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Abstract−Supercritical fluid technology has been an alternative for purification and separation of biological com-

pounds in cosmetic, food, and pharmaceutical products. Solubility information of biological compounds in supercrit-

ical fluids is essential for choosing a supercritical fluid processes. The equilibrium solubility of hinokitiol was meas-

ured in supercritical carbon dioxide and ethane with a static method in the pressure range from 8 to 40 MPa and at tem-

peratures equal to 313.2, 323.2 and 333.2 K. The experimental data were correlated well by Peng-Robinson equation

of state and quasi-chemical nonrandom lattice fluid model.
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INTRODUCTION

Hinokitiol (2-Hydroxy-6-propan-2-ylcyclohepta-2,4,6-trien-1-one,

C10H12O2, CAS No. 449-44-5) is known as β-thujaplicin and its chem-

ical structure is shown in Fig. 1. It is a troplone-related compound

found in the heartwood of cupressaceous plants that possesses a

wide range of biochemical and pharmacological attributes such as

anti-inflammatory [1], anti-fungal [2], anti-bacterial [3], anti-tumor

[4], antioxidant [5], reducing of melanin content [6], and apoptosis

[7]. The drugs must be dissolved in water in order to be absorbed

and to exert their effects. The bioavailability of the drug, the per-

centage of the drug absorbed compared to its initial dose, is limited

by insolubility such as hinokitiol. Micronization of the drug can

enhance a drug’s dissolution rate in the biologic environment. Dis-

solution rate is a function of solubility as well as particle surface area

wherein the surface area can be increased through a reduction of

particle size.

Supercritical fluid technology has emerged as an important tech-

nique for various applications, including extraction and purification

of cosmetics and pharmaceuticals, micronization of the drug, pow-

der processing, pollution prevention, crystallization processes, bio-

separations, food processing, polymerizations, chemical reaction,

cleansing of semiconductors and precision machinery [8]. Super-

critical fluid extraction is an alternative to liquid extraction using

solvents such as hexane or dichloromethane. There will always be

some residual solvent left in the extract and matrix, and there is al-

ways some level of environmental contamination from their use.

In contrast, supercritical fluids are easy to remove simply by reduc-

ing the pressure, leaving almost no trace, and purchased supercriti-

cal fluids have almost always been reclaimed, which reduces the

total carbon footprint. Supercritical carbon dioxide [8], in particular,

has many advantages such as moderate critical temperature, non-

toxicity, inexpensive, high diffusivity, low surface tension, low vis-

cosity and good density, which is essential in enabling the solvent

to readily penetrate solid biomass matrix as well as in extracting the

biomaterials. Supercritical ethane [9] is also used in supercritical

extraction since it has relatively low critical temperature (305.3 K),

which is similar to that of carbon dioxide (304.2 K) and no dam-

age to the function properties of the extracts.

Solubility information of biological compounds is crucial for choos-

ing supercritical fluid processes in extraction, purification, and parti-

cle design. Measurements of solubility in supercritical fluid are div-

ided into static method [10], flow-through method [11] and recir-

culation systems [12]. Static method with variable volume view

cell is very convenient and it can be effectively used for solids that

exhibit higher solubility than 10−5 mole fraction [13]. In flow method,

the vessel is filled with a solute, and a supercritical fluid continu-

ously flows through the vessel. Recirculation systems use a con-

stant volume equilibrium vessel which is continuously recirculated

until equilibrium and solid solubility is measured with on-line high

pressure liquid chromatography or coupled UV-vis spectrophotom-

eter.

Thermodynamic modeling of SCF phase equilibria has been re-

viewed by Brennecke and Eckert [14]. Correlations of solid solu-

bility containing biological compounds in supercritical fluids were

presented using Peng-Robinson (PR) equation of state (EOS) [15],

solution model [16] and Sanchez-Lacombe lattice model [17]. Most

recently, the present authors presented a quasi-chemical nonran-

dom lattice fluid (QLF) model [18] and found that the model EOS

successfully modeled the phase behavior of classical pure fluids

Fig. 1. Chemical structure of hinokitiol.
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and mixtures containing non-associating and associating molecules

[19,20], solubility of polymer in supercritical carbon dioxide [21],

and the solubility of biological compounds in supercritical fluid [22-

24].

In this study, the equilibrium solubility of hinokitiol in supercrit-

ical carbon dioxide and ethane was measured with a static method

using a high pressure apparatus installed in a variable volume view

cell in the pressure range from (8 to 40) MPa and at temperatures

of (313.2, 323.2 and 333.2) K. The experimental data were corre-

lated by the PR EOS [25] and the QLF EOS [18].

EXPERIMENTAL SECTION

1. Materials

Carbon dioxide (min. 99.5%) and ethane (min. 99.5%) were sup-

plied from Korea Industrial Gases. Hinokitiol (min. 98.0%) were

supplied by Osaka Corporation. These materials were used with-

out further purification.

