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Abstract

The Peng–Robinson equation of state and a modified Huron–Vidal type mixing model with a volume correction
term are applied in this study to calculate the solid solubilities of aromatic, fatty acid and heavy alcohol compounds
in supercritical carbon dioxide. The UNIFAC activity coefficient model with its optimally fitted binary interaction
parameters is used in this study. A volume correction term is employed, and its parameters are correlated as functions
of the solid molar volume for both non-polar and polar systems. The effect of the sublimation vapor pressure on
the calculation of solid solubilities in supercritical carbon dioxide is examined. The sublimation vapor pressures for
heavy compounds are fitted in this study to yield the optimally calculated results of the solid solubility. Reasonable
sublimation vapor pressures are obtained and their values are well correlated by the Antoine equation. A generalized
calculation model is proposed in this study which gives satisfactory results of the solid solubility in supercritical
carbon dioxide for both the binary and ternary systems. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Supercritical fluids (SCF) are widely applied in extraction, reaction, separation and crystal growth
processes. The key point for the design of process equipment and selection of operating condition is the
equilibrium solubility data. Only a few solid solubility data were reported in literature [1]. The accurate
measurement of the solid solubility in supercritical fluid is also difficult and time consuming. For the
purpose of a wider range of application, a suitable thermodynamic model should be used to correlate and
predict the equilibrium solubility data required in those related fields [2]. Thermodynamic models that
employ equations of state (EOS) and mixing rules for the calculation of solubilities of solids in supercritical
fluids have been presented by many investigators [3–7]. The traditional van der Waals (VDW) mixing rules
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are usually employed with optimally fitted binary interaction parameters. Unfortunately, those parameters
cannot be well correlated as functions of temperature or pressure, especially for systems involving heavy
or complex compounds [8]. On the other hand, empirical models can be used for the calculations of solid
solubilities. Since the parameters in the empirical models are usually not generalized, it is difficult to
apply them for predictive or multi-component computations.

A modified Huron–Vidal [9] type mixing model with a volume correction term has been proposed for
calculating the solid solubilities in supercritical carbon dioxide [10]. Solubilities of five aromatic com-
pounds in supercritical carbon dioxide were calculated by that modified model using the Patel–Teja EOS
[11]. The mixture energy parameter of the EOS was determined by using a UNIFAC group contribution
method. The volume correction term has been well correlated as a function of the solid molar volume.
Further investigations [12–14] also applied this modified model to calculate the solubilities of steroids,
polar and non-polar aromatic compounds and solid mixtures in supercritical fluids. In the previous stud-
ies, the range of the solid molar volume for the volume correction term was less than 0.18 l/mol. This
EOS+UNIFAC method with a volume correction term gives good accuracy in correlating and predicting
the solid solubility in supercritical carbon dioxide, as also stated by Zhong and Masuoka [15]. The range
of solid molar volume in the volume correction term can further be improved to include solid solute of
heavier components.

There are many properties that affect the calculation results of solid solubilities in supercritical fluid
by using EOS and mixing rules. Besides the critical constants, the sublimation vapor pressures of solids
also play a dominant role to the calculation results [2]. The sublimation vapor pressure of high molecular
weight compound is too small for accurate experimental measurement. Reverchon et al. [16] suggested
that the sublimation vapor pressure should be considered as an adjustable parameter.

In this work, solid solubility calculations with a modified mixing model are extended to fatty acid
and heavy alcohol compounds where the solid molar volumes range from 0.2 to 0.35 l/mol. Improved
generalized correlation equations for the volume correction parameters are presented. Optimally fitted
sublimation vapor pressures of various solids are presented. Although these solid vapor pressures are
obtained by fitting the solid solubility, their values are reasonable in comparison to some available
experimental data of aromatic compounds. Calculation results of the solid solubility and the comparison
with those from the VDW mixing rules and the best-fitted binary parameters are also demonstrated.

