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Abstract—Three cubic equations of state are carefully examined to evaluate their capability for correla-
ting the solubility of solid mixtures in supercritical fluids. After obtaining the pure solute-solvent interaction
parameters, the solute-solute interaction parameters were directly calculated from the experimental ternary
solubility data. The Redlich-Kwong, Soave, and Peng-Robinson equations of state correlate well the ternary

data. However, the Redlich-Kwong equation of state gives the best result among them.

INTRODUCTION

Over the past few years, supercritical fluid extrac-
tion has received significant interest as a separation
technology. Previous our studies of the solubility of

equations of state are presented as follows;
Redlich-Kwong(RK):

RT a(T)

p= v-b vyt b

solids in supercritical fluids have been limired to pure or
solids{1].More generally, the simple method for cor- Z'-7'+ (A-B-BYHZ- AB= 0 (2)
relating the solubility of multicomponent solids in
supercritical fluids should be developed in order to ap- where
ply this noble technology to separation processes. RT ¢ Tonise
Experimental solubility data of solid mixtures in a(T)=0.42747 PC ["Tc]
supercritical fluids are now available from the literature €
for a few ternary systems within a very limited tem- b=0.08664 RT /P,
perature range. In this study, the applicable cubic aP
equations of state using simple one-fluids mixing rutes = (RT)?
are evaluated regarding their ability to quantitatively
. . . bP
describe the experimental solubility data. B- RT
EQUATIONS OF STATE EXAMINED Soave (SRK):
p- BT _ _a(D 3)
Various procedures[2-5] have been proposed in the v=0 v(vtb)
literature to predict the solubility of non-volatile li- or
quids or solids in supercritical fluids. The most com- Z -7+ (A-B-BY) Z—- AB=0 (4)
putationally straightforward and thermodynamically where

consistent method for modeling high-pressure phase
equilibria is to apply an equaticn 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([6], Soavel7], and Peng-Robinson[8]
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0,480+ 1.574 w—0.176 w*
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" (RT)
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Peng and Robinson (PR):
o RC_ all)
v=>b yiyvl bt biy= b
or
2= i1-B2 A-2B-3BYH Z
- (AB-B*-B%)=10 (6)
where

2

RT
e(T)=0.45724 ,_p,« a(T)

b=10 ()7"80RTC
=0.07780 ~5

a(T)=11+21-T%) *?
x=-0.37464 +1.54226 w—0.26992 o

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

b XX 3,0, (7)
T 5

and
b, = b, +b,1/2 @

CALCULATION OF SUPERCRITICAL
SOLUBILITY

The solubility of a solid solute / in a supercritical
solvent is given by
_ P2glexp Wi P=P?))
) ¢ P B
where P is the total pressure, P is the sublimation
pressure of the pure solid, v} is the molar volume of
the solid, @7 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 @, is
the fugacity coefficient of the solid in the fluid phase.
The most important variable ¢, is given by

BTt [T((50) nn = |2V

- RTInZ 1

where Z= Py /RT. The equation of state is used to
find the fugacity of component 7 in the vapor phase,
® .

The basic physical properties of the solutes and
supercritical solvents are presented in Table 1. How-
ever, the experimental values of critical constants for
1,10-decanediol are not reported in the literature. In
this solute, the Lydersen’s method[9] was used to
estimate critical constants. Antoine vapor pressure

Y 10

equation used has the form of
InP?bar)=A-B/ (T K)+C) 12)

The Antoine constants are also included in Table 1.
In applying an equation of state to predict the

When 8 may be either a or &, and the cross parameter
6, 1is given by

¢, = a0 =k {8}

[ ¥Rt}

Table 1. Physical properties of the solvents and solutes used in this study

Vs T, P, Antoine constants
Compd Formula MW w

ecm?/gmole K bar A B C
Naphthalene CygHs 128.19  125.03 748.4 405 0.302 7.2144 29266  -358
Pheranthrene Ci4Hyo 178.24 1676 890 329 0.429 9.6310 4873.4 0
Benzoic acid C;HgO, 122.13 96.5 752 456 0.620 9408  4618.1 0
2,3-Dimenthylnaphthalene  Cy3H;9 156.23  154.7 785 32.2 0.424 9.0646 4302.5 0
2,6-Dimenthylnaphthalene CjaHy, 156.23  154.7 777 32.2 0.420 9.4286 4419.5 0
Anthracene CiqHio 178.24 1426 883 33.1 0.455 7.1464 43976 0
1,10-Decanediol CigH2202 17429 1584 720.4*  23.7* 1325 12234 5043.1 -52.9
Carbon dioxide CO; 44.01 30419 738 0.225
Ethylene CoHy 28.05 28240 504 0.085