2. Solubility Apparatus and Procedure

The cloud points of hinokitiol in supercritical carbon dioxide and

ethane were measured with a high pressure apparatus installed a

variable volume view cell. In our previous studies, this apparatus

was used to measure solubility of polymer in supercritical carbon

dioxide [21,26] and solubility of biocides in supercritical fluid [22-

24]. Fig. 2 shows a schematic diagram of the experimental appara-

tus; the view cell is constructed with high nickel-content austenitic

steel (5.7 cm o.d., 1.59 cm i.d., 25 cm3 working volume). This appa-

ratus and procedure has been described in detail in our previous

researches [21-24,26]. The measured amount of hinokitiol was loaded

into the cell and then carbon dioxide was added to the cell. The so-

lution in the cell was agitated and heated to the desired temperature.

After the solution reached and was maintained as a single phase,

the pressure was slowly reduced by moving the piston located within

the cell using the pressure generator until the solution became cloudy.

The solubility of hinokitiol in supercritical fluid was determined by

observing the cloud point, which is defined as the pressure at which

it is no longer possible to observe the magnetic bar [21-24,26]. This

procedure was repeated several times until the fluctuation of phase

transition pressure was minimized to within ±0.01 MPa.

CORRELATION

Experimental data obtained in this study were correlated with

the Peng-Robinson (PR) EOS [25] and the quasi-chemical nonran-

dom lattice fluid (QLF) EOS [18].

The PR EOS was as follows:

(1)

The van der Waals one fluid mixing rules used in this study were

given by

(2)

(3)

(4)

where kij is the binary interaction parameter.

The QLF EOS and the fugacity coefficient of a component in

mixture are given by

(5)

(6)

where εM, εij are defined by

(7)

(8)

RESULTS AND DISCUSSION

In our previous studies [23], we tested successfully our solubility

measurement apparatus and showed good agreement with the liter-

ature data at relatively high solubility with over the order 10−4 mole

fraction. The solubility data of hinokitiol in supercritical carbon diox-

ide and ethane was measured by observing a cloud point at tem-

peratures of 313.2, 323.2 and 333.2 K. The solubility of hinokitiol

in supercritical carbon dioxide and ethane is given in Tables 1 and

2, respectively. In both systems, solubility increased as pressure in-

creased at a constant temperature due to higher density of the super-

critical fluids and higher specific interaction between the solute and

supercritical fluids.
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Fig. 2. Schematic diagram of experimental apparatus.
1. Camera 08. Digital thermometer
2. Light source 09. Digital pressure transducer
3. Borescope 10. Pressure gauge
4. Fast response PRT 11. Hand pump
5. Viewcell 12. Computer monitor
6. Magnetic stirrer 13. Trap
7. Air bath
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PR EOS requires three pure parameters: critical temperature, criti-

cal pressure, acentric factor. The properties of the pure CO2, ethane

and hinokitiol in PR EOS are listed in Table 3. The critical proper-

ties of hinokitiol were estimated from group contribution method,

developed by Stein and Brown [27]. The sublimation pressures and

molar volume of hinokitiol could be calculated by group contribu-

tion method [28,29]. QLF EOS needs three molecular parameters:

unit cell volume (vi
*), segment number (ri), and energy parameter

(εii). Pure parameters of carbon dioxide and ethane
 

in QLF EOS

are fitted to saturated liquid density, vapor pressure and p-V-T data

from the Korea Thermophysical Properties Databank (KDB) [30].

Pure parameters of hinokitiol in QLF EOS are fitted to vapor pres-

sure from group contribution method [27]. Molecular parameters

for pure carbon dioxide and ethane in QLF EOS are described in

Table 4. Binary interaction parameter kij was obtained by minimiz-

ing the absolute average deviation of y2 (AADy):

(9)

where y2i
exp, y2i are, respectively, the experimental solubility of the

solid in supercritical fluids and that calculated by means of EOS.

AADy = 
1

Nexp

---------
y2i

exp
 − y2i

y2i

exp
------------------

i

N
exp

∑

Table 1. Experimental data of hinokitiol solubility in supercritical
carbon dioxide at 313.2, 323.2 and 333.2 K

T (K) p (MPa) y2×104

313.2 10.14 05.91

11.81 08.80

13.53 12.52

15.28 13.99

19.57 17.01

23.52 18.83

27.81 19.71

32.67 20.29

37.83 21.82

323.2 12.21 05.91

13.54 08.80

14.84 12.52

15.98 13.99

17.29 17.01

19.03 18.83

20.54 19.71

22.98 20.29

26.84 21.82

33.17 23.51

333.2 14.23 05.91

15.51 08.80

16.67 12.52

17.92 13.99

19.94 17.01

20.53 18.83

21.59 19.71

22.58 20.29

23.52 21.82

28.74 23.51

35.84 24.90

Table 2. Experimental data of hinokitiol solubility in supercritical
ethane at 313.2, 323.2 and 333.2 K