2. Calculation of the solid solubility

The solubility of a solid (component 2) in supercritical carbon dioxide (component 1) is

y2 = P sub
2 exp(Vs(P − P sub

2 )/RT)

φ̂SCF
2 P

(1)

whereP sub
2 is the sublimation vapor pressure of the solid,Vs is the solid molar volume,̂φscf

2 is the fugacity
coefficient of the solid in the supercritical phase. The fugacity coefficient of the solid is calculated by the
Peng–Robinson EOS [17] in this study:

P = RT

V − b
− a

V 2 + 2bV− b2
(2)
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wherea andb are the EOS energy and volume parameters which are determined from the characteristic
critical constants and acentric factors for pure fluids. Various mixing rules can be applied to calculate the
mixture EOS parameters. The simple VDW type mixing model determines the mixture EOS parameters
by considering the mixture as a pseudopure component:

am =
∑
i

∑
j

xixj (aiaj )
0.5(1 − kij ) (3)

bm =
∑
i

∑
j

xixj
1

2
(bi + bj )(1 − lij ) (4)

wherekij andlij are the adjustable binary interaction parameters that are obtained from regression of the
experimental solubility data. These empirical parameters are usually temperature-dependent and cannot
be correlated in a systematic form.

Huron and Vidal [9] proposed an improved predictive method to obtain the EOS mixture parameters.
At an infinite pressure limit, the excess Gibbs free energy calculated from the EOS is set equal to that
from a group contribution activity coefficient model. This approach has been employed to calculate the
phase equilibria of non-ideal mixtures by many investigators. For example, Sheng et al. [10] applied this
method and Patel–Teja EOS to determine the solid solubility in supercritical carbon dioxide. They also
replaced the Gibbs free energy in the original Huron–Vidal model by the Helmholtz free energy. A volume
correction term was proposed by Sheng et al. [10] to evaluate the volume parameter of a fluid mixture.
Chen et al. [14] employed the modified equation of Sheng et al. [10] and applied the Peng–Robinson EOS
in calculating the solubilities of solids and solid mixtures. The excess Helmholtz free energy calculated
from the Peng–Robinson EOS at an infinite pressure limit is expressed as(

AE

RT

)
P=∞

= ln(3 − 2
√

2)

2
√

2RT

(
am

bm
−
∑
i

xiai

bi

)
(5)

The energy parameter of a mixture is then calculated by

am = 2
√

2bm

(∑
i

xi
ai

2
√

2bi
− AE

ln(3 + 2
√

2)

)
(6)

The volume parameter of a mixture is calculated by the direct summation of the pure component
properties and a volume correction term,bE:

bm =
∑
i

xibi + bE (7)

the volume correction term is expressed by a simple Margules type equation:

bE = x1x2(K1x1 +K2x2) (8)

whereK1 andK2 are two temperature-independent constants for each binary system.
Using the above mixing rules, the fugacity coefficient of a solid component calculated from the

Peng–Robinson EOS in the supercritical phase is expressed as
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ln φ̂scf
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where

Zm = PVm
RT

(10)

Bm = Pbm
RT

(11)

b̂i =
(
∂nbm
∂ni

)
T ,V,nj 6=i

(12)

Qv = Vm + bm (13)

In this study, the group contribution UNIFAC model [18] with a modified combinatorial part [10] is
used to calculate the activity coefficient. Most group interaction parameters were taken from Larsen et al.
[18]. The group interaction parameters of the residual part including CO2, NAC, ACH, CH2, ACCH2,
OH, ACOH, and COOH functional groups have been regressed from VLE or gas solubilities data by
Chen et al. [12–14]. The group interaction parameter is written in a temperature dependent form as

amn = amn,1 + amn,2(T − T0)+ amn,3

(
T ln

T0

T
+ T − T0

)
(14)

where the reference temperatureT0 is 298.15 K, andamn,i (i = 1 to 3) are parameters for each functional
pair.

