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Abstract--Three cubic equations of state are carefully examined to evaluate their capability for co:- 
relating the solubility of pure solids in supercritical mixed solvents. After obtaining the pure solute-solvent in- 
teraction parameters, the solid solute-cosolvent interaction parameters were directly calculated from the e:,:- 
perimen/al ternary solubility data. The Redlich-Kwong, Soave, and Peng-Robinson equations of state cor- 
relate well the solubility data of 32 ternary systems producing AAD(%) errors of 12.54, 12.50 and 12.67% res- 
pectively. 

INTRODUCTION 

The potential application of supercritical fluid ex- 
traction in chemical separation processes has been of 
considerable research interest for the past decade. For 
rational process design of supercritical fluid extraction 
it would be highly desirable to have the simple and ac- 
curate estimation method for predicting the supercri- 
tical solubility data in various systems. In this connec- 
tion, two previous studies [l,2] have been carried out 
to test the capability of the commonly used equations 
of state in correlating the binary solubility data of pure 
solids in supercritical pure solvents and the ternary 
solubility data of solid mixtures in SUl)ercritical pure 
solvents. 

Recently, the experimental solubility studies for the 
ternary, systems consisting of one solid soute and two 
mixed solvents have been appeared i:n the literature 
[3-6]. The results of these studies suggest that the solu- 
bility of certain solids could be increased significant- 
ly in either supercritical carbon dioxide or supercri- 
tical ethane by adding small amounts of various co- 
solvents. For instance, the addition of only 3.5 tool% 
methanol in the system of 2-aminobenzoic acid-carbon 
dioxide raised the solute's solubility over 600% [5]. In 
this study, the applicable cubic equations of state using 
simple one-fluids mixing rules are evaluated regarding 
their ability to quantitatively describe Ihe solubility of 
solid solutes in supercritical mixed solvents. 

EQUATIONS OF STATE EXAMINED 

Various procedures [7-10] have been proposed in 
the literature to predict the solubility of non-volatile li- 
quids or solids in supercritical fluids. The most com- 
v~ationa[ly straightforward and thermodynamically 
consistent method for modeling high-pressure phase 
equilibria is to apply an equation of state with the ap- 
propriate mixing rules. In this study, the commonly 
used three cubic equations of state were adopted to test 
their predictive power in the solid-fluid equilibria. The 
Redlich-Kwong [11], Soave [12], and Peng-Robinson 
[13] equations of state are presented as follows; 
Redlich-Kwong(RK): 

R T  a(T)  
P =  (1) 

~ - b  ~(v+ b) 
or 

Z ~-  Z ' +  ( A -  B -  B ' ) Z -  A B - O  (2! 

where 
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Soave (SRK) :- 

RT a(T) 
P= (3) 

v -  b vh,+b) 

o r  

Z ~- Z'-~ ( A -  B- B')Z- AB=O (4) 

where 

R ~ T ,  
a(T)=O.42747-p~ ~ a (T) 

b:=O .08664 RT:/Pr 

a {IT)= (l+m (I- T~S)] ' 

m=0.480+].574oJ-0.176J 

aP 
A = - -  

(RT)' 

bP 
B= RT 

Peng and Robinson (PR): 

RT a(T) 
P= (5) 

v - b  u (u+b)+b(v -b )  

o r  

Z ' -  (1-  B ) Z ' +  ( A - 2 B - 3 B ' )  Z 

- ( A B -  B ' -  B 3) = 0  (6) 

where 

fi'~ T2 
Ti :0.4a724  - o ' T1 

b =0.07780 RpTcr 

a : T ) =  I i + x ( 1 -  T~"))'  

x = 0.37464 + 1.54226w- 0.2699200' 

aP 
A := 

(RT) ' 

B::  bP 
RT 

The classical van der Waals one-fluid mixing rules 
have been adopted to extend these equations to mix- 
tures as follows: 

O~,= Z Z y, y, 0,, (7) 
r J 

When 0 may be either a or b, and the cross parameter 
0~ is given by 

a,,= (a,,a,,) ~ ( 1 - k , , )  (8) 

and 

b,,= (b,, + g,) /2 (9) 

