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Abstract

A semi-flow type apparatus was used to measure the vapor–liquid equilibria (VLE) of CO2 with methyl salicylate,
eugenol, and diethyl phthalate binary mixtures at 308.15, 318.15, and 328.15 K over the pressure range from 1.4 to
13 MPa. New VLE data for these binary mixtures are presented and the Henry’s constants were determined from
these results. The Soave–Redlich–Kwong and the Peng–Robinson equations of state, and the van der Waals,
Panagiotopoulos–Reid and Huron–Vidal mixing rules are used to correlate these VLE data. It is shown that both
equations of state with the van der Waals mixing rules and two adjustable parameters give satisfactory correlation
results. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The experimental determination of phase equi-
librium data at high pressures for supercritical
fluid systems is becoming more and more impor-
tant because of increasing applications of dense
gases. Carbon dioxide is often used for supercriti-
cal fluid extraction since it is nontoxic and it has
relatively low critical temperature and pressure.
The phase equilibrium data at high pressures for
carbon dioxide with specialty chemicals or esters

are not adequate in literature [1,2]. More experi-
mental measurements for carbon dioxide with
such compounds are required for thermodynamic
modeling and future process design. In this work,
a semi-flow apparatus was used to measure the
high pressure vapor–liquid equilibria (VLE) for
three binary systems of CO2+methyl salicylate,
CO2+eugenol, and CO2+diethyl phthalate.
Methyl salicylate (C8H8O3) and eugenol
(C10H12O2) are used as food additives. Diethyl
phthalate (C12H14O4) is used as the plasticizer in
organic synthesis. The experiments were carried
out at temperatures of 308.15, 318.15, and 328.15
K. The pressure ranges from 1.4 to 13 MPa. The
experimental data were tested for thermodynamic
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consistency. The VLE data of each isotherm were
used to evaluate Henry’s constants. The experi-
mental results were also correlated using the
Soave–Redlich–Kwong [3] and the Peng–
Robinson [4] equations of state with various mix-
ing rules. Optimal binary parameters are reported
and satisfactory correlation results are presented.

2. Experimental section

2.1. Chemicals

Liquefied carbon dioxide was available with
purity greater than 99.8 mol% from San-Fu
Chemical Co. (Taiwan). Methyl salicylate,
eugenol, and diethyl phthalate were purchased
from Merck Co. The purity of these chemicals is
better than 99%. No further purification of these

chemicals was made. The pure compound proper-
ties were measured in this study, and the compari-
son with literature data is shown in Table 1. The
refractive indices of the pure compounds were
measured at (293.1590.1) K by an Abbe refrac-
tometer, Atago 3T, with an accuracy of 90.0001.
The densities of pure chemicals were measured at
(293.15 or 294.1590.1) K using the Anton Paar
DMA 60/602 density meter with an accuracy of
91.0×10−5 g cm−3. It is shown that the mea-
sured pure fluid properties agree well with litera-
ture data.

2.2. Apparatus

A semi-flow phase equilibrium apparatus, as
shown in Fig. 1, was used in this study. The
apparatus and experimental procedures are simi-
lar to those given by Lee and Chao [5]. The

Table 1
Comparison of the measured refractive indices and densities of pure fluids with literature data

Component nD (293.15 K) r (293.15 K, g cm−3) Purity (mass%)

Experimental Literature [18] Experimental Literature [18]

1.5358 1.5350 1.1838 1.1738 \99.0Methyl salicylate
\99.0Eugenol 1.54051.5392 1.0667 1.0652
\99.01.5000294.15 KDiethyl phthalate 1.11791.5012294.15 K 1.1175

Fig. 1. Schematic diagram of the experimental apparatus.
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Table 2
Experimental VLE results for the binary mixture of CO2(1)+
methyl salicylate(2)