The modified combinatorial contribution of the UNIFAC model suggested by Sheng et al. [10] is used
in this study for calculating the energy parameter of the EOS:

GE

RT
=
∑
i

xi ln

(
ψ0
i

xi

)
− z

2

∑
i

qixi ln

(
ψi

θi

)
(15)

where

ψ0
i = xi(ri)

pi∑
j xj (rj )

pj
(16)

ψi = xiri∑
j xj rj

(17)

pi = 1 − 1

0.8(qir
−2/3
i − 1)1.5 + 1

(18)

θi = xiqi∑
j xjqj

(19)

whereri andqi are the group volume and surface area parameters of the UNIFAC model.
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Table 1
Binary group interaction parameters of the UNIFAC modela

Group pair (m–n) amn,1 amn,2 amn,3 anm,1 anm,2 anm,3 Reference

CO2–ACH 129.3 −0.347 −1.914 4.162 0.288 −0.358 [10]
CO2–NAC 455.6 −2.317 −3.065 1304 0.256 0.150 [10]
ACH–NAC 372.2 1.340 1.486 1.959 1.126 1.142 [10]
CO2–CH2 467.2 6.551 10.88 −2.825 −2.719 −4.085 [10]
CO2–ACCH2 388.5 −0.480 1.367 −112.2 −0.867 −0.407 [10]
ACH–ACCH2 167.0 0 0 −146.8 0 0 [10]
NAC–ACCH2 582.6 0.829 0.634 697.6 0.542 0.657 [10]
CO2–ACOH 882.03 −0.030 0.510 494.93 −3.120 0.670 [14]
ACH–ACOH 1304.34 −1.530 0 835.75 0.100 0 [14]
NAC–ACOH 28.50 0.190 −0.190 648.03 −0.550 −0.010 [14]
ACCH2–ACOH 884.9 0 0 244.2 0 0 [14]
CO2–OH 206.54 0.8593 −22.62 240.24 3.2069 −9.930 [12]
CH2–OH 972.8 0.2687 8.773 637.5 −5.832 −0.8703 [12]
CO2–COOH −1167.3 −11.562 −0.475 120.37 0.145 1.291 [12]
CH2–COOH 664.1 1.317 −4.904 171.5 −1.463 0.6759 [18]
ACH–COOH 537.4 0 0 62.32 0 0 [18]
ACCH2–COOH 317.9 10.31 0 460.8 −4.412 0 [19]

a ACH: aromatic CH; NAC: naphthalene carbon; ACCH2: aromatic CH2; ACOH: aromatic OH.

3. Results and discussion

The group contribution UNIFAC activity coefficient model is employed in this study to determine
the EOS energy parameter of the mixture. The group interaction parameters of the UNIFAC model are
provided by previous investigators [10,12,14,18,19] from vapor–liquid equilibrium calculations using
either the Patel–Teja or the Peng–Robinson EOS. Table 1 shows those binary group interaction parameters
that are also used in this study.

In this study, we calculate the solubilities of aromatic and heavy alcohol and acid compounds in
supercritical carbon dioxide. The critical constants, acentric factors and solid molar volumes of these
compounds are taken from literature and are listed in Table 2. Two major contributions are presented
in this work. First, the solid sublimation vapor pressures, as well as the volume correction term, are
simultaneously taken as adjustable parameters in the solid solubility calculations. Their optimally fitted
values are determined by minimizing the following objective function of the calculated errors of the solid
solubilities in supercritical carbon dioxide for binary mixtures:

obj =
∑[

(ycal
2 − y

exp
2 )

y
exp
2

]2

(20)

The optimally fitted solid vapor pressures are then correlated in this study by the Antoine type equation
for various compounds. Second, the volume correction term is correlated in a wider range of solid molar
volumes for both non-polar and polar solids.

Fig. 1 shows the solid sublimation vapor pressure of anthracene from different literature sources. It is
demonstrated that the solid vapor pressures are lower than 10−5 bar where some uncertainty may exist
in experimental measurements. In such conditions, it is practical to treat the solid vapor pressures as
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Table 2
Physical properties of solid compounds used in this study

Compound TC (K) PC (atm) ω Vs (l/mol)

