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Vapor–liquid equilibrium of carbon dioxide with ethyl caproate,
ethyl caprylate and ethyl caprate at elevated pressures
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Abstract

Vapor–liquid equilibrium (VLE) data were measured for CO2 with ethyl caproate, ethyl caprylate, and ethyl caprate using a
semi-flow type apparatus at 308.2, 318.2 and 328.2 K over the pressure range from 1.6 to 9.2 MPa. In this paper, VLE data are
reported. The VLE data were also correlated using the Soave–Redlich–Kwong and the Peng–Robinson equations of state with
various mixing rules. It is shown that both equations of state agreed well with the experimental data.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Vapor–liquid equilibrium (VLE) data at elevated
pressures are becoming important owing to the in-
creasing applications of the dense gases or supercriti-
cal fluids. Carbon dioxide is the most commonly used
supercritical fluid for extraction and materials pro-
cessing because of its non-toxicity and low critical
temperature and pressure. VLE data for carbon diox-
ide with esters at high pressure are not adequate[1].
Recently, some experimental data for carbon dioxide
with esters are presented in literature[2,3], which are
useful for thermodynamic modeling and process de-
sign. However, solubility data for carbon dioxide in
esters at high pressures are limited. In this study, a
semi-flow apparatus was used to measure the VLE data
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at high pressures for three binary systems of CO2 with
ethyl caproate, ethyl caprylate, and ethyl caprate. Ethyl
caproate (C8H16O2) and ethyl caprate (C12H24O2) are
used in either organic synthesis or the production of
essential oil. Ethyl caprylate (C10H20O2) is used in the
manufacturing of cosmetics or in food industry. The
experimental measurements were carried out at tem-
peratures of 308.2, 318.2, and 328.2 K. The pressure
ranged from 1.6 to 9.2 MPa. The experimental data
were also correlated using the Soave–Redlich–Kwong
(SRK) [4] and the Peng–Robinson (PR)[5] equations
of state with various mixing rules.

2. Experimental

2.1. Chemicals

Liquefied carbon dioxide was available with pu-
rity more than 99.8 mass percentage from San-Fu
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Nomenclature

a, b parameters in the equation of state
K equilibrium ratio,K = y/x
k, m binary interaction parameters in the mixing rules
P pressure
Pvp vapor pressure of ester compound
R gas constant
T temperature
V volume of CO2
v molar volume
x mole fraction of liquid phase
y mole fraction of vapor phase
Subscripts
c critical point
i, j componenti or j
Superscripts
cal calculated
exp experimental

Chemical Co (Taiwan). Ethyl caproate, ethyl capry-
late, and ethyl caprate were purchased from Acros Co.
The purity of these chemicals was more than 99%. All
chemicals were used without further purification. Re-
fractive indices and density are shown inTable 1. The
refractive indices of the pure compounds were mea-
sured at 293.2± 0.1 K using an Abbe refractometer,
Atago 3T, with an accuracy of± 0.0001. The densi-
ties of pure chemicals were measured at 293.2± 0.1
K using the Anton Paar DMA 60/602 density meter
with an accuracy of± 1.0× 10−2 kg m−3.

2.2. Apparatus

A semi-flow phase equilibrium apparatus used in
this study is shown inFig. 1. The apparatus was com-

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

Component nD (293.2 K) ρ (293.2 K, kg m−3) Purity (mass%)

Experimental Literature[13] Experimental Literature[13]

Ethyl caproate 1.4070 1.4073 871.2 873.0 >99.0
Ethyl caprylate 1.4178 1.4178 868.2a 866.0a >99.0
Ethyl caprate 1.4252 1.4256 864.0 865.0 >99.0

a Measured atT = 291.2 K.

posed of three sections as the sample loader, equilib-
rium cell, and composition analyzer. Similar experi-
mental apparatus and procedures have been reported
in the previous literature[6,7].