* Estimated by Lydersen’s method [9]
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solubility of solid mixtures in supercritical sulvents, a
binary interaction parameter, k&, appears which is in-
troduced to account for molecular interactions bet-
ween species / and f. Thus, for a ternary system con-
taining two solids, 2 and 3, and a supercritical fluid, 1,
the three k&, parameters must be determined: Two of
them, R, and k., are obtained from binary solubility
data for the individual solids in the supercritical fluid
and the third, k., representing the solute-solute in-
teraction from ternary solubility data for the solid mix-
tures in the supercritical fluid.

First, a nonlinear regression method coupled with
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polynomial roots searching method has been applied
to determine the values of £, and k; of three equa-
tions of state for each solute-solvent system from ex-
perimental solubility data of 9 binary systems. The ob-
jective function

»

[:/ Z ‘ (y}r;u . .L,Ve’xh] / \‘exn‘ 7 93 T

it &
[

has been minimized in searching for a binary para-
meler of each binary system. Here, N stands for the
number of experimental data points and j the solid
components in the vapor phase. The values of overall
regressed binary interaction parameters, which are in-

Table 2. Temperature-independent binary parameters and AAD(%) errors for 9 binary systems

No RK SRK PR Daa
Systems TK P bar Daia — source
kis  AAD(%)  kiz  AAD(%)  kia AAD(H)
COs-Naphthalene 308-328  77-319 40 0.03504 950 0.09735 1632 0.09435  17.20 10
COxPhenanthrene 318338 118276 15 002127 699 011980 1390 011516 1491 1
308 100-350 7 0.02197 533 0.12835 654  0.12233 9.21 12
CO,-Benzoic Acid 308-343  99-359 39 —0.17554 1412 0.00994 2575 0.00883  25.84 13
COx2 3-DMN 308328 97276 15 -0.00625 857 0103351 936 009901 1125 1
CO»2,6-DMN 308-328  94.276 15 -0.00531 625 0.10203 9.21 0.0978% 1014 11
CO»-Anthracene 308-318 139-277 9 0.0333% 729 014454 565  0.13813 6.55 14
CO3-1,10-Decanediol 318-328 131-303 15 018178 8499 016704 6.83  0.14324 7.33 16
Ethylene-2 3-DMN 308-328  76-276 18 -0.11285 1945 001363 1243 0.01680  11.06 11
Ethylene-2 6-DMN 308328 77276 1& 010625 1432 001318 940 001684 762 1
Table 3. Temperature-dependent binary parameters and AAD(%) errors for 9 binary systems
Systerus T. K P, bar No RK SRK PR
Data ki2 AAD(%) 3P AAD(%) ko AAD(%)

COy-Naphthalene 308 79-334 13 0.03630 848 0.10228 1233  0.09843 1449

318 88-314 13 0.03652 818  0.09532 1621 0.09235  17.11
COp-Phenanthrene 308 100-350 7 0.02197 5.33 0.12835 6.54 0.12233 9.21

318 120-280 5 0.01874 5.93 0.12240 11.19 0.11672 13.70
COy-Benzoic Acid 308 101-364 9 -0.17198 12,16  0.02405 16.22  0.02137 1885

318 101-363 12 -0.17437 11.65 0.01197 17.84 0.01035 20.26
C0O2-2,3-DMN 308 99-280 5  -0.01087 410 0.10303 193  0.09758 3.75

318 99-280 5 -0.00627 1.81 0.10223 15.19 0.09779 17.43
COy-2,6-DMN 308 97-280 5 -0.00512 4.87 0.10511 5.89 0.09989 7.06

318 98-280 5  -0.00568 933  0.10034 7.39  0.09623 9.39
CO»-Anthracene 308 139-277 4 0.03328 11.05 0.14611 10.20 0.13915 8.54