Pressure (MPa) Equilibrium constantComposition
K1

y1x1

T=308.15 K
1.515 0.99980.1097 9.114

0.99980.2076 4.8162.954
0.9997 3.0264.238 0.3304
0.99970.4374 2.2865.590

0.57046.979 0.9996 1.752
8.375 0.6825 0.9990 1.464

T=318.15 K
0.9996 10.4781.567 0.0954
0.99960.1887 5.2972.910

0.28074.324 0.9996 3.561
0.37605.600 0.9995 2.658

0.99950.4577 2.1846.858
8.272 0.99940.5508 1.814

0.99630.6387 1.5609.961
0.678711.236 0.9921 1.462

T=328.15 K
1.549 0.99970.0878 11.386

0.9997 6.1142.859 0.1635
0.99960.2437 4.1024.238

0.31995.634 0.9996 3.125
0.40576.961 0.9994 2.463

0.99900.5124 1.9509.340
0.542910.064 0.9987 1.840

0.99490.6341 1.56912.098
13.201 0.98680.6657 1.482

study. The cells (Whitey) were made by stainless
steel and were immersed in a water bath. The
experimental temperature and pressure were mea-
sured using a calibrated quartz thermometer
(INS), and a calibrated pressure gauge (Heise).
The accuracy for temperature measurement is 9
0.1 K, and that for pressure measurement is 9
0.02 MPa. The metering valves (Autoclave) and
needle valves (Whitey) were also maintained at
the experimental temperature to ensure equi-
librium conditions.

The solvent component from either a liquid or
vapor sample was collected in a flask cooled by an
ice bath. The volume of the solute in the vapor
phase was measured by a wet test meter (Ritter,
TG50), and that of the liquid phase was deter-
mined by measuring the volume displaced in a

Table 3
Experimental VLE results for the binary mixture of CO2(1)+
eugenol(2)

CompositionPressure (Mpa) Equilibrium constant
K1

x1 y1

T=308.15 K
0.11601.480 0.9988 8.610
0.24172.825 0.9987 4.132

0.9987 2.7030.36954.252
2.0340.99875.617 0.4911
1.6020.99867.051 0.6232

8.410 0.7576 0.9837 1.298

T=318.15 K
0.9988 9.9281.480 0.1006
0.9987 5.1962.825 0.1922

3.4320.99864.211 0.2910
5.548 0.3951 0.9986 2.527

0.50597.113 0.9986 1.974
8.361 0.5926 0.9985 1.685

0.6921 1.4399.761 0.9959

T=328.15 K
5.7892.845 0.99860.1725

4.238 0.2552 0.9986 3.913
0.3479 2.8700.99865.652

2.2750.99857.065 0.4389
8.416 1.9550.5107 0.9985

0.99859.706 0.5816 1.717
0.656211.236 0.9961 1.518

12.512 1.4070.99040.7040

apparatus consists of the supercritical fluid feed,
the equilibrium and the analysis sections.

Pure CO2 from a cylinder was liquefied through
a cooler at −6.5°C. It was then compressed by a
metering pump (ConstaMetric 3200 P/F, LCD
Analytical Inc.), and was heated through a pre-
heating coil immersing in a water bath before
introducing into the equilibrium cells. To improve
the fluid compression, each head of the pump was
equipped with a cooling jacket in which aqueous
alcohol at −6.5°C was used. A desired pressure
was set in the experiment and was maintained at
this value using a back pressure regulator (Tes-
com) during the measurements.

One pre-saturation cell and an equilibrium cell,
each with a volume of 300 cm3, were used in this
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Table 4
Experimental VLE results for the binary mixture of CO2(1)+
diethyl phthalate(2)

Composition Equilibrium constantsPressure (Mpa)
K1

y1x1

T=308.15 K
0.16741.618 0.9999 5.973

0.99990.2877 3.4752.859
0.34813.532 0.9999 2.872

0.99994.307 2.3740.4212
0.99990.4710 2.1234.910

0.53415.669 0.9999 1.872
6.307 0.5647 0.9999 1.771

0.99990.6406 1.5616.996
0.70777.806 0.9996 1.412

T=318.15 K
0.99990.1409 7.0971.567

0.25012.894 0.9999 3.998
0.9999 2.7334.307 0.3659
0.99990.4077 2.4534.928

0.46595.652 0.9999 2.146
0.99996.427 1.9370.5161
0.99990.5629 1.7767.134

0.64008.582 0.9999 1.562
0.67669.599 0.9990 1.477

0.99260.7338 1.35311.529

T=328.15 K
0.9999 7.5071.600 0.1332
0.99990.2259 4.4262.859

0.31814.238 0.9999 3.143
5.617 0.99990.4097 2.441

0.99950.4973 2.0107.031
0.56118.272 0.9994 1.781
0.637510.099 0.9993 1.568

0.99900.6722 1.48611.098
0.9978 1.39912.564 0.7134

is reached, the vapor and liquid samples were
expanded to atmospheric pressure, respectively,
through the corresponding metering valves. The
samples were then analyzed by the gravimetric
method. The volume of the solute from the vapor
and liquid phases were measured by a wet test
meter and a water column, respectively. The minor
amount of the condensate that vaporized into the
gas phase is corrected by using its vapor pressure.
At least three measurements were carried out to
ensure that the composition in the liquid or gas
phase had reached a stable value. The measured
composition is with an accuracy better than 92%
for the component with a smaller mol fraction in
each phase.

