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The high-pressure vapor-liquid equilibria for supercritical CO2 + citrus oil component (limonene and
linalool) + ethanol systems were measured to study an entrainer effect of ethanol. The measured systems
were CO2 + limonene + ethanol at 313.2 K and 6.9 MPa; CO2 + linalool + ethanol at 313.2 K and 6.9
MPa and at 333.2 K and 10.0 MPa; and CO2 + limonene + linalool + ethanol at 313.2 K and 6.9 MPa.
The experimental apparatus used was based on a circulation-type method for liquid-phase sampling and
a flow-type method for vapor-phase sampling. The mole fractions of limonene and linalool in vapor phase
are not affected by the addition of ethanol. However, the mole fraction of linalool in the liquid phase
decreases with increasing the concentration of ethanol. As a result, the relative volatilities between
limonene and linalool increase by factors of 1.2 to 1.5 with the addition of ethanol. The experimental
data were correlated by the SRK equation of state with an exponent-type mixing rule. The correlated
results are in good agreement with the experimental data.

Introduction

Citrus oil is widely used as a raw material to extract
flavors. Steam distillation or solvent extraction is usually
applied to refine citrus oil. However, the drawbacks of these
processes are low yields, formation of degradation products
under high operating temperature, and solvent residue.
Therefore, supercritical fluid extraction using CO2 can be
considered as an alternative process for refining citrus oil
because of its advantage of low operating temperature and
no solvent residue. Limonene is a principal compound of
citrus oil. It makes up approximately 90 % (mass) of citrus
oil but does not contribute much to the flavor or fragrance
of citrus oil. Linalool is one of the most important oxygen-
ated compounds, which makes the characteristic flavor or
fragrance of citrus oil. It makes up approximately 1 %
(mass) of citrus oil. Limonene is an unsaturated terpene
hydrocarbon that is unstable to heat, light, and oxygen.
So, it is a common industrial practice to remove limonene
and other terpenes to concentrate the oxygenated com-
pounds such as linalool. To apply supercritical fluid extrac-
tion using CO2 to the separation process, the vapor-liquid
equilibria for the mixture of CO2, limonene, and linalool
are required. Binary data of the vapor-liquid equilibria
for CO2 + limonene1-12 and for CO2 + linalool6,8,10,13,14 have
been reported in the literature. The vapor-liquid equilibria
for the CO2 + limonene + linalool ternary system were
measured.15-17 The relative volatilities show that it is easy
to remove limonene from linalool because the values are
larger than unity when mixtures are in linalool-rich
condition. On the other hand, it is difficult to separate the
mixtures in the limonene-rich region because the values
are close to unity.15 Since the solvent power of supercritical
CO2 is relatively poor, it is often necessary to add a small
amount of entrainer to improve the solubility and selectiv-

ity.18,19 Ethanol is commonly used as an entrainer for
extraction of natural products because the toxicity of
ethanol to the human body is low. Badalyan et al.20 and
Chassagnez-Mendez et al.21 extracted essential oils with
supercritical CO2 and supercritical CO2 + ethanol to
investigate the entrainer effects of ethanol. They reported
that the yields increased with addition of ethanol. Vapor-
liquid equilibria for citrus oil + ethanol are necessary to
understand the entrainer effects. However, the literature
data for ternary or quaternary systems containing super-
critical CO2, ethanol, limonene, and linalool are very few.
To our knowledge, equilibrium data for CO2 + limonene +
ethanol have been reported only by Drescher et al.22 at 333
K. In this paper, therefore, the high-pressure vapor-liquid
equilibria were measured for CO2 + limonene + ethanol
at 313.2 K and 6.9 MPa, for CO2 + linalool + ethanol at
313.2 K and 6.9 MPa and at 333.2 K and 10.0 MPa, and
for CO2 + limonene + linalool + ethanol at 313.2 K and
6.9 MPa to study an entrainer effect of ethanol. The relative
volatilities between limonene and linalool at 6.9 MPa are
higher than those at 10.0 MPa.15 The entrainer effect of
ethanol was mainly measured at 6.9 MPa. The experimen-
tal data were correlated by the SRK equation of state23 with
an exponent-type mixing rule24 using interaction param-
eters.

