function at high density
Ž . Žor infinite pressure . The resulting equations are Sandler,

.1999

Q
b s 8aŽ .mix 1y DŽ .

a Dmix
sQ 8bŽ .

RT 1y DŽ .
3 3a amix i

Qs b y s y y b y 8cŽ .Ý Ýmix i j iž /RT RTis1 js1

a a'a 1 1 3
by s b q b y 1y s 8dŽ .Ž . Ž .1 3 13ž /RT 2 RT13

a aE y a y a` 1 1 3 3
Ds s q q 8eŽ .

bRT CRT b RT b RT1 3

1 'Cs ln 2 y1 8fŽ .Ž .'2

In view of the second hypothesis

g E T , x , P ™0 s aE T , x , P ™0 s aE T , x , P ™` 9Ž . Ž . Ž . Ž .

where,

g Es RT y lng q y ln g 10Ž .Ž .1 1 3 3

and

aE
`

s y ln g q y lng 11Ž .1 1 3 3RT
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The corresponding expression for the fugacity coefficient is

P ®y b 1 ­ nbŽ .mix mix
lnf syln q z y1Ž .3 gž /RT b ­ n3

21 a 1 1 ­ n amix mix
q ž / ž /' b RT a n ­ n2 2 mix mix 3

'1 ­ nb ®q b 1y 2Ž .mix mix
y ln 12Ž .ž / 'b ­ n ®q b 1q 2Ž .mix 3 mix

Ž .Where the partial derivatives are known Sandler, 1999 , as

­ nb 1 1 ­ n2Q Q ­ nDmix
s y 1y2 ž /ž /­ n 1y D n ­ n ­ nŽ . 1y DŽ .3 3 3

13aŽ .

1 1 ­ n2a ­ nb ­ nDmix mix
s D q b 13bŽ .mixž /RT n ­ n ­ n ­ n3 3 3

1 ­ n2Q a amix 3
s2 y b y q y b y 13cŽ .1 mix 3 3ž / ž /ž /n ­ n RT RT133

­ D a lng `
3 3

s q 13dŽ .
­ n b RT C3 3

In these equations, g and g are calculated from the UNI-1 3
FAC group-contribution method. In order to have a predic-
tive method, the binary interaction parameter for the Wong-
Sandler mixing rules, s , is set to zero as suggested by Orbey13

Ž .and Sandler 1998 . Alternatively, this can be estimated by
Ž .the methodology proposed by Smith et al. 1996 .

Liquid sol©ent-compressed gas equilibrium
A treatment of the equilibrium similar to the pure

Žsolidrcompressed gas case is carried out except that in the
presence of a liquid phase, there is a large fraction of dis-

.solved fluid in the liquid . The solubility of carbon dioxide in
the liquid depends on the molar partial volume of CO in the2
liquid phase, the Henry constant for CO dissolving in the2
liquid, the fugacity coefficient of CO in the vapor phase,2
and the mol fraction of CO in the vapor phase. The equilib-2

Ž .rium mol fractions Prausnitz et al., 1999 in the SCF and in
the liquid, are

®LdPP 2sat sat1y x P f expŽ . H1 2 2 satž /RTP2
y s 14aŽ .2 f P2

1y y f PŽ .2 1
x s 14bŽ .1 `® dPP 1

H exp H1, 2 satž /RTP2

f sat is assumed to be unity.2

The fugacity coefficient f in the last equation is esti-1
mated letting x s0 and x s1, as2 1

'z q 1q 2 BA Ž .g
ln f s z y1 yln z y B y lnŽ . Ž .1 g g ' 'ž /2 B 2 z y 1y 2 BŽ .g

15Ž .

where z is solved from the polynomialg

3 2 2z q By1 z q Ay3B y2 B zŽ . Ž .Ž . Ž .g g g

y ABy B2 y B3 s0 16aŽ . Ž .
a P1

As 16bŽ .2 2R T

b P1
Bs 16cŽ .

RT

ŽThe partial molar volume of CO in the liquid phase Eq.2
. Ž .15a is obtained from the PR-EOS Recasens et al., 1993

­ P
y ž /­ n1 ® , T , n /1i`® s 17aŽ .1 ­ Pž /­ ® T , ni n f 01

­ P RT b RT1
s q 2Lž / L­ n ® y bŽ .1 2 2 ® y b®, T , n /1, n s 0 Ž .i 1 2 2

a 2 a b ® y bŽ .0 2 1 2 2
y q2 2 22 L LL L ® q2b ® y bŽ .Ž .2 2 2 2® q2b ® y bŽ .Ž .2 2 2 2

17bŽ .