CALCULATION OF SUPERCRITICAL 
SOLUBILITY 

The solubility of a solid solute i in a supercritical 
solvent is given by 

P,~ I~'~ IP -  P,<, 1 
-h = r (DI 

where P is the total pressure, P~ is the sublimation 
s is the molar volume of pressure of the pure solid, v i 

the solid, r is the fugacity coefficient of the saturated 
pure vapor of the :solid solute which is very close to 
unity in view of the small vapor pressures and r is the 
fugacity coefficient of the solid in the fluid phase. The 
most important variable r for the supercritical solubi- 
lity enhancement is given by 

R T l n r  I( OP RT ~ ) . . . .  ~dV- R T l n Z  
r ' ~ ' n J ~ n i  V 

(ll) 

where Z = Pv/RT~ The equation of state is used to find 
the fugacity of component i in the vapor phase, r The 
basic physical properties of the supercritical solvents 
and solid solutes are presented in Table 1 and 2 res- 
pectively. However, the experimental values of critical 
constants for some substances are not reported in the 
literature. For these solid solutes, the Ambrose method 
[16] was used to estimate critical constants. 

In applying an equation of state to predict the solu- 
bility of solid solutes in supercritical mixed solvents, 
the three k o parameters must be determined. Among 
three binary interaction parameters involved in the 
equations of state, only two of then< /q2 and k2:~, are 
considered to be the key parameters influencing the 
supercritical solubility enhancement. The solid solute- 
solvent binary interaction parameter, k12, can be ob- 
tained directly from binary solubility data for the indi- 
vidual solids in the supercritical solvent. The solid 
solute-cosolvent binary interaction parameter, k23, re- 
presenting the cosolvent-induced solubility enhan- 
cement, is determined from the ternary solubility data. 
However, the solvent-cosolvent binary interaction 
parameter, k13, is considered to have no significant ef- 
fect on the solubility enhancement and therefore can 
be set to be zero. 

First, a nonlinear regression method coupled with 
polynomial roots searching method has been applied 
to determine the values of kj2 of three equations of 
state for each solute-solvent system from experimental 
solubility data of binary systems. The objective func- 
tion 

F= ~ I ($2'  - Z?"  )/yZ ~" I ~I~_I 
l=! 
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Table I. Physical constants of solvents used in this study 

Compd MW T,., K P~, bar v o cn~3/F!lO! Z c to 

Carbon dioxide 44.010 304.19 73.8 94.04 0.274 O. 225 

Met hanoi 32.042 512.6 ~';0 9 118.00 0.224 0.556 

Acetone 58.080 5081 47.0 209 0.232 0.304 

Ethane 30.070 3~)5.5 49.1 141.7 0.274 0.098 

n-Per~iar~e 72.15 ] 4,:,9.7 33.7 304 0.263 0.25 l 

a-Octane 114.232 5~8.8 24 9 492 0.259 0.398 

n-U ndecm~e 156 313 6~8.8 19.7 66(I 0.24 0.535 

Benzene 78. I 14 5(i2.2 48.9 259 0.271 0.212 

Cyclohexane 84.162 553.5 40.7 308 0.273 0.212 

Met hylene chlo ride 84 933 510.0 60.8 185 0.265 0 192 

Table 2. Physical constants of solid solutes used in this study 

Vs Tc Pc 
Compd Formula MW to Ps,bar x 10 -7 

cnl31mo] K bar 

Benzoic acid C7H602 122.13 96.5 752 45.6 0.620 35(35~176176176 

2-Anfinobenzoic acid C7H7NO2 137.14 97.1 851 * 49.0* 0.820 1.2(35~ 

Phthalic anhydride C 8 H 4 0 3  148.12 96.8 810 47.6 0.388 18(35~ 

Naphthalene C10H8 128.19 125.0 748 40.5 0.302 2920(35~176 

2-Naphthol C]0H80 244.17 118.5 823* 46.8" 0.502 6.8(35~ 

Hexamethylbenzene CI2H~8 162.28 152.7 752* 23.8" 0.498 50(35~ 

Acridine CI3HgN 179.22 178.8 883 31.9 0.498 ?.1(35~ 

Phenanthrene CI4HI0 178.24 167.6 890 32.9 0.429 6.5(35~ 42.3(55~ 

Anthracene C14H10 178.25 142.6 I~,83 33.1 0.455 0.26(35~ 

*calculated from Ambrose method (ref. 16). 