Experimental Section

Materials. High-purity CO2 (more than 99.9 % (volume)
purity, Sumitomo Seica Co.) was used as received. (R)-(+)-
Limonene was supplied by Aldrich Chemical Co., Inc. The
density and boiling point of limonene were 840 g‚L-1 at 25
°C and 175.5-176 °C, respectively, from the catalog of
Aldrich. Linalool was supplied by Wako Pure Chemical
Industries, Ltd. It was of reagent grade. The density of
linalool was 860 g‚L-1 at 20 °C from the catalog of Wako
Chemicals. Ethanol was supplied by Wako Pure Chemical
Industries, Ltd. It was of super special grade. The density
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of ethanol was 790 g‚L-1 at 20 °C from the catalog. The
purities of limonene, linalool, and ethanol were more than
99 %, 99 %, and 99.5 %, respectively, by gas chromato-
graphic area analysis. They were used without further
purification.

Apparatus and Procedure. A circulation-type method
was used to measure the compositions of liquid phase. A
detailed description of the apparatus and operating pro-
cedure was given previously.15 CO2, citrus oil components
(limonene and linalool), and ethanol were fed into an
equilibrium cell and adjusted at desired temperature and
pressure. The temperature and pressure were maintained
within ( 0.05 K and ( 0.1 MPa, respectively. After
equilibrium condition was achieved, circulation of the liquid
phase was started by a magnetic pump and was introduced
into a sampling loop. After that, the sampling loop was
isolated from the equilibrium cell by switching a six-way
valve and then introduced into a cold trap, where CO2 was
separated from citrus oil components and ethanol. The cold
trap contained 1-butanol to collect citrus oil components
and ethanol. The amount of CO2 was measured by a dry
gas meter. The amounts of citrus oil components and
ethanol were determined by gas chromatograph. A flow-
type method was used for vapor phase sampling. After
equilibrium condition was achieved, about 10 L of CO2 was
fed into the equilibrium cell. Then, vapor phase sample in
the cell was introduced into a cold trap through an
expansion valve. The amounts of CO2, citrus oil compo-
nents, and ethanol were determined by the same procedure
for the liquid-phase sample. The standard deviations of

concentrations are listed in Tables 1 and 2. The accuracy
of mole fractions was estimated within 1 %, 4 %, and 10 %
when the mole fractions were from 0.1 to 1.0, from 0.01 to
0.1, and less than 0.01, respectively.

Results and Discussion

The experimental results are shown in Table 1 and
Figures 1 to 3 for the ternary systems. The results were
obtained as an averaged value of several measurements
at each condition. As shown in Figures 1 to 3, the mole
fractions of linalool and limonene in vapor phase for the
ternary systems are almost the same as those for CO2 +
linalool and CO2 + limonene binary systems, respectively.

Table 1. Experimental Results for Vapor-Liquid Equilibria of Ternary Systems

CO2 (1) + Limonene (2) + Ethanol (4) at 313.2 K and 6.9 MPa

Nd
a x1

b x2 x4 Sx
c y1

d y2 y4 Sy
e

4 0.6699 0.3206 0.0095 4.3 × 10-3 0.9973 0.0013 0.0014 7.1 × 10-5

4 0.7036 0.2718 0.0246 2.6 × 10-3 0.9953 0.0013 0.0034 7.1 × 10-5

3 0.6793 0.2882 0.0325 3.3 × 10-3 0.9944 0.0013 0.0043 1.7 × 10-4

3 0.7086 0.2575 0.0339 1.9 × 10-3 0.9941 0.0013 0.0046 0
6 0.6828 0.2639 0.0533 5.1 × 10-3 0.9932 0.0015 0.0053 7.8 × 10-5