Naphthalene 748.4 [20] 40.1 [20] 0.302 [20] 0.1100 [4]
Phenanthracene 890.0 [8] 32.5 [8] 0.429 [8] 0.1530 [20]
Anthracene 869.3 [8] 34.4 [8] 0.532 [8] 0.1426 [21]
2,3-Dimethylnaphthalene 785.0 [8] 31.8 [8] 0.424 [8] 0.1547 [21]
2,6-Dimethylnaphthalene 777.0 [8] 31.8 [8] 0.420 [8] 0.1392 [21]
Hexamethylbenzene 758.0 [6] 24.1 [6] 0.515 [6] 0.1527 [21]
Pyrene 936.0 [20] 25.7 [20] 0.509 [20] 0.1585 [21]
Fluorene 826.4 [6] 29.5 [6] 0.406 [6] 0.1393 [21]
Triphenylene 1013.6 [22] 28.9 [22] 0.492 [22] 0.1750 [23]
Chrysene 1027.8 [22] 28.9 [22] 0.492 [22] 0.1790 [23]
Phenol 692.2 [23] 60.5 [23] 0.450 [23] 0.0890 [6]
2,5-Xylenol 706.9 [23] 48.0 [24] 0.569 [24] 0.1257 [24]
3,4-Xylenol 729.8 [23] 49.0 [24] 0.576 [24] 0.1243 [24]
1-Hexadecanol 761.0 [20] 14.9 [20] 0.748 [20] 0.2965 [22]
1-Octadecanol 777.0 [20] 13.4 [20] 0.863 [20] 0.3330 [22]
1-Eicosanol 792.0 [20] 12.2 [20] 0.937 [20] 0.3552 [22]
Lauric acid 734.0 [20] 19.2 [20] 0.967 [20] 0.2290 [25]
Myristic acid 756.0 [20] 16.8 [20] 1.025 [20] 0.2575 [25]
Palmitic acid 776.0 [20] 14.9 [20] 1.083 [20] 0.2857 [25]
Stearic acid 799.0 [20] 13.4 [20] 1.084 [20] 0.3024 [22]

adjustable parameters in solid solubility calculations. Table 3 lists the solid vapor pressure parameters
taken from various literatures where an Antoine type equation is employed. Some of these literature
values can only be used in a very small temperature range. Table 4 presents the optimally fitted solid
vapor pressure parameters for each pure compound in the volume correction method of this study. Fig. 2
shows the optimally fitted solid vapor pressures of four aromatic compounds. For these compounds, the

Fig. 1. Sublimation pressure of anthracene from various literature sources.
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Table 3
Antoine constants for solid sublimation vapor pressures from literaturea

Compound A B C Pressure unit Reference

Naphthalene 11.706 2619.9 52.5 Pa [10]
8.583 3733.9 0.0 Bar [4]

13.575 3729.3 0.0 Pa [5]
Phenanthracene 13.775 4567.7 0.0 Pa [10]

9.631 4873.4 0.0 Bar [21]
Anthracene 14.755 5313.7 0.0 Pa [10]

7.146 4397.6 0.0 Bar [21]
9.775 5313.7 0.0 Bar [26]

2,3-Dimethylnaphthalene 13.972 4222.3 0.0 Pa [10]
9.065 4302.5 0.0 Bar [21]

2,6-Dimethylnaphthalene 15.26 4683.3 0.0 Pa [10]
9.429 4419.5 0.0 Bar [21]

Hexamethylbenzene 13.134 3855.0 21.0 Pa [5]
Pyrene 8.395 4904.0 0.0 Bar [21]
Fluorene 9.429 4419.5 0.0 Bar [21]
Phenol 13.689 3586.4 0.0 Pa [27]
2,5-Xylenol 15.495 4438.6 0.0 Pa [27]
3,4-Xylenol 15.298 4478.2 0.0 Pa [27]
1-Hexadecanol 22.773 8736.0 0.0 KPa [28]
1-Octadecanol 24.990 9787.0 0.0 KPa [28]
1-Eicosanol 28.860 113.93 0.0 KPa [28]
Lauric acid 16.710 6683.0 0.0 KPa [28]
Myristic acid 6.786 2143.4 143.27 KPa [28]
Palmitic acid 19.342 8069.0 0.0 KPa [28]
Stearic acid 6.171 2157.5 153.78 KPa [28]

a The solid sublimation pressures are fitter by logP sub = A − B/(T (K) − C). For triphenylene, the sublimation vapor
pressure are [29] 1.11× 10−5 Pa (308 K), 4.69× 10−5 Pa (318 K), 1.83× 10−4 Pa (328 K). For chrysene, the sublimation vapor
pressure is [29] 4.17× 10−6 Pa (308 K).

best-fitted solid vapor pressures increase with temperature, and they are close to the literature data. This
result indicates that although the sublimation vapor pressures are taken as adjustable parameters in the
solid solubility calculations, their optimally fitted values are reasonable and in good agreement with the
available experimental data. It also provides a good basis that we can extend the solid vapor pressure
adjustment in the volume correction method to heavy compounds where no exact experimental vapor
pressure data are available.