4. Results and discussion

The measured equilibrium compositions and the
corresponding equilibrium ratios (K values) for
three binary mixtures of CO2 with methyl salicy-
late, eugenol and diethyl phthalate are presented
in Tables 2–4, respectively. Graphical presenta-
tions of the experimental results are shown in Figs.
2–4. The experimental data were tested for ther-
modynamic consistency using the K value method
[6,7]. The K values are plotted against pressure for
each binary mixture, and the results are shown in
Figs. 5–7, respectively. According to the test using
K value method, the slope for each plot should be
close to −1 in order to satisfy the thermodynamic
consistency. It is observed from these figures that
the experimental results of this study agree well
with the thermodynamic consistency statement.

The solubility of carbon dioxide in three aro-
matic compounds at 328.15 K is shown in Fig. 8.
It is indicated by Jan and Tsai [8] that the methyl
group in the benzene ring increases the solubility
of carbon dioxide and the substituent hydroxy
group shows the opposite effect. According to this
explanation, we observe that at a given pressure
carbon dioxide has the largest solubility in diethyl
phthalate, and the least solubility in methyl salicy-
late. The solubilities of the three aromatic com-
pounds in the vapor phase are not significant at
low pressures. These solubilities increase dramati-
cally at equilibrium pressure higher than the criti-

column filled with water. The accuracy for these
measurements is better than 90.25%.

3. Experimental procedures

Pure liquid solvent was initially fed into the
pre-saturation and equilibrium cells. Air in the
cells was displaced by flushing with CO2. The two
cells were maintained at a constant temperature in
a water bath, and CO2 was charged into the cells
at a desired pressure. After the phase equilibrium
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Table 5
Parameters of the Krichevsky–Ilinskaya equation for three binary systems

H1,2* (bar) A (J mol−1)Systems (1)/(2) V1
� (cm3 mol−1)T (K) AAD (%)a

157.9 2170.7CO2/methyl salicylate 27.86308.15 2.7
177.3 2145.1318.15 28.37 1.7
190.3 1969.4 28.95328.15 2.1
142.4 2241.4308.15 48.93CO2/eugenol 3.1
164.3 2224.3 49.95 2.7318.15
193.2 2463.6328.15 51.09 2.6
105.6 1290.5CO2/diethyl phthalate 50.22308.15 2.8
122.4 1428.0318.15 50.89 2.8
127.5 1229.9 51.68 2.9328.15

a AAD(%)= (100/n)�n
k=1{�( f1/x1)cal−( f1/x1)exp�/( f1/x1)exp}k.

cal point of carbon dioxide. Fig. 9 shows the
solubility of three solutes in carbon dioxide. Di-
ethyl phthalate has the largest molecular weight
and the least solubility in the gas phase. The
solubility of eugenol in the gas phase is higher
than that of methyl salicylate owing to the smaller

molecular associating effect of eugenol.
The Krichevsky–Ilinskaya (KI) equation [9] is

generally applicable for the correlation of gas
solubility data over a wide concentration range.
Henry’s constant is evaluated from the regression
of the solubility data:

Fig. 2. VLE results of the binary mixture of CO2(1)+methyl salicylate(2).
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Fig. 3. VLE results of the binary mixture of CO2(1)+eugenol(2).