4 0.7170 0.2192 0.0638 3.3 × 10-3 0.9927 0.0013 0.0060 6.5 × 10-5

6 0.7194 0.1851 0.0955 5.0 × 10-2 0.9919 0.0012 0.0069 1.7 × 10-3

CO2 (1) + Linalool (3) + Ethanol (4) at 313.2 K and 6.9 MPa

Nd x1 x3 x4 Sx y1 y3 y4 Sy

6 0.6918 0.2670 0.0412 1.3 × 10-2 0.9980 0.0005 0.0015 2.4 × 10-4

5 0.6501 0.2665 0.0834 1.5 × 10-2 0.9967 0.0005 0.0028 2.1 × 10-4

7 0.5876 0.2720 0.1404 1.9 × 10-2 0.9962 0.0004 0.0040 1.1 × 10-4

6 0.6029 0.2382 0.1589 7.8 × 10-3 0.9945 0.0005 0.0050 5.5 × 10-5

CO2 (1) + Linalool (3) + Ethanol (4) at 333.2 K and 10.0 MPa

Nd x1 x3 x4 Sx y1 y3 y4 Sy

3 0.7314 0.2353 0.0333 6.8 × 10-3 0.9939 0.0031 0.0030 6.5 × 10-4

4 0.7252 0.2100 0.0648 1.4 × 10-2 0.9909 0.0026 0.0065 5.7 × 10-3

2 0.7105 0.1980 0.0915 5.6 × 10-3 0.9890 0.0025 0.0085 7.1 × 10-5

3 0.6791 0.1735 0.1474 8.1 × 10-2 0.9850 0.0024 0.0126 5.7 × 10-3

a Nd, number of data points. b xi, mole fraction of component i in liquid phase. c Sx ) [(1/(3Nd))Σn
Nd Σi

3|xi,n - xi|2]1/2. d yi, mole fraction of
component i in vapor phase. e Sy ) [(1/(3Nd))Σn

Nd Σi
3|yi,n - yi|2]1/2.

Table 2. Experimental Vapor-Liquid Equilibria and Relative Volatilities for CO2(1) + Limonene (2) + Linalool (3) +
Ethanol (4) System at 313.2 K and 6.9 MPa

Nd x1 x2 x3 x4 Sx
a y1 y2 y3 y4 Sy

b R23
c

4 0.7029 0.2494 0.0156 0.0321 1.8 × 10-3 0.9947 1.2 × 10-3 6.6 × 10-5 0.0040 2.8 × 10-4 1.2
4 0.7074 0.2120 0.0193 0.0613 8.6 × 10-3 0.9932 1.2 × 10-3 6.8 × 10-5 0.0055 6.3 × 10-5 1.6
4 0.6979 0.1487 0.1203 0.0331 3.7 × 10-3 0.9964 7.9 × 10-4 2.1 × 10-4 0.0026 1.7 × 10-4 3.0
3 0.6819 0.1335 0.1171 0.0675 4.2 × 10-3 0.9950 6.8 × 10-4 1.8 × 10-4 0.0041 2.7 × 10-4 3.4
5 0.6659 0.0257 0.2608 0.0476 8.2 × 10-3 0.9969 1.6 × 10-4 4.1 × 10-4 0.0025 1.2 × 10-4 3.9
5 0.6426 0.0246 0.2432 0.0896 1.1 × 10-2 0.9955 1.6 × 10-4 3.9 × 10-4 0.0040 5.6 × 10-4 4.1

a Sx ) [(1/(4Nd))Σn
Nd Σi

4|xi,n - xi|2]1/2. b Sy ) [(1/(4Nd))Σn
Nd Σi

4|yi,n - yi|2]1/2. c R23, relative volatility.

Figure 1. Vapor-liquid equilibria for CO2 (1) + limonene (2) +
ethanol (4) system at 313.2 K and 6.9 MPa: bsb, this work; O,
binary data;5 + - - +, calculated results.
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This means that ethanol is not effective as an entrainer
on solubility of limonene and linalool in supercritical CO2

at the experimental conditions. The reduction rates of mole
fraction for limonene in liquid phase by addition of ethanol
are higher than those for linalool as shown in Figures 1 to
3.

The experimental results are listed in Table 2 for the
quaternary system. The relative volatility between
limonene (2) and linalool (3), R23, is defined by the equation:

The experimental results for R23 are shown in Table 2 and
Figure 4. The relative volatilities for quaternary system
are 1.2 to 1.5 times higher than those of the ternary system.
This means that ethanol is effective as an entrainer on
separation of limonene and linalool by supercritical CO2.

Correlation

The following thermodynamic relations were used to
calculate the vapor-liquid equilibria at given condition:

where f is the fugacity; φ is the fugacity coefficient; p is
the pressure; and yi and xi are the mole fractions of
component i in vapor and liquid phases, respectively.
Superscripts V and L mean vapor and liquid phases,
respectively. To calculate the fugacity coefficient (φi), the
SRK equation of state23 was used:

where v is the molar volume, R is the gas constant, T is
the temperature, a is the energy parameter, b is the size
parameter, g is the constant, and ω is the acentric factor.
The constant g was introduced to give a good representa-
tion of the saturated vapor pressures of pure components.
Subscript C means the critical properties. The properties
of pure components are shown in Table 3. Those of
limonene and linalool were estimated by the Wilson and
Jasperson method,25 the Lydersen method,26 and the
Edmister method27 because no published experimental data
were available. The values for CO2 and ethanol were cited
from the literature.28 An exponent-type mixing rule24 was
applied to the energy parameter a by

where kij is the interaction parameters between compo-
nents i and j. Introducing an exponential parameter âij may
express the contact probability of molecule i with molecule
j. The conventional mixing rule was applied to the size
parameter b. The mixing rule is given as follows:

where lij is the interaction parameter between components
i and j. The fugacity coefficient can be derived by using
eqs 3 to 9. The interaction parameters kij, lij and âij are
treated as fitting parameters. The parameter estimation

Figure 2. Vapor-liquid equilibria for CO2 (1) + linalool (3) +
ethanol (4) system at 313.2 K and 6.9 MPa: b-b, this work; O,
binary data;13 + - - +, calculated results.