has been minimized in searching for a binary para- 
meter of each binary system. Here, N stands for the 
number  of experimental data points and 2 the solid 
component in the vapor phase. The values of overall 
regressed binary interaction parameters at individual 
isotherm are presented in Table 3. The selute-cosol- 
vent interaction parameters, k23, were then calculated 
from the experimental ternary solubility data using the 
same objective function presented in eq.(12). Again, 
when determined the value of k23, the k~2 obtained 
from the binary solubility data and the ze~-o-value of 
k ~  were used. The resulting k23 values of 44 ternary 
systems are summarized in Table 4. For a few systems 
the regressed k23 values determined from the original 
Redlich-Kwong equation of state are a little higher 
than those for the other systems. It can be thus said 
from this fact that an additional parameter accounting 
for the er)trainer effect might be introduced for the bet.- 
ter qualitative correlation of supercritical fluid.- 
entrainer-solid solubility data. The quality of the cal- 

culaled supercritical solubility is expressed in terms of 
on average absolute percent deviation (AAD%) de- 
fined as, 

AAD(%) = (100/N') ~ [ (y[a~ _ >.~p )/y2~ I (13) 
i I 

RESULTS AND DISCUSSIONS 

The effect of cosolvents on the solubility of solid 
solutes has been extensively examined in this work. 
The solubility data of pure solids in the superc~6tical 
mixed solvents were well correlated with the three 
commonly used cubic equations of state, RK, SRK and 
PR. The results show that there is no significant differ- 
ence in the overall AAD(%) among them (RK-12.54%, 
SRK-12.50% and PR-t2.67%) for 32 systems except 
the systems with two data points and therefore all of 
them can be successfully applied to correlate the 
supercritical solubility data of binary and ternary 
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Table 3. Solute(2)-solvent(1) binary parameters and AAD(%) 

Nr RK 
Systems T,~ P,bar 

Data kl 2 y2,AAD(%) 

SRK 

k12 y2,AAD(%) 

PR Data 

k12 y2,AAD(%) Source 

Benzoic acid-CO 2 35 101-364 9 -0.17198 1 2 . 1 6  0 .02405  16.22 

45 101-363 12 -0.17437 1 1 . 6 5  0.01197 17.84 

55 101-363 12 -0.18014 8.01 -0.00535 24.28 

70 101-364 7 -019335 4.20 -0.02692 2613 

Benzoic acid-Ethane 55 55-362 7 -0.2244.3 2 1 . 2 6  -0.02785 24.98 

2-Aminobenzoic acid-CO2 35 120-350 6 -0.06014 18.07 0.17431 19.42 

Phthalic anhydride-CO 2 35 120-350 5 -0.119216 1 0 . 4 9  -0.01240 11.90 

Naphthalene-CO2 35 78-334 13 (L03630 8 .48  0.10228 12.33 

45 88-314 13 0.03652 8. I8 0.O9532 16.21 

2-NaphthoI-CO 2 35 100-350 9 -0.06546 2 0 . 6 9  0 .07583  22.62 

Hexamethylbenzene-CO2 35 150-350 3 -0.03481 2 2 . 9 5  0 .10361 21.86 

Acridine-CO2 35 120-350 6 -0.01374 4 .96 0.12058 7.33 

Phenanthrene-CO 2 35 100-350 7 0.02172 5 .33  0.12813 6.53 

55 120-280 5 0.00196 2 .15  0 .10095  17.94 

Phenanthrene-Ethane 55 71-355 6 -0.06927 9 .15 0 .04572  16.50 

Anthracene-CO2 35 120-200 3 -0.01048 8 .26 0.10671 9.48 

0.02137 18.85 4 

0.01035 20.26 4 

-0.00511 25.22 4 

-0.02280 25.03 4 

-0.02400 26.39 4 

0.16517 21.42 5 

-0.01180 13.76 5 

0.09843 14.49 14 

0{)9235 17 ]1 14 

0.07360 25.11 5 

0.09698 14.81 3 

0.11385 11.94 5 

012211 920 3 

0.09679 19.54 15 

0.04730 20.25 4 

0.09948 11.05 6 

sysl:ems. At the present time, it should be pointed out 
that the RK equation of state is somewhat superior Io 
the SRK and PR equation of state when applied lo 
binary solid-supercritical solvent equilibria and ter- 
nary two solid mixture-supercritical solvent equilibria. 
The' overall discussion of this conclusion can be found 
in the two previous papers [1,2]. 