318 139-277 5 0.03343 4.36 0.14298 2.90 0.13712 4.56
C0Os-1,10-Decanediol 308 -0.18178** 0.16709** (1.14329**

318 205-307 3 -0.18534 568  0.17070 3.73  0.14697 1.03
Ethylene-2,3-DMN 308 77-280 6  -0.10321 11.49  0.01926 735 0.02136 7.12
Ethylene-2,6-DMN 308 80-280 6 -0.10267 1071 0.01559 11,56  0.01804 1170

**Values regressed from experimental data of Ref. 16.
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dependent of temperature, are presented in Table 2.
For comparison, the values of isothermal binary in-
teraction parameters, which vary with temperature,
are presented in Table 3 for all the same systems listed
in Table 2. In this table, the experimental solubility
data of a binary system 1,10-decanediol-CO, measured
ar 318, 323 and 328 K were regressed to obtain the
binary interaction parameters at 308 K since no experi-
mental data at this isotherm exist in the literature. The
solute-solute interaction parameters, k,;, were then
calculated from the experimental ternary solubility

119
data using the objective function defined as,
F=3 {1050 =350 / 3320|
IO =55 /5 {14

The resulting ky3 values of 10 ternary systems are
reported in Table 4, when calculated from the overall
data, and Table 5, when calculated from the isother-
mal data. The quality of the calculated supercritical
solubility is expressed in terms of on average absolute
deviation (AAD) defined as,

Table 4. Temperature-independent solute-solute binary parameters and AAD(%) errors for 10 ternary systems

RK

SRK

PR

Systems T, K Pblar  ky3 y3AAD y3,AAD  ky3  y3,AAD y3,AAD ko3  y2,AAD y3.AAD S([))S,[,?e
(%) (%) (%) (%) (%) (%)
CO2-Phenanthrene-Naphthalene 308 120-280 -0.19519 2.66 299 012183 198 1412 009528 409 1434 12
COp-Phenanthrene-Benzoic Acid 308 120-280 -0.62191 3.15 12.05 041398 386 17.70 031167 3.17 17.93 12
CQ9-Phenanthrene-2,3-DMN 308-318 120-280 13.38458 96.47 61.38 1051066 95.78 60.26 10.19480 95.69 59.29 12
COg-Phenanthrene-2,6-DMN 308 120-280 -0.42048 2.63 868 026497 245 7.14 0.22843 6.63 7.95 12
CUy-Naphthalene-Benzoic Acid 308318 120-280 -0.42499 392 11.65 007620 16.62 1847 0.04427 1827 (857 12
COo-Naphthalene-2,3-DMN 308 120-280 -0.20507 7.00 0.58 0.08127 979 1.50 0.07380 10.38 5.47 12
CCip-2,3-DMN-2,6-DMN 308-318 120-280 -0.21603 2.98 384 0.16269 3.72 5.67 0.14554 4.17 5.77 12
Ethylene-2,3-DMN-2,6-DMN 308 120-280 -0.18935 266 2.19 0.15351 514 573 0.13686 7.99 8.65 12
CCy-Phenanthrene-Anthracene 308-318 104-242 -0.02499 8.89 1855 0.12855 1338 1056 0.09509 7.74 8.40 10
COy-1,10-Decanediot-Benzoic Acid  308-318 164-307 -1.43798 17.25 6.22 -0.02145 934 19.76 -0.06031 959 1896 11

Table 5. Temperature dependent solute-solute binary parameters and AAD(%) errors for 10 ternary systems