In this study, the solubilities of non-polar and polar solids in supercritical carbon dioxide are calculated
using a group contribution mixing rule with a volume correction term. The optimally fitted parameters in
the volume correction term for various solid compounds are shown in Table 5. The calculated results of
the solubilities of non-polar aromatic compounds in supercritical carbon dioxide are shown in Table 6.
The absolute average deviations (AAD) of the solid solubility from different mixing rules are compared
in this table. For the traditional van der Waals mixing rules with single or dual binary interaction param-
eters and their optimally fitted solid vapor pressures, the AADs are 7.52 and 6.24%, respectively. The
group contribution mixing rules with the optimally fittedK1 andK2 volume correction parameters give a
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Table 4
Optimally fitted Antoine constants of solid vapor pressures in this studya

Compound A B

Naphthalene 14.674 4069.694
Phenanthracene 15.690 5174.050
Anthracene 15.019 5406.851
2,3-Dimethylnaphthalene 14.066 4265.729
2,6-Dimethylnaphthalene 15.260 4683.320
Hexamethylbenzene 13.462 4229.699
Pyrene 14.786 5421.404
Fluorene 14.276 4583.529
Triphenylene 14.462 5804.057
Myristic acid 22.113 7805.443
Palmitic acid 31.154 10860.70
Benzoic acid 16.980 5865.607

a The solid sublimation pressures are fitted by logP sub(Pa) = A−B/T (K). For other compounds, at 308 K:Psub(chrysene):
9.448× 10−11 bar;Psub (3,4-xylenol): 4.327× 10−5 bar;Psub (2,5-xylenol): 1.201× 10−4 bar;Psub (1-hexadecaonol): 1.960×
10−6 bar;Psub (1-octadecanol): 1.366× 10−6 bar;Psub (1-eicosanol): 6.447× 10−7 bar;Psub (stearic acid): 1.644× 10−10 bar; at
309 K:Psub (phenol): 1.411× 10−3 bar; at 313 K:Psub (lauric acid): 7.033× 10−8 bar.

comparable AAD of 6.20%. TheK1 andK2 values for non-polar fluids are correlated as functions of the
solid molar volume in this study:

K1 = 0.00311+ 0.0839Vs (21)

K2 = −16.1959+ 296.6818Vs − 1370.0698V 2
s (22)

whereVs is the solid molar volume (l/mol). If the generalizedK1 and K2 correlation equations are
employed, an AAD of 6.98% is obtained. In using the generalized correlation equations of sublimation
vapor pressures and the volume correction parameters, there is no individually adjustable factor in the

Fig. 2. Comparison of the optimally-fitted sublimation pressures of various solids with literature data.
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Table 5
Optimally-fittedK1 andK2 values in this study

Compound K1 K2

Naphthalene 0.0127 −0.1024
Phenanthracene 0.0154 −2.6165
Anthracene 0.0146 −2.1497
2,3-Dimethylnaphthalene 0.0162 −3.2499
2,6-Dimethylnaphthalene 0.0141 −1.4620
Hexamethylbenzene 0.0159 −2.8341
Pyrene 0.0165 −3.6783
Fluorene 0.0148 −1.4536
Triphenylene 0.0178 −6.2350
Chrysene 0.0182 −6.9883
Phenol 0.0357 −1.5750
2,5-Xylenol 0.0622 −2.6610
3,4-Xylenol 0.0583 −2.5407
1-Hexadecanol −0.0694 −0.0947
1-Octadecanol −0.1192 1.3682
1-Eicosanol −0.1913 2.4482
Lauric acid 0.0434 −2.2683
Myristic acid 0.0402 −2.6667
Palmitic acid 0.0149 −0.6472
Stearic acid −0.0506 0.2354