The solubilities of the solids are increa:~ed more h,y 
the presence of several tool% of cosolvent them by 
changes in the pressure of several hundred bar. For ex- 
ample, the solubility enhancement of phenanthrene 

by adding cosolvent is 1.6 for 3.5 tool% pentane and 
3.6 for 3.5 mol% undecane as shown in Figure 1. 
These values are less influenced by pressure chang, e 
than by mole% change of cosolvent. In comparison, 
an increase in the pressure from 150 to 350 bar raises 
the solubility by a factor of only 1.7 in pure CO2. In ad- 
dition, the solubility enhancement may be achived by 
increasing mol % of cosolvent. At 350 bar, the solubili- 
ty of 2-naphthol in carbon dioxide with methanol co- 
solvent increases by a factor of 8, as the co:~olvent con- 
centration is increased from 3.5 to 9 tool% on a solutr 
free basis as shown in Figure 2. The same behavior is 
also found in CO2-phenanthrenem-octane (cosolvent) 
system as shown in Figure 3. However, it should be 
noted that the cubic equations of state does not co'r- 
relate well the solute solubility in polar cosolvent as 
shown in Figure 2. This example indicates that a polar 
effect such as hydrogen-bonding association must be 

10-1 

10-2 

1 

ib 

103 I I I 
100 200 300 400 

P[bar] 
Fig. !. Solubility of phenanthrene in carbon dioxide 

with 3.5 mol% various cosolvents  at 35~ 
o,  pure CO2; D, n-pentane ~ CO2; ,~., n-octane + 
CO2; o,  n-undecane + CO2;--, predicted by using 
RK equation of state. 
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Table 4. Solute(2)-cosolvent(3) binary parameters and AAD{%) 

Systems T,r P,bar 
No. RK SRK PR Data 

Data k23 y2,AAD(%) k23 y2,AAD(%) k23 y2,AAD(%) Source 

CO2-Benzoic acid-Methanol(3.5 tool%) 35 90.350 10 -0.91388 16.32 -0.25248 17.25 -0.26449 19.63 5 

45 120.200 5 -1.26036 7.52 -0.46268 11.37 -O.49770 12.02 6 

55 120-200 3 M.11110 10.65 6.17322 20.28 0.17710 21.1/(:; 6 

CO2-Benzoic acid-Acetone(3.5 tool%) 35 100-330 7 -0.38452 14.30 -0.03045 15.02 -0.03890 17.12 5 

CO2-Benzoic acid-n-Octane(3.5 mol%) 35 100-300 5 -0.36855 12.00 -6.01692 9.66 -0.02287 12.28 5 

CO2-2-Aminobenzoic acid-Methanol(3.5 tool%) 35 90-300 6 -1.44517 24.40 -0.66022 2[.28 -0.69263 22.51:1 5 

CO2-2-Aminobenzoic acid-Acetone(35 tool%) 35 90-300 6 -0.65373 15,56 -0.22506 14.80 0.24787 1641' 5 

CO2-Phthalic anhydride-Acetone(3.5 mol%) 35 200-300 4 -0.33833 3.44 -012064 3.59 -012267 5.6',! 5 

CO2-2-Naphthol-Methanol(3.5 tool%) 35 120-350 6 -1.00947 18.55 -0.51770 16.78 -0.52735 19.38 5 

CO2-2-Naphth'oI-Methanol(7.0 tool%) 35 120-350 5 -0.89396 11.89 -036189 15.03 -0.37368 17.64 6 

CO2-2-NaphthoI-Methanol(9.0 tool%) 35 200-350 6 -0.92203 21A9 -0.39870 1157 -0.41747 10.09 6 

CO2-Hexamethylbenzene-Methanol(3.5 tool%} 35 100.350 5 0.11289 26.83 0.25849 28.88 0.19005 23.66 5 

CO2-Hexamethylbenzene-Acetone{3+5 real%) 35 I00-350 10 0.06642 24.64 0.209|2 2523 0.15316 20.111 5 