Data RK SRK PR
Systems T,K P, bar source k3 y2,AAD y3AAD kg3 vy AAD y3AAD ka3 y2.AAD y3.AAD
(%) (%) %) %) %) (%)
COy-Phenanthrene-Naphthalene 308 120-280 9 -0.20381 236 447 002764 297 877 0.02159 6.05 1013
COy-Phenanthrene-Benzoic Acid 308 120-280 5 -0.72245 341 1181 -0.18274 336 1365 -0.18908 546 15.09
CO»-Phenanthrene-2,3-DMN 308 120-280 5 1086103 98.44 3983 866066 9831 3631 877745 9840 32.73
318 120-280 5 14.09082 93.76 79.13 11.07455 93.41 7893 11.11555 93.51 7884
COy-Phenanthrene-2,6-DMN 308  120-280 5 -0.46280 2.77 903 -0.10266 432 10.12 -0.07591 847 11.05
CO.-Naphthalene-Benzoic Acid 308 120-230 5 -0.39881 249 1004 -0.01248 11.88 1166 -0.02707 1315 133
318  120-230 5 -047266 4.84 7.34 -0.01782 2741 1271 -0.02212 2721 1529
COy-Naphthalene-2,3-DMN 308 120-280 5 -0.16265 11.50 100 008330 526 101 008030 760 455
C0g-2,3-DMN-2,6-DMN 308 120280 9 006204 271 284 017799 361 198 019136 387 441
318 120-280 9  -0.23021 3.49 235 015054 253 373 0.14398 444 593
Ethylene-2,3-DMN-2,6-DMN 308 120-280 9 -0.26806 7.06 445 0.10128 732 683 009873 972 914
COy-Phenanthrene-Anthracene 308 104-242 4 -0.15314 425 987 0.08448 490 807 0.07277 798 583
318 104-242 4 0. 1492 2644 011613 338 11.27 008972 230 930
COs3-1,10-Decanediol-Benzoic Acid 308 164-306 5 -2.31054 475 582 -0.10641 692 7.06 -030265 395 8.65
318 164-307 5 072069 755 907 -005573 831 1186 -0.17275 873 13.68
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N

AAD ) = 00/ N) 5 | (58— 3220 / ye32 |
1

Ji
i=

j=2,3 (15)

RESULTS AND DISCUSSIONS

The overall results resulting from the Redlich-
Kwong, Soave, Peng-Robinson equations of state are
summarized in Table 6. As shown in Tables 4 and 5,
the one ternary system, CO,phenanthrene-2,3-di-
methylnaphthalene, could not be correlated with the
three cubic equations of state used in this study. Thus,
this ternary system was not included in the overall
results presented in Table 6.

It should be noted that the solubility of a particular
solid component in the ternary system is considerably
higher than that in the pure solid system at the same
temperature and pressure. The solubility data for the
phenanthrene-naphthalene-CO, system are shown in
Figures 1 and 2. Binary solubility data for the binary
pure sclid-solvent system are also shown for com-
parison. The solubility of phenanthrene from a binary
solid mixture of phenanthrene and naphthalene in
supercritical carbon dioxide increases by a maximum
of 75% over that when no naphthalene is present. The

Table 6. AAD(%) errors resulting from three equa-
tions of state
RK(AAD%) SRK(AAD%) PR(AAD%)
Yoo ¥z ¥ ¥3 Y2 ¥3

Overall(Table 4) 5.68 7.42 7.36 11.18 800 11.78
Isuothermal(Table 5) 5.55 6.01 7.08 836 83& 973
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Fig. 1. Solubility of phenanthrene from a binary
solid mixture of phenanthrene and naph-
thalene in supercritical carbon dioxide.
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Fig. 2. Solubility of naphthalene from a binary solid
mixture of phenanthrene and naphthalene in
supercritical carbon dioxide.

corresponding increase for naphthalene is about 20%.
The similar patterns of the solubility enhancement
were also noticed for a number of ternary systems as
also shown in Figures 3-6. The maximum solubility
enhancements of the binary solid mixtures in super-
critical CO, are given in parentheses: benzoic acid
(280%)-naphthalene(107 %), 2,3-dimethylnaphthalene
(144%)-naphthalene(46 %), and phenanthrene(-10%)-
2.3-dimethyinaphthalene(-10%). However, the fun-
damental mechanism of the solubility enhancement
appearing in the solid mixtures has been poorly un-
derstood. One possible explanation is that the upper
critical end point for a ternary solid-fluid mixture is ex-
pected to occur at a temperature lower than those for
either binary solid-supercritical fluid systems. Thus,