ln
f1

x1

= ln H1,2* +
A(x2

2−1)
RT

+
V1
�(P−P2

sat)
RT

(1)

where H1,2* is Henry’s constant at the vapor pres-
sure of the solvent (P2

sat), A the Margules con-
stant, and V1

� is the partial molar volume of the
gas at infinite dilution. In this study, V1

� is esti-
mated from the generalized equation proposed by
Brelvi and O’Connell [10] with the modified Rack-
ett model [11] for calculating the liquid density.
Carbon dioxide is a dominating component in the
gas phase and its fugacity in the gas mixture ( f1)
is calculated by employing the Lewis fugacity rule:

f1= f1
0y1 (2)

where f1
0 is the fugacity of pure carbon dioxide

calculated by the equation reported by Huang et
al. [12]. The value of H1,2* and the Margules
constant A in the KI equation were evaluated by
the least squares algorithm and the results are
listed in Table 5. The average absolute deviation
of data regression is small and the solubility data

are satisfactorily correlated by the KI equation.
Henry’s constants increase with temperature for a
given solvent because the solubility of carbon
dioxide decreases with increasing temperature.

Equation of state methods was employed to
correlate the measured VLE data. The Peng–
Robinson equation [4]:

P=
RT
6−b

−
a

6(6+b)+b(6−b)
(3)

Table 6
Pure component properties used in this worka

Pc (bar)Tc (K)Component v

304.19aCarbon dioxide 73.82a 0.228a
701.00a 40.90a 0.632aMethyl salicylate

0.592c778.70bEugenol 41.05b
0.763aDiethyl phthalate 23.30a757.00a

a a, [19]; b, [20,21]; c, [22].
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a=0.45724
�R2T c

2

Pc

�!
1+a

�
1−

�T
Tc

�0.5n"2

(4)

a=0.37464+1.54226v−0.26992v2 (5)

b=0.07780
RTc

Pc

(6)

and the Soave–Redlich–Kwong equation [3]:

P=
RT
6−b

−
a

6(6+b)
(7)

a=0.42747
�R2T c

2

Pc

�!
1+b

�
1−

�T
Tc

�0.5n"2

(8)

b=0.480+1.574v−0.176v2 (9)

b=0.08664
RTc

Pc

(10)

were used to correlate the experimental results.
The equation of state parameters a and b for each
pure fluid are evaluated from its critical properties
and acentric factor. The critical properties and the

acentric factors for the pure compounds used in
this study are listed in Table 6.

Various mixing models were applied in this
study to evaluate the equation of state parameters
for mixtures. For the van der Waals one-fluid
(VDW1) mixing rules with one binary parameter,
the mixture parameters are expressed as:

am=%% xi xj(ai aj)0.5(1−kij) (11)

bm=% xi bi (12)

The volume parameter of a mixture can also be
evaluated using an additional binary parameter
(VDW2 mixing rule):

bm=%% xi xj

(bi+bj)
2

(1−mij) (13)

The binary parameters are taken as tempera-
ture–independent in this study, and their optimal
values are determined from data regression.

Fig. 4. VLE results of the binary mixture of CO2(1)+diethyl phthalate(2).
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Fig. 5. Equilibrium ratios for the binary mixture of CO2(1)+methyl salicylate(2).

Panagiotopoulos and Reid [13] assumed that
the binary parameters are composition–depen-
dent, the mixture volume parameter for an equa-
tion of state is determined by Eq. (12), and the
mixture energy parameter is written as:

am=%% xi xj(ai aj)0.5[1−kij+ (kij−kji)xi ] (14)

This mixing rule can be applied for binary
mixtures, but may suffer from the Michelsen–
Kistenmacher syndrome [14] for multi-component
systems.

Besides the traditional van der Waals type mix-
ing models, Huron and Vidal [15] also introduced
a group contribution mixing model. In this mixing
model, the excess free energy calculated from an
equation of state at an infinite pressure reference
state is set equal to that from an activity coeffi-
cient model. The NRTL [16] and UNIQUAC [17]
activity coefficient models were employed in this

study with the cubic equations of state. The opti-
mal binary parameters in the NRTL and the
UNIQUAC models were regressed from the ex-
perimental VLE data. The following objective
function was used in data regression:

obj=%)Pi
exp−Pi

cal

Pi
exp

)
+%�yi

exp−yi
cal� (15)

The optimal binary parameters for various
equations of state with the van der Waals type
mixing rules are presented in Table 7. It is ob-
served that either the Peng–Robinson or Soave–
Redlich–Kwong equation with dual parameters
yields satisfactory results. The optimal NRTL and
UNIQUAC parameters regressed from the
Huron–Vidal method are shown in Table 8. The
results show a relatively larger deviation than that
from the van der Waals mixing rules with dual
parameters. Graphical presentations of the calcu-
lated results from the Peng–Robinson equation of
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state with dual interaction parameters are also
shown in Figs. 3 and 5.