T (K) p (MPa) y2×104

313.2 08.04 05.81

10.02 08.32

12.86 11.60

14.98 14.25

18.39 17.79

21.39 09.08

24.94 20.82

31.32 22.68

36.97 23.87

323.2 08.54 05.81

09.33 08.32

11.03 11.60

12.49 14.25

14.81 17.79

16.42 19.08

18.71 20.82

21.53 22.68

26.17 23.87

35.15 27.31

333.2 09.56 05.81

10.27 08.32

11.43 11.60

13.12 14.25

15.36 17.79

16.45 19.08

17.83 20.82

20.62 22.68

22.52 23.87

25.74 27.31

31.64 31.80

38.84 35.70

Table 3. Pure properties of pure carbon dioxide, ethane and hinokitiol

Components Tc (K) pc (MPa) ω vs (cm3 mol−1) Asbu, a Bsub, a Reference or estimation method

Carbon dioxide 304.2 7.38 0.224 - - - KDB [26]

Ethane 305.3 4.87 0.100 - - - KDB [26]

Hinokitiol 803.1 3.78 0.760 180.1 9.797 4644.7 Group contribution method [22-25]

alog psub (bar)=Asub
−Bsub/T
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The experimental data for the carbon dioxide+hinokitiol and ethane

+hinokitiol systems were correlated with the PR EOS and the QLF

EOS. The binary interaction parameters for these systems are sum-

marized in Table 5 together with AADy. While the PR EOS fitted

the experimental data within 26.11%, 21.60% AADP for carbon

dioxide+hinokitiol and ethane+hinokitiol systems, respectively, the

QLF EOS correlated well with them within 12.62%, 8.27% AADP

for both systems, respectively. In both systems, the binary interac-

tion parameters of PR and QLF EOS increased as temperature in-

creased. In Figs. 3 and 4, the QLF EOS has better calculated results

with the measured data for both systems than the PR EOS because

the critical parameters for hinokitiol in PR EOS were estimated from

group contribution method. By the way, near the critical region both

models could not describe quantitatively the experimental data in

these systems so the experimental data of biomaterials in supercrit-

ical fluids is essential for accurate modeling of phase behavior near

the critical region.

 

 CONCLUSION

The equilibrium solubility of hinokitiol in supercritical carbon diox-

ide and ethane was measured using a variable volume view cell in

the pressure range from 8 to 40 MPa and at temperatures equal to

313.2, 323.2 and 333.2 K. The experimental data were correlated

by the PR EOS and the QLF EOS. The QLF EOS fits better experi-

mental data in carbon dioxide+hinokitiol and ethane+hinokitiol sys-

tems than the PR EOS because the critical properties for hinokitiol

in PR EOS were estimated from group contribution method. Mean-

while, near the critical region these models could not describe quan-

titatively the experimental data in both systems. Therefore, the ex-

perimental data of biomaterials in supercritical fluids is essential in

successive modeling phase behavior near the critical region.
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NOMENCLATURE

A : Helmholtz free energy

k : Boltzmann’s constant

q : surface area parameter

r : number of segments per molecule

T : temperature

T* : characteristic temperature

p : pressure

p* : characteristic pressure

Table 4. Molecular parameters for pure carbon dioxide, ethane
and hinokitiol in QLF EOS

Components vi
* (cm3 mol−1) ri εii/k (K)

Carbon dioxide 04.016 7.520 068.40

Ethane 08.517 5.890 073.38

Hinokitiol 20.482 9.253 178.38

Table 5. Binary interaction parameters, of the PR, QLF EOS and
AADy for the carbon dioxide+hinokitiol and ethane+hino-
kitiol systems

Systems T (K)
PR EOS QLF EOS

kij AADy kij AADy

Carbon dioxide 313.2 0.2186 0.2611 0.0527 0.1262

+hinokitiol 323.2 0.2249 0.1968 0.0649 0.1027

333.2 0.2314 0.1289 0.0830 0.1023

Ethane 313.2 0.1874 0.1809 0.0175 0.0827

+hinokitiol 323.2 0.1919 0.2160 0.0275 0.0579

333.2 0.2117 0.1548 0.0439 0.0452

Fig. 3. Solubility of hinokitiol in supercritical carbon dioxide with
the PR (dotted line) and QLF EOS (solid line): □, 313.2 K;
▲ , 323.2 K; ○, 333.2 K.

Fig. 4. Solubility of hinokitiol in supercritical ethane with the PR
(dotted line) and QLF (solid line) EOS: □ , 313.2 K; ▲ ,
323.2 K; ○, 333.2 K.
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V : volume

v : molar volume

v* : close packed volume of a r-mer

x : liquid mole fraction

z : lattice coordination number

Z : compressibility factor

Greek Letters

β : reciprocal temperature [1/kT]

εij : molecular interaction energy

εM : defined by Eq. (13)

ϕ : fugacity coefficient

ρ : molar density

ρ* : close packed molar density

θ : surface area fraction
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