Figure 3. Vapor-liquid equilibria for CO2 (1) + linalool (3) +
ethanol (4) system at 333.2 K and 10.0 MPa: b-b, this work; O,
binary data;13 + - - +, calculated results.

Figure 4. Relative volatilities between limonene (2) and linalool
(3) in CO2 (1) + limonene (2) + linalool (3) + ethanol (4) system
at 313.2 K and 6.9 MPa: 0, 4, this work; O, ternary data;15 -‚-‚-,
s, ----, calculated results at x4 ) 0.00, 0.03, 0.06.

R23 ) (y2/x2)/(y3/x3) (1)

Table 3. Physical Properties

substance TC
a/K pC

b/MPa ωc gd

CO2 304.128 7.3728 0.22528 1.000
limonene 649.125 2.7225 0.37427 1.00629

linalool 630.526 2.4226 0.74827 0.96429

ethanol 513.928 6.1528 0.64928 0.99230

a TC, critical temperature. b pC, critical pressure. c ω, acentric
factor. d g, constant in eq 4.

fi
V ) fi

L fi
V ) φi

Vpyi fi
L ) φi

Lpxi (2)

p ) RT
v - b

- a
v(v + b)

(3)

a ) 0.42747R
R2TC

2

pC
g (4)

b ) 0.08664
RTC

pC
(5)

R ) [1 + m{1 - ( T
TC

)0.5}]2
(6)

m ) 0.37464 + 1.54226ω - 0.26992ω2 (7)

a ) ∑
i

∑
j

xi
âijxj

âjiaij, aij ) (1 - kij)xaiaj (8)

b ) ∑
i

∑
j

xixjbij bij ) (1 - lij)
(bi + bj)

2
(9)
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was performed at each temperature by minimizing the
following objective function Fobj:

where Nd is the number of data; Nco is the number of
compounds; and the subscripts calc and exp mean the
calculated and experimental results, respectively. The
values for the parameters are listed in Table 4. The
correlated results are shown in Figures 1 to 4. The
correlated results are in good agreement with the experi-
mental results.

Conclusion

High-pressure vapor-liquid equilibria for supercritical
CO2 + citrus oil component (limonene and linalool) +
ethanol systems were measured to study the entrainer
effect of ethanol. The mole fractions of limonene and
linalool in vapor phase are not affected by the addition of
ethanol. Ethanol is not effective as an entrainer on solubil-
ity of limonene and linalool in supercritical CO2 at the
experimental conditions. The reduction rates for mole
fraction of limonene in liquid phase by the addition of
ethanol are higher than those of linalool. The relative
volatilities between limonene and linalool increase by
factors of 1.2 to 1.5 with the addition of ethanol. Ethanol
is effective as an entrainer on separation of limonene and
linalool in supercritical CO2. The experimental data were
correlated by the SRK equation of state with an exponent-
type mixing rule. The correlated results are in good
agreement with the experimental data.
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Table 4. Interaction Parameters

i j kij lij âji Sa ref

CO2 limonene 0.076 -0.041 1.004 0.032 5
CO2 linalool 0.085 -0.017 0.993 0.015 13
CO2 ethanol 0.048 -0.039 1.018 0.073 31
limonene linalool 0.015 0.008 1.006 0.546 15
limonene ethanol 0.161 0.218 1.058 0.140 this work
linalool ethanol 0.033 0.100 1.030 0.388 this work

a S ) 1/(Nd)Σ1
Nd{Σi)1

Nco |xi,exp - xi,calc|/xi,exp + Σi)1
Nco |yi,exp - yi,calc|/

yi,exp}. kij ) kji. lij ) lji. âii ) âjj ) âij ) 1.

Fobj )
1

Nd
∑

1

Nd {∑
i)1

Nco |xi,exp - xi,calc|
xi,exp

+ ∑
i)1

Nco |yi,exp - yi,calc|
yi,exp

} (10)
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