5. Conclusion

The VLE data of three binary systems of car-
bon dioxide with methyl salicylate, eugenol, and
diethyl phthalate are reported at 308.15, 318.15,
and 328.15 K and pressures up to 13 MPa. The
experimental data satisfy the thermodynamic con-
sistency test. The Krichevsky–Ilinskaya equation
was used to correlate the experimental data and
Henry’s constants are determined. The Peng–
Robinson and Soave–Redlich–Kwong equations
of state with various mixing models were also
used to correlate the experimental data. It shows
that both the Peng–Robinson and Soave–Rs-
dlich–Kwong equations of state with the van der
Waals mixing rules and two optimally fitted
parameters give satisfactory regression results.

6. List of symbols

parameters in the equation of statea, b
A Margules parameter in the KI equation
K equilibrium ratio
k binary interaction parameter in the mix-

ing rule
f1

0 fugacity of carbon dioxide
fugacityf
Henry constant at P2

satH1,2*
m binary interaction parameter in the mix-

ing rule
pressureP
gas constantR

T temperature
partial molar volume of a gas at infiniteV1

�

dilution
molar volume6
mol fraction of liquid phasex
mol fraction of vapor phasey

Fig. 6. Equilibrium ratios for the binary mixture of CO2(1)+eugenol(2).
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Fig. 7. Equilibrium ratios for the binary mixture of CO2(1)+diethyl phthalate(2).

Fig. 8. Solubilities of CO2 in various compounds at 328.15 K.
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Fig. 9. Solubilities of various compounds in supercritical CO2 at 328.15 K (Pr=P/Pc,CO2
).

Table 7
Correlated results of experimental VLE data of three binary mixtures using various EOS mixing rulesa

Mixing rule Peng–Robinson EOS Soave–Redlich–Kwong EOS

k12 k21 m12 DP (%)k12 k21 m12 DP (%)

CO2(1)+methyl salicylate
0.038VDW1 0.043 12.112.5

1.4−0.023VDW2 0.032 0.026−0.024 1.5
1.4Panagiotopoulos–Reid 0.093 0.041 1.6 0.087 0.034

CO2(1)+eugenol(2)
0.006VDW1 0.013 15.215.6

−0.027 2.1VDW2 −0.001 −0.011−0.027 2.1
2.1Panagiotopoulos–Reid 0.076 0.009 2.1 0.069 −0.001

CO2(1)+diethyl phthalate(2)
4.5VDW1 0.066 0.0674.9

0.061 −0.009VDW2 0.060 1.4−0.010 1.5
0.094 0.064Panagiotopoulos–Reid 0.094 0.064 1.41.5

a DP(%)=100/n�n
i=1�Pexp−Pcal�i/Pi

exp.
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Table 8
Correlated results of the experimental VLE data of three binary mixtures by the Huron–Vidal mixing rules with the NRTL and the
UNIQUAC activity coefficient models

A21 (J mol−1) a DP (%)aEOS A12 (J mol−1)

NRTL liquid model
CO2(1)+methyl salicylate(2)

−1773.97 0.25029.81 2.8PR
−922.75 0.2 2.3SRK 3794.52

CO2(1)+eugenol(2)
PR 2142.67−508.59 0.2 2.9

−541.83SRK 2078.72 0.2 3.6

CO2(1)+diethyl phthalate(2)
PR −3502.3810415.25 0.2 5.3
SRK −3989.8711029.03 0.2 4.7

UNIQUAC liquid model
CO2(1)+methyl salicylate(2)

−1328.52PR 3535.99 2.3
3533.91−1383.69 2.9SRK

CO2(1)+eugenol(2)
4791.24−2184.55 4.6PR
4863.19SRK −2254.29 4.3

CO2(1)+diethyl phthalate(2)
PR 2555.42543.74 1.8

2535.00SRK 1.6436.36

a DP(%)=100/n�n
i=1�Pexp−Pcal�i/Pi

exp.

Greek letters
parameters in the equations of statea, b

r density
acentric factorv

Subscripts
critical propertiesc
component i or ji, j
mixturem
component 1 or 21, 2

Superscripts
calculated valuecal
experimental dataexp
saturated conditionsat
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