solid solubility calculations. The calculation results are satisfactory, and are comparable to those from the
VDW mixing models with optimally fitted binary parameters. Fig. 3 shows the correlation results of the
volume correction parameters for non-polar systems. It is demonstrated that bothK1 andK2 parameters
are well correlated as functions of the solid molar volumes. Fig. 4 shows the comparison of our calculated
results with the experimental data for fluorine in supercritical carbon dioxide. The generalized correlation
equations of the solid vapor pressure and the volume correction term are used. The calculated results yield
good agreement with experimental data at different temperatures. Another comparison is shown in Fig. 5
for the solid solubility of triphenylene in supercritical carbon dioxide. The agreement with experimental
data is again satisfactory where only generalized parameters are used in the solubility calculations. The
satisfactory correlation ofK1 andK2 as functions of pure solid molar volumes also indicates that the
volume correction method can be used to predict the solid solubility in supercritical carbon dioxide.

The calculated results for the solid solubility of polar compounds are shown in Table 7. It is indicated
that the traditional van der Waals mixing rules with dual binary parameters, and the group contribution
mixing model with optimally fitted volume correction parameters give satisfactory results where the
AAD is less than 6%. The volume correction term parameters for polar compounds are also correlated
as functions of the solid molar volume in this study:

K1 = −0.18057+ 3.0725Vs − 8.6651V 2
s (23)

K2 = 2.85074− 66.703Vs + 185.54V 2
s (24)

Using these generalized volume correction parameters, an AAD of 12.76% for the solid solubility calcu-
lations is obtained. This result is comparable to that from the traditional van der Waals mixing model with
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Fig. 3. Correlation of the volume correction parameters for non-polar solid compounds.

one optimally fitted binary energy parameter. The group contribution mixing rules with the generalized
volume correction parameters suggest an acceptable method for the estimation of heavy solid solubilities
in supercritical carbon dioxide. Fig. 6 shows the correlation results of the volume correction parameters
for the polar compounds. The solid molar volume covers a wider range over 0.35 l/mol. The calculated
results using the generalized volume correction model for the solid solubility of three heavy alcohol
compounds are shown in Fig. 7. Fig. 8 presents those calculated results of heavy acid compounds. It is
observed that the agreement with experimental data is satisfactory. The group contribution mixing model
with generalized volume correction parameters also gives better results than those from the solution
model presented by Iwai et al. [38]. In the latter solution model, an AAD over 20% is observed with two
individually adjusted parameters.

Fig. 4. Calculation results for the solid solubility of fluorene in supercritical carbon dioxide with a generalized volume correction
method.
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Fig. 5. Calculation results for the solid solubility of triphenylene in supercritical carbon dioxide with a generalized volume
correlation term.

Further application of the EOS+ UNIFAC method with a generalized volume correction term is
extended to predict the solid solubilities of ternary systems with two solids. For the ternary system, we
have shown that the volume correction term was written as [14]:

bE = x1x2(K1x1 +K2x2)+ x1x3(K1x1 +K3x3) (25)

where the subscript 1 represents the solvent of carbon dioxide, subscripts 2 and 3 represent the two solid
components. No interaction of the solid components is assumed in this model. The values of theK factors

Table 7
Calculation results of polar solid solubilities in supercritical carbon dioxide

Solid
(compound 2)

Number
of data
points

Temperature
range (K)

Press
range
(MPa)

AADY 2 (%)a Data
reference

VDW mixing rules This work

Optimally-
fittedk12

Optimally-fitted
k12 andl12

Optimally–fitted
K1 andK2

Generalized
K1 andK2

Phenol 25 309 8–25 17.95 3.98 7.20 18.44 [33]
3,4-Xylenol 7 308 8–26 16.29 2.41 1.24 2.57 [34]
2,5-Xylenol 8 308 7–27 19.22 3.82 2.22 3.81 [35]
1-Hexadecanol 6 308 8–22 5.56 3.99 1.52 12.99 [36]
1-Octanol 9 308 9–24 3.12 2.33 6.76 8.09 [37]
1-Eicosanol 7 308 8–24 9.66 5.80 7.25 7.25 [37]
Lauric acid 8 313 8–25 15.91 8.01 3.46 19.24 [25]
Myristic acid 13 308–313 8–23 13.66 11.24 12.11 25.40 [25,36]
Palmitic acid 13 308–313 9–23 4.75 4.74 5.00 7.38 [25,36]
Stearic acid 8 308 9–24 6.71 3.89 4.49 4.54 [37]
Total 104 12.17 5.15 5.99 12.76

a AADY 2 (%) = (100/NP
∑

i |(ycal
2,i − y

exp
2,i )/y

exp
2,i |; NP: number of data point.
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Fig. 6. Correlation of the volume correction parameters for polar solid compounds.