CO2-Hexamethylbenzene-n-Pentane(35 tool%) 35 100-350 6 -0.16837 20.22 0.01808 2017 -0.01596 1482 3 

CO2-Hexamethylbenzene-n-Octane(3.5 mol%} 35 120-350 6 -0.25208 17.84 -0.02669 19.90 -0.04147 136l 3 

CO2-Hexamethylbenzene-n-Undecane(3.5 tool%) 35 120-350 .4 H}.3{}655 19.47 -0.04416 23.93 -0.05587 1669 3 

CO2-Acridine-Methanol(3.5 mol%) 35 120-350 8 -0.52075 1023 -11.17177 8.73 -0.16664 12.1 I 5 

CO2-Acridine-Acetonr mol%) 35 120-350 7 -.0.24323 4.41 -1/.01717 3.92 -0.02100 845 5 

CO2-Phenanlhrene-n-Pentane{3.5 mol%) 35 120-350 6 -0.09170 6,81 (I.06375 6.47 0.05909 1.95 3 

CO2-Phenanthrene-n+Octane(3.5 mol%) 35 120-35t) 7 ~1k22'155 338 -0.01183 1.98 -0.02087 5.61 3 

CO2-Phenanlhrene-n-Octane(5.25 tool%) 35 12tl-350 5 n21713 4113 -0008514 680 -001674 1.36 3 

CO2-Phenanthrene-n-Octane(7,0 mol%) :35 12{I-350 6 - 0.21514 2.35 -{).00946 285 -0.01602 2.71 3 

CO2-Phenanthrene-n-Undecane(3.5 mot%) 35 120-351) 4 025710 570 -0.01730 078 -0.01915 461 3 

CO2-Anthracene-Methann](3.5 tool%) 35 120-350 5 003312 5.34 021800 5.39 0.22189 4.13 6 

CO2-Phenanth rene-Benzene{various) 55 lll-305 7 002239 30.59 0.1715,9 26.01 0.14961 2731 4 

CO2-Phenanth rene-Acetonelvarious ) 55 21111 4 012026 3.68 i} 092,14 2.(;5 0.07954 231 1 

CO2-Phenanthrene-Cyclohexane(various) 55 202 2 (/ 1562n 1.35 !106252 3.43 0.04798 286 4 

CO2-Phenamhrene-Med~ylene chloride(various) 55 2112 2 I12281.1 15115 11115391 ~.49 0.03930 406 4 

CO2-Benzoic acid-Benzene(various) F.5 200 4 -0A354!1 1083 -0.02288 750 0.04109 76:1 4 

CO2-Benzoic acid-Acetone (various) ~5 202 2 -/~.48123 7.37 -0,03339 9.5!t -0.05099 8.64 4 

CO2-Benzoi~ acid-Cyclot~exanetvarious) 55 202 2 -0.351~82 1,1.32 002,t59 15.96 000571 1521 .t 

CO2-Benzoic acid-Methylene chloride(various) 55 21/2 2 -0.39616 1857 -000822 1232 0.02318 13.02 4 

Ethane-Phenanthrene-Benzene(various) Y.5 101-301 8 -02197!1 672 'J.t~3176 9.77 0.02198 1,1.42 4 

Elhane-Phenanthrene-Acetone(variot;s) 55 182 2 11227!1!1 [)t}l )n32bt  I O0 0.[)1106 0 11 4 

Elhane-Phenanthrene-CychJhexane(various) 55 182 2 -0 11211 t) 11 :1.118-I111 185 0.05861 10~ 4 

Elhane-Phenanlhrene-Mcthyler~echloride(variuns)55 182 2 .o  17.1tilt II 29 !1061+51 9.85 t).(I3830 9.12 1 

Ethane-Benzoic acid-Benzene(various) 55 182 2 () :~7715 627 -(1 {15872 5.3n -0.117704 596 4 

Elhane-ge]Lzoic acid-Acelt}ne(various) 5;5 182 2 O.825:~3 I134 --i} 13623 1iL88 -035517 1143 -1 

Elhane-Benzoic acid-Cydohexane(varkms) 55 182 2 0.251/1!) 3 71 C) 03255 287 {1(11132 :345 I 

Ethane-Benzoic acid-Methyle[~e chloride(various) 55 i82 2 037:~67 5 77 -006181 ,t.98 -O07852 5.6/) -1 