­ P y RT 2 a ®Lq bŽ .2 2 2
s q 17cŽ .2 2ž / L 2­ V L LT , ni ® y bŽ . ® q2b ® y bŽ .2 2 2 2 2 2

The Henry constant for CO dissolving in the liquid is2
found as follows. First, the fugacity of CO as a liquid at2
temperature T and 1 atm is calculated from the Prausnitz

Ž .and Shair correlation Prausnitz and Shair, 1961 , with the
parameters of the fitting equation given by Antunes and Tas-

Ž .sios 1983 . Then, the fugacity is updated from pressure P s1
atm to the actual pressure P, using the Poynting correction
factor. The required equations are

T T
Lf P s1 atm s P exp A q A q AŽ . Ž .1 c 0 1 21 ž / ž /T Tc c1 1

2 3
T T

q A q A 18aŽ .3 4ž / ž /T Tc c1 1

L® P y1.013Ž .1L Lf P , T s f P s1.013 bar, T expŽ . Ž .1 1 RT

18bŽ .
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Finally, the Henry constant for CO is calculated using the2
equation relating the activity coefficient with the Henry’s law
coefficient, in the following way

H T , P s f L T , P g T , P 19Ž . Ž . Ž . Ž .1, 2 1 1

where the activity coefficient corresponds to infinite dilution.
This is readily calculated using again the group-contribution

Ž . Ž .method UNIFAC Fredenslund et al., 1975 .

Solid-liquid equilibrium
There are several ways to estimate the solubility of a non-

electrolyte solid in a pure liquid. Using the theory of the real
Ž .liquid Prausnitz et al., 1999 ,

yDh Tf
ln g x s 1y 20Ž .3 3 ž /RT Tf

As shown, three parameters are required to predict the solu-
bility value x . These are: the melting enthalpy for the pure3
solid, the melting temperature, and the activity coefficient of
the solute in the solution. In a particular case, the first quan-

Ž .tity is obtained from tabulated data Yaws, 1996 . The melt-
Ž .ing enthalpy of pure solute is obtained from Yaws 1996 , or

Ž .using the Bondi 1967 correlation. In the Bondi method, the
melting enthalpy is predicted from the molecular structure of
the substance. In order to obtain the activity coefficient of
the solute Eq. 20, the regular solution theory or the UNIFAC
method can be used. In our case, the latter was used.

Once the solubility of the solid in the liquid has been cal-
culated, the parameter k is obtained from fitting the pre-23

Ždicted values with that given by the PR-EOS with the classi-
.cal mixing rules .

Finally, it must be pointed out that we have used exten-
Ž .sively a group-contribution method UNIFAC for all binary

systems, so that no empirical data correlation was necessary.

Results and Discussion
In order to test the theory, we examined the system of b-

naphthol dissolving in carbon dioxide, neat and modified with
either 6% or 10% toluene. The system was chosen because

Ž .data on the system was available Abaroudi et al., 1999 . We
Ž .also examined the data of Simon et al. 1993 about the ex-

traction of NaproxenTM using CO modified with one of 62
Žpossible cosolvents acetone, methanol, ethyl acetate, ethanol,

.1-propanol and 2-propanol . Table 1 lists a summary of the
references used to perform this study.

In Figure 1a the experimental solubilities of naphthol in
neat CO at 308 K are presented. Data were fitted using the2
PR-EoS with the standard one-fluid mixing rules. Predicted

Ž .solubilities shown as lines over the graph were generated
with the PR-EoS with either the LCVM or the Wong-Sandler
Ž .WS mixing rules. The triangles are measured data points.

ŽThe behavior with the LCVM is very satisfactory AARDs
.28.4% , while the WS mixing rules give a satisfactory approxi-

Ž .mation over the central pressures AARDs49.7% . The er-
ror can, of course, be minimized to ARRDs9.4% fitting the

Ždata points to get the interaction parameter k s0.086, the13
. Žcontinuous line in Figure 1a . For other temperatures 318 K,

.328 K, 342 K, 358 K, and 368 K , similar results are obtained.
In general, it is observed that both the LCVM mixing rules
and the WS mixing rules can be used to predict with some
error the solubility of solid naphthol in SC CO , perhaps 40%2
or so on average.