are expressed by Eqs. (21) to (24) for either the non-polar or polar system. In this case, the ternary system
calculations are completely predictive where only generalized binary system parameters are employed.
Table 8 shows our calculated results for the solid solubilities in the ternary mixtures. Generally, the
predictions are satisfactory where the grand AAD value is less than 10%. It is observed from Table 8 that
not only good prediction can be obtained in non-polar mixtures, the prediction results are also satisfactory
for the asymmetric mixtures of polar and non-polar solids such as benzoic acid with naphthalene or
phenanthrene. In Table 8 we also compare our calculation results using the volume correction method
with those from other methods in literature. The results of Balbuena et al. [42] are calculated with
the lattice model. The method employed by Garnier et al. [43] is the modified Peng–Robinson EOS
with van der Waals mixing rules. The lattice model approach [42] requires one ternary parameter, and
the methods of Garnier et al. [43] and this work directly predict the ternary solubility using binary

Fig. 7. Calculation results for the solid solubilities of various heavy alcohols in supercritical carbon dioxide.
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Fig. 8. Calculation results for the solid solubilities for various fatty acids in supercritical carbon dioxide.

parameters. It is demonstrated that the volume correction method of this work yields an overall smaller
AAD in solid solubilities. Graphical presentations of our calculation results for ternary systems are shown
in Figs. 9 and 10, respectively. Our predicted results are in close agreement to the experimental data. The
EOS+ UNIFAC method with generalized volume correction term is applicable in binary and ternary
systems. The generalized correlation of the volume correction term is extended to a wider range in this
study that enables the EOS+ UNIFAC method to calculate the solubilities of heavy polar solids in
supercritical carbon dioxide with satisfactory results.

Fig. 9. Predicted solubilities of 2-naphthol (2) and phenanthrene (3) in CO2 (1) 2-naphthol (2) phenanthrene (3) ternary system
(for experimental data refer [40]).
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Fig. 10. Predicted solubilities of 2-naphthol (2) and anthrance (3) in CO2 (1) 2-naphthol (2) anthrance (3) ternary system (for
experimental data refer [41]).

4. Conclusion

A modified Huron–Vidal type mixing model with a volume correction term is employed in calculating
the solubilities of heavy compounds in supercritical carbon dioxide. The vapor pressures of heavy solids
are taken as adjustable parameters, and the best-fitted values of some compounds are reasonably correlated
by a generalized Antoine type equation. The volume correction term parameters are correlated in a wider
range of the solid molar volumes for both non-polar and polar systems in this study. The calculated results
of the solid solubilities in supercritical carbon dioxide are satisfactory. With the generalized calculation
method, the accuracy in solid solubility calculations is comparable to that from the traditional van der
Waals mixing model with optimally fitted binary parameters. Our calculation results are also better than
those from the solution model approach presented by previous investigations. The mixing model is used
to predict the solid solubilities in ternary systems with two solid components. Our calculation results
are satisfactory for both the non-polar systems and asymmetric mixtures of polar and non-polar solid
mixtures.

List of symbols
A Helmholtz free energy
a, b parameters of the Peng–Robinson equation of state
K constant in the volume correction term
k, l binary interaction parameters
n number of moles
P pressure
Qv parameter defined Eq. (13)
q, r surface area and volume parameters in the UNIFAC model, respectively.
R gas constant
T temperature
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y solubility
V volume

Greek symbols
γ activity coefficient
φ fugacity coefficient

Superscripts
E excess property or the volume correction term
SCF supercritical phase
s solid phase
sub sublimation property

Subscripts
i, j componenti, j
m mixture property
1, 2, 3 components 1, 2, 3
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