IU'E
r -
S B
‘__ﬂ.-
’ —_— T T
W

10 ._:[ JI COz-Naphthalene-Benzoic Acid

Y Naph

4 W3IRK ]
4 s ® 308 K 1
P — RK COz-Naphthalene
4 | 1318 K
| | o 0 308 K
. ol ~=RK
103 . .
0 100 200 300 400
Platm]

Fig. 3. Solubility of naphthalene from a binary solid
mixture of naphthalene and benzoic acid in
supercritical carbon dioxide.
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Fig. 4. Solubility of benzoic acid from a binary solid
mixture of naphthalene and benzoic acid in
supercritical carbon dioxide.

when comparisons are made between ternary and
binary solid-fluid systems at the same temperature, the
ternary system is closer to the upper critical end point
{16]. The other possible explanation can be stated as
follows. In CO,, naphthalene is much more soluble
than phenanthrene. Consequently, in the ternary
system naphthalene raises phenanthrene's solubilities
75%, while its solubility increases only 20%. Naph-
thalene and benzoic acid are bath highly soluble in

10-3

|

C02-1,10 Decanediol-Benzoic Acid
| 3I8K
® 308K
— RK
CC2-1.10 Decanedio
318 K |
- -RK {
0 100 200 300 100
Platm)
Fig. 5. Solubility of 1,10-decanediol from a binary
solid mixture of 1,10-decanediol and benzoic
acid in supercritical carbon dioxide.
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Fig. 6. Solubility of benzoic acid from a binary solid
mixture of 1,10-decanediol and benzoic acid
in supercritical carbon dioxide.
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CO,, and therefore both solubilities are increased over
100%. The solubilities of phenanthrene and 2,3-di-
methylnaphthalene, which are low in the binary case,
actually decrease in the ternary case [17].

An important point on the selectivity of solid mix-
tures by supercritical fluids can be drawn from the
general results obtained in this study. The selectivity,
a, defined as y,/y;, of the solvent for a ternary
systemn at low pressures is simply the ratio of the vapor
pressures of two solids. At high pressures, the selectivi-
ty decreases sharply, and levels off at a value of unity.
it must be noticed that the extracted-solute mixture
cannot be separated with pure supercritical CO, unless
the extractant composition in equilibrium can be alter-
ed by changing the process conditions. This is, in ef-
fect, azeotropic situation. The following conclusions
can be drawn with great generality from the results

reported herein:
(1) Although the three cubic equations of state cor-

relate fairly well the solubility data of solid mixtures in
supercritical fluid, the original Redlich-Kwong equa-
tion of state, which is the simplest type among them,
gives the best results in accuracy for the both cases of
overall temperature-independent binary parameters
and isothermal temperature-dependent binary para-
meters. The regressed values of binary interaction
parameters can be used for engineering applications
down to three places of decimals without any harm of
accuracy. One interesting point is that the overall AAD
(%) errors are quite good enough for both cases.
Therefore, the overall temperature-independent
binary parameters can be used to correlate the ternary
solubility data in any different temperature range.

{2) The one ternary system, CO,phenanthrene-
2,3-DMN, was not able to be correlated with the three

Korean J. Ch. E. (Vol. 5, Neo. 2}
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equations of state used in this study. This sys em is the
only one that the solute solubility decreases. while in
other systems the solute solubility increases. There-
fore, the approach using the cubic equatiors of state
should be tested further when the new ternary data
beconie available.

(3) The solubility of a given solid in the ternary
systemt will increase relative to that in the binary
systent in proportion to the solubility of the cther solid
in supercritical fluid.

(4) The selectivity of supercritical fluids for solute
mixture is fairly independent of temperature, but
heavily dependent upon pressure.
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NOMENCLATURE
A B . variable defined in egs.(2).(4) and (6)
a, b . parameter defined in egs.(1),(3) and (5)
F objective function defined in eq.(13)
R, binary interaction parameter associated with a
m parameter in the soave equation of state
N number of data points
P total pressure
P sublimation pressure of the solute, /
R gas constant
T temperature
v molar volume
Vv total volume
v mote fraction
z compressibility factor
a variable in eqs.{3) and (5)
x parameter in the Peng-Robinson equation of
state :
6, : parameter that is to be mixed
¢ fugacity coefficient
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