Table 1. Conditions for Binary and Ternary Solubility Data
Ž . Ž .System T K P bar Source

Ž .CO -ethanol 333 5-106 Suzuki et al. 19902
Ž .CO -1-propanol 333 7-108 Suzuki et al. 19902

Ž .CO -2-propanol 334 14-93 Radosz 19862
Ž .CO -toluene 308 8-70 Fink and Hershey 19902
Ž .323 6-88 Fink and Hershey 1990

Ž . Ž .353 3-123 Fink and Hershey 1990 ; Morris and Donohue 1985 ;
Ž .Ng and Robinson 1978

Ž . Ž .CO -b-naphthol 308 90-160 Tan and Weng 1987 ; Abaroudi et al. 20002
Ž . Ž .318 100-150 Tan and Weng 1987 ; Abaroudi et al. 2000
Ž . Ž .328 100-170 Tan and Weng 1987 ; Abaroudi et al. 2000

Ž .343 105-146 Schmitt and Reid 1986
Ž .358 150-220 Abaroudi et al. 1999
Ž .368 150-220 Abaroudi et al. 1999

Ž .CO -Naproxen 333 124-193 Simon et al. 19932
Ž .CO -naphthalene 328 77-277 McHugh and Poulaitis 19802
Ž .338 150-271 McHugh and Poulaitis 1980

Ž .CO -toluene-b-naphthol 358 150-220 Abaroudi et al. 19992
Ž .CO -toluene-b-naphthol 368 150-220 Abaroudi et al. 19992

Ž .CO -methanol-Naproxen 333 124-179 Simon et al. 19932
Ž .CO -ethanol-Naproxen 333 124-179 Simon et al. 19932
Ž .CO -acetone-Naproxen 333 124-193 Simon et al. 19932
Ž .CO -1-propanol-Naproxen 333 124-179 Simon et al. 19932
Ž .CO -2-propanol-Naproxen 333 124-179 Simon et al. 19932
Ž .CO -ethylacetate-Naproxen 333 124-179 Simon et al. 19932

Ž . Ž . Ž . Ž .Physical properties of pure substances can be found in Tan and Weng 1987 a- and b-naphthol , Simon et al. 1993 , McHugh and Paulaitis 1980
Ž . Ž .Naproxen, naphthalene, cosolvents , and in Reid et al. 1987 .
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( ) ( ) ( )Figure 1. Experimental solubilities of solids a b -naphthol, b naphthalene in pure CO binary system vs. pres-2
( )sure compared with predicted values WS and LCVM .

The vdW line corresponds to a binary parameter obtained by fitting the values given by the PR-EoS with vdW mixing rules.

For engineering purposes, this error may be acceptable un-
der certain noncritical circumstances. However, if a more
precise estimate is required, a minimum amount of experi-
ments will be necessary to determine solubility. This should
allow obtaining the mixture parameter k , and use this value13
for predicting the solubility at other pressures. This proce-
dure is shown in Figure 1b where the solubility in CO of2
naphthalene at 328 K is given.

Figure 2a shows the experimental data for the toluene-CO2
binary system at 353 K. Data were fitted using the standard

PR-EoS. Predictive data were generated with the same PR-
EOS with LCVM mixing rules. In this case, the LCVM rules

Ž .predict the solubility of toluene rather well AARDs22.5% ,
particularly at pressures above the critical pressure of CO .2

These results show that the different mixing rules work well
Ž .for predicting the LV equilibrium Orbey and Sandler, 1998 .

For predicting the solubility of a solid in a supercritical fluid,
Ž .more error maybe double in terms of % AARD is involved.

This is shown in Figure 2b where the equilibrium of 1-pro-
Ž .panol in CO are well fitted AARDs12.23% . In many ex-2

( ) ( ) ( )Figure 2. Experimental solubilities of liquid a toluene, b 1-propanol in pure CO binary systems vs. pressure as2
( )predicted by the PR-LCVM, and fitted by the PR-vdW mixing rules vdW line .
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( )Table 2. Solubilities Calculated from Regular Solution Theory and P - R ©dW with Interaction Parameter Fitting the
Scatchard-Hildebrand ModelU

Ž . Ž .a Acetone, Naproxen b Ethyl Acetate, Naproxen
3 3 2 2P X =10 X =10 ARD X =10 X =10 ARD