CO2-Naphthalene-Ethanet6.2 tool%) 35 99-:36,1 8 I).0:~854 168 0.09862 549 0 11177 8.69 4 

45 !t9-364 8 0.02573 15 14 (1.I 6700 801 0 17783 10.54 4 

CO2-Benzoic acid-Ethanet6.2 nl.:>l%) 55 116-2:164 5 -11.1.1491 14.21 0.09109 11.61 0 10171 14.00 4 

70 116-364 5 -0.16782 lt) 93 0.09401 16.37 0.09051 16.58 4 

Totat I2 54 1250 12.C7 
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Fig. 2. Solubi l i ty  of 2-naphthol  Jn carbon  d iox ide  
with met hano l  co so lven t  at 35~ 
�9 , pure CO2; IZ, 3.5 tool% methanol; ~., 7.0 mol% 

methanol; �9 9.0 tool% methanol; --, predicted by 

using RK equation of state. 
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P[bar ]  
Fig. 3. Solubi l i ty  of p h e n a n t h r e n e  in carbon  d iox ide  

with n-octane c o s o l v e n t  at 35~ 
�9 , pure CO2; [], 3.5 tool% n-octane in CO2; A., 

5.25 tool% n-octane in CO2; �9 7.0 tool% n-octane 

in CO2; --,  predicted by using RK equatioa of state. 
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Fig. 4. Solubi l i ty  of benzo i c  a d d  in carbon  d iox ide  
with 3.5 tool% var ious  c o s o l v e n ~  at 35~  
) ,  pure CO2; O, acetone+ CO2; ,~,, methano] + 

CO2; o ,  n-octane + CO2; --,  predicled by using RK 

equation of state. 
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lo-~ I I 1 
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Fig. 5. Solubi l i ty  of acr id ine  in carbon  d iox ide  wi th  
3.5 mol% var ious  c o s o l v e n t s  at 35~ 

� 9  pure CO2; K], acelone + CO2; ~ ,  methanol + 

CO2; -- ,  predicted by using RK equation of state. 
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considered for the systems including polar cosolvent. 
From the general pattern of behavior, it can be said 
that the logarithmic increase in the solute solubility is 
approximately linear to the mole fraction of the added 
cosolvent. The solubility increase of acridine and ben- 
zoic acid caused by the addition of 3.5 tool% nonpolar 
and polar cosolvents are presented in Figures 4 and 5 
respectively. 

CONCLUSIONS 

The following conclusions can be drawn with great 
generality from the reported herein: 

1. Among the three cubic equation.'; of state (Red- 
lich-Kwong, Soave-Redlich-Kwong and Peng-Robin- 
son), the original Redlich-Kwong eq~ation of state 
gave the best results in accuracy for both cases o! the 
solubility of pure solids in pure supercritical solvents 
and the solubility of solid mixtures in pure supercri- 
tical solvents as can be seen in the two previous works 
[1,2]. However, in case of the solubility of solid solutes 
in supercritica[ mixed solvents, the three equations of 
state equally well correlate the experimental data of 
these ternary systems. 

2. The solubility enhancement of the solids is more 
greatly influenced by the tool% of cosolvent than by 
the specific choice of cosolvent [4]. 

3. The addition of a cosolvent to the supercritical 
fluid decreases the compressibility of the mixed sol- 
vent, particularly at lower pressures and this effect also 
tends to increase the solubility of the solid solute, 

4. The further experimental data are needed to de- 
velop a comprehensive thermodynamic model appli- 
cable to the actual supercritical fluid extraction pro- 
cesses using various cosolvents. 
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NOMENCLATURE 

A , B  : 

a , b :  
F : 

m : 
N : 

variable defined in eqs.(2), (4) and (6) 
parameter defined in eqs.(1), (3) and (5) 
objective function defined in eq.(12) 
binary interaction parameter associated with a 
parameter in the Soave equation of state 
number of data points 

P : total pressure 
p O : sublimation pressure of the solute, i 
R : gas constant 
T : temperature 
v : molar voIume 
V : total volume 
y : mole fraction 
Z : compressibility factor 
a : variable in eqs.(3) and (5) 
x : parameter in the Peng-Robinson equation of 

state 
,j : parameter that is to be mixed 

r : fugacity coefficient 
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