Ž . Ž . Ž . Ž . Ž . Ž . Ž .bar Est. k sy0.256 % Est. k sy0.309 %23 23

10 9.07 9.91 9.26 2.04 2.29 12.25
30 9.07 9.74 7.39 2.04 2.23 9.31
50 9.07 9.57 5.51 2.04 2.18 6.86
70 9.07 9.41 3.75 2.04 2.13 4.41
90 9.07 9.24 1.87 2.04 2.08 1.96

120 9.07 8.99 0.88 2.04 2.01 1.47
150 9.07 8.74 3.64 2.04 1.94 4.90
180 8.07 8.50 6.28 2.04 1.86 8.82
200 9.07 8.34 8.05 2.04 1.82 10.78
220 9.07 8.17 9.92 2.04 1.77 13.24

U U5.66 7.40

Ž . Ž .c Toluene, b-naphthol d Toluene, b-naphthol
2 2 2 2T P X =10 X =10 ARD T P X =10 X =10 ARD

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .K bar Est. k sy0.27 % K bar Est. k sy0.262 %23 23

10 3.91 3.98 1.67 10 5.01 5.05 0.74
30 3.91 3.97 1.42 30 5.01 5.04 0.52
50 3.91 3.96 1.18 50 5.01 5.03 0.31
70 3.91 3.95 0.93 70 5.01 5.02 0.09

358 90 3.91 3.94 0.69 368 90 5.01 5.01 0.12
120 3.91 3.92 0.32 120 5.01 4.99 0.44
150 3.91 3.91 0.04 150 5.01 4.97 0.76
180 3.91 3.90 0.41 180 5.01 4.96 1.08
200 3.91 3.89 0.65 200 5.01 4.95 1.30
220 3.91 3.88 0.89 220 5.01 4.94 1.51

UU0.82 0.69
U Ž .AARD average absolute relative deviation .
Ž . Ž . Ž . Ž .a Acetone-Naproxen at 333 K, b Ethyl acetate-Naproxen at 333 K, c Toluene-b-naphthol at 358 K, d Toluene-b-naphthol
at 368 K.

Žamples studied involving CO as one of the components 2-2
.propanol, ethanol, methanol, acetone, and ethyl acetate , it

has been observed that errors were well below ARRDs30%.
On the other hand, if the WS rules are used in the PR EOS,
with s s0, the errors are higher than with the predictivei j
method. Using the predictive g ErEoS with the WS mixing
rules, the errors are similar to those reported for the LCVM

Ž .rules that is, below 30% in AARD .
In Table 2 the predicted data for the solubility of solid-in-

Žliquid are shown using the theory of the real liquid Prausnitz
.et al., 1999 , and the PR-EoS with the standard mixing rules.

It can be seen in the table that the data are very well fitted,
so the value of k can be obtained with good precision. Eight23
systems have been studied: b-naphthol-toluene at 358 K and
368 K, Naproxen-ethanol, Naproxen-methanol, Naproxen-1-
propanol, Naproxen-2-propanol, Naproxen-ethyl acetate,
Naproxen-acetone, and Naproxen-ethanol. The solvent-
solute-cosolvent systems studied together with the binary in-
teraction parameters found from the modeling as described
in the theory to be used in describing the ternary system are
summarized in Table 3. As will be noted, a negative k value23
is found in all cases. The same feature was found by Simon et

Ž .al. 1993 . This can be explained on a molecular basis by a
large solvation effect of the solute by the entrainer.

Once the binary parameter values have been obtained, the
solubility in the modified carbon dioxide can be predicted
and tested. Figure 3 shows the comparison between the mea-
sured and the predicted solubilities of b-naphthol in 6% and

Ž .10% toluene, and at two temperatures 358 K and 368 K . It

is seen that the proposed methodology gives a rather good
approximation to the solubilities at a 6% and 10% modifier,
and their change is with pressure and temperature. Thus, at
368 K, the errors are between 8.6% and 26.3%. On the other

Ž .hand, if the data of Simon et al. 1993 on Naproxen and six
cosolvents are modeled, the absolute errors increase, ranging

Ž .from 44.1% to sometimes 77% see Table 4 . This scattering
can be explained on a molecular basis. Naproxen is a polar
molecule, whereas naphthol is much less polar so it interacts
better with toluene. In this case probably a chemical ap-
proach for Naproxen would be more appropriate.

In Table 5, the measured and predicted efficiencies of the
cosolvents in improving the Naproxen solubility are pre-

Ž .sented Simon et al., 1993 . As shown, except in the case of
one solvent, our method sorts the solvents in the correct or-
der as found experimentally by Simon et al. The error shown

Table 3. Binary Interaction Parameters for the PR-EoS, vdW
( )Mixing Rules for Calculating Parameter a T Based on

Predicted Binary Solubility Data

Ž .Solvent Cosolvent Solute T K k k k12 13 23

CO Toluene b-Naphthol 358 0.064 0.088 y0.27002
CO Toluene b-Naphthol 368 0.055 0.095 y0.26202
CO Ethyl Acetate Naproxen 333 0.0017 0.013 y0.30902
CO Acetone Naproxen 333 0.0021 0.013 y0.25602
CO Methanol Naproxen 333 0.0015 0.013 y0.24422
CO Ethanol Naproxen 333 0.0033 0.013 y0.22702
CO 1-Propanol Naproxen 333 0.0045 0.013 y0.25362
CO 2-Propanol Naproxen 333 0.0049 0.013 y0.26222
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( )Figure 3. Solubility of b -naphthol in toluene modified as a ternary system vs. pressure.
Ž .Continuous lines were calculated with the PR-Eos with one-fluid vdW mixing rules using fully predicted, binary interaction parameters, a

Ž .T s 358 K; b T s 368 K.

in one case is certainly due to the inaccuracies of the present
method. Nevertheless, the proposed theory is useful because
it would allow selecting a cosolvent from a list of selected
candidates, based on an estimate of the solubilities.

Because of the many estimated properties and parameters
involved in the method presented, future research on the ef-
fect of the individual effectiveness of fitting parameters would
prove useful and eventually improve the accuracy of the

Ž .method. In this regard, Macnaughton et al. 1994 , using a
semiempirical approach for describing the extraction of lin-
dane with modified carbon dioxide, showed that certain pa-
rameters are irrelevant for the ternary system lindane-CO -2
cosolvent, while the other two interaction parameters proved
to be very important. Thus, the solid solute-CO binary sys-2
tem data were fitted experimentally and the solid-cosolvent
binary system was estimated, while the CO -cosolvent system2

Table 4. Experimental vs. Predicted Solubilities of Naproxen in Modified CO as Ternary System2

P
6 6 6 6Ž . Ž . Ž . Ž . Ž . Ž . Ž .bar Y =10 Exp. Y =10 calc. ARD % Y =10 exp. Y =10 Calc. ARD %

CO , Acetone, Naproxen CO , Ethyl Acetate, Naproxen2 2
124 14.90 7.4800 49.80 13.20 7.8347 40.64
138 26.70 11.0280 58.70 23.60 11.6050 50.82
152 39.10 15.9540 59.20 32.60 16.8828 48.21
165 50.50 22.1162 56.20 41.50 23.4963 43.38
179 60.90 30.7540 49.50 52.60 32.7921 37.66
193 57.50 41.4498 27.83 44.3727

U U50.20 44.14

CO , Methanol, Naproxen CO , Ethanol, Naproxen3 2
124 19.50 7.5533 61.26 26.90 7.6321 71.63
138 35.30 11.0850 68.60 44.20 11.2260 74.60
152 56.40 15.9988 71.63 62.60 16.3325 73.91
165 77.60 22.1190 71.50 80.90 24.2980 69.96
179 93.50 30.8476 67.01 95.50 31.0909 67.44
193 41.6164 41.7791

U U68.00 71.51

CO , 1-Propanol, Naproxen CO , 2-Propanol, Naproxen2 2
124 38.60 7.9090 79.51 32.00 7.8213 75.56
138 58.80 11.6572 80.18 53.20 11.5474 78.29
152 73.50 16.8924 77.02 72.20 16.7437 76.81
165 23.4161 89.10 23.2293 73.93
179 112.00 32.5203 70.96 108.40 32.3032 70.20
193 43.7431 43.7734

U U76.92 74.95

UAARD average absolute relative deviation.
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Table 5. Sorting Best Entrainers for Naproxen as Solubility
Enhancers for SC CO2

Pred. Order Exp. Observation

1. Acetone 1. Ethyl acetate
2. Methanol 2. Acetone
3. Ethanol 3. Methanol
4. 2-Propanol 4. Ethanol
5. 1-Propanol 5. 2-Propanol
6. Ethyl acetate 6. 1-Propanol

could well be set to zero as the binary interaction parameter
had a minor influence in this case.

Conclusions
We attempted to predict the solubilities of organic non-

electrolytes in a supercritical fluid modified with a cosolvent.
The method proposed involves the use of three binary inter-
action parameters that describe the binary solutions with an
equation of state. To calculate the binary parameters, use was
made of a completely predictive excess Gibbs energy equa-

Ž .tion-of-state Peng and Robinson with the linear combina-
tion of the Vidal and the Michelsen mixing rules, or with the
Wong and Sandler mixing rules. The test system was the solid
b-naphthol dissolving in carbon dioxide modified with either
6% or 10% toluene. The results of the solubility estimates

Ž .were 60% on the average accurate, in regard to the solubil-
ity in the modified carbon dioxide. The performance of the
method was better when a list of cosolvents was examined for
their potentially entraining power. In that examination, we

Ž .followed the example of Simon et al. 1993 who used neat
carbon dioxide for dissolving Naproxen with one of the fol-
lowing cosolvents: acetone, methanol, 1-propanol, 2-pro-
panol, and ethyl acetate. The method proposed was moder-
ately successful in matching the solubilities of Naproxen in
modified carbon dioxide, but was able to sort the entrainers
in an order similar to the order found experimentally.
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Notation
asenergy parameter in PR-EOS, a for a mixture, Pa ?m6 ?mix

moly2

aE sthe excess Helmholtz free energy at infinite pressure, Jrmol`
Ž . 6 y2a T scomponent coefficient, Eq. 3b, Pa ?m ?moli

Ž . 6 y2a Tci scomponent coefficient, Eq. 3c, m ?Pa ?mol
Ascoefficient defined by Eq. 5b

Aiscoefficients in expression Eq. 18, is0, 4
A smixing rule constant for the Vidal mixing rule, Eq. 7bsV

y0.623
A smixing rule constant for the Michelsen mixing rule, Eq. 7bM

s0.53
bspure component volume parameter, b for mixture, m3?mix

moly1

b spure component coefficient defined by Eq. 3a, m3?moly1
i

bU svolume for component i defined by Eq. 5d for is3, m3?i
moly1

Bscoefficient defined by Eq. 5c
Csreal number defined by Eq. 8f
Dsterm used in Wong-Sandler mixing rule, Eq. 8e
f sfugacity of component i in a mixture, Pai

g E smolar excess Gibbs-free-energy of mixture, Jrmol
Dh senthalpy of fusion of the solute at the melting tempera-f

ture, Jrmol
H sHenry’s constant for i in j, Pa per unit mol factioni, j

Ž .k smixture parameter CO -liquid cosolvent12 2
Ž .k smixture parameter CO -solid solute13 2
Ž .k smixture parameter solid-liquid23

m scoefficient for component i, Eq. 3ei
nstotal number of mols, n smols of component ii
P spressure, Pa

Pcscritical pressure, Pa
P sat ssaturation pressure of pure liquid, Pa2
P sat ssaturation pressure of pure solid, Pa3

Qsterm used in Wong-Sandler’s mixing rule, Eq. 8c, m3?moly1

Rsideal gas constant, 8.314 J, mol ?Ky1

s ssecond virial coefficient binary interaction parameter12
Ž .CO -liquid2

s ssecond virial coefficient binary interaction parameter13
Ž .CO -solid2

T stemperature, K
Tcscritical temperature, K
T snormal melting temperature of the solute, Kf
Tr sreduced temperature, TrTc

®smolar volume of gas phase, m3rmol
® L smolar volume liquid of CO , m3rmol1 2

`® sinfinite dilution partial molar volume of CO in liquid1 2
phase, m3rmol

® L sliquid molar volume, m3rmol2
® S ssolid molar volume, m3rmol3

xsliquid mol fraction
ysmol fraction in the vapor or supercritical phase

z scompressibility factor of fluid phaseg

Greek letters
a sEOS parameter, a s arbRT

a sEOS-dependent parameter, here PR, Eq. 6bM
a sEOS-dependent parameter, here PR, Eq. 6dV

g sactivity coefficient
lsweighting factor of LCVM model, see Eq. 6a, s0.36

f sfugacity coefficient of component i in the fluid mixturei
f sat sfugacity coefficient of pure component i at saturationi

v sPitzer’s acentric factor

Acronym
Ž . N <ŽAARDs% Average absolute relative deviations 100rN Ý yex,

<y y ryi cal, i cal, i
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