Pure CO2 from a high pressure container was liq-
uefied through a cooler with the temperature between
268 and 263 K. It was then compressed by a metering
pump (ConstaMetric 3200 P/F, LCD Analytical Inc),
and was heated through a pre-heating coil immersed
in a water bath before charging into the pre-saturation
and phase equilibrium cells. Each head of the pump
was equipped with a cooling jacket, and aqueous al-
cohol at a temperature between 268 and 263 K was
circulated to improve the fluid compression. A de-
sired pressure was set in the experiment and a back
pressure regulator (Tescom) was used to maintain
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Fig. 1. Schematic diagram of the experimental apparatus.

a constant pressure during the phase equilibrium
measurements.

One pre-saturation cell and an equilibrium cell,
each with a volume of 300 cm3, were used in this
study. The cells (Whitey) were made by stainless
steel and were immersed in a water bath at the ex-
perimental temperature. The experimental tempera-
ture and pressure were measured using a calibrated
quartz thermometer (INS), and a calibrated pressure
gauge (Heise). The accuracy for temperature and
pressure measurements is± 0.1 K and± 0.02 MPa,
respectively. The metering valves (Autoclave) and
needle valves (Whitey) were also maintained at the
experimental temperature to ensure the equilibrium
condition.

After the equilibrium cells, pressure was reduced to
ambient value and the solvent (ester) component from
the liquid or vapor phase sample was collected in a
flask and cooled by an ice bath. A wet tester meter
(Ritter, TG50) was employed to measure the volume
of the solute (CO2) in the vapor phase. The volume
of the liquid phase was determined by measuring the
volume displaced in a column filled with water. The
estimated accuracy for these measurements is better
than± 0.25%.

3. Experimental procedures

Pure liquid solvent of ester compound was firstly
fed into the pre-saturation and equilibrium cells us-
ing a mini pump. Air in these cells was displaced by
the flowing CO2. The pre-equilibrium and equilibrium
cells were maintained at a constant temperature in a
water bath, and CO2 was charged into the cells under
a desired pressure. VLE was usually reached within 2
h, and either the vapor or liquid sample was then ex-
panded to atmospheric pressure through the metering
valves. These samples were analyzed using the gravi-
metric method in this study. The number of moles of
the minor ester compound that might vaporize into the
gas phase was corrected using the ideal gas equation
of staten = PvpV/RT, where,Pvp was the vapor pres-
sure of the ester compound andV was the volume of
CO2 measured by the wet tester meter. The reported
equilibrium compositions are the average values of at
least three repeated measurements. The flow rate of
CO2 was maintained about 20 l h−1 during the experi-
ments. It had also been varied from 10 to 40 l h−1, and
no change had been observed for the measured com-
positions. With these procedures, it is ensured that the
reported compositions are the equilibrium values. The



4 W.-H. Hwu et al. / J. of Supercritical Fluids 28 (2004) 1–9

Table 2
Comparison of the VLE measurement results for the binary mixture of CO2 (1)+ 1-octanol (2) at 328.2 K

P (MPa) Literature data[8] P (MPa) This work

x1 y1 x1 y1

4.00 0.2406 0.9996 3.00 0.1818 0.9996
6.00 0.3533 0.9997 5.00 0.2925 0.9997
8.00 0.4785 0.9993 7.00 0.4139 0.9995
10.00 0.5856 0.9977 10.10 0.5931 0.9979
12.00 0.6674 0.9876 11.90 0.6607 0.9909
15.00 0.7772 0.9435 13.30 0.7243 0.9755

estimated reproducibility of the measured composition
is better than± 2% for the minor component in the
liquid phase, while that for the minor component in
the vapor phase is estimated to be± 1.0× 10−4 mole
fraction.

4. Results and discussion

To ensure the reliability of the experimental data,
VLE for carbon dioxide+ 1-octanol system was mea-
sured at 328.2 K. The experimental results are shown
in Table 2, and the graphical presentation is demon-
strated inFig. 2. It is observed that the experimental
results using the present apparatus are in satisfactory
agreement with those in the previous literature[8].
VLE for three binary mixtures of CO2 with ethyl
caproate, ethyl caprylate and ethyl caprate are re-
ported inTables 3–5, respectively. Graphical presen-
tations of these experimental results are depicted in
Figs. 3–5. It is observed that the solubility of carbon
dioxide in the liquid phase increases consistently with
the decrease of the molecular weight of ester. Carbon
dioxide has the largest solubility in ethyl caproate
owing to its smallest molecular weight.

In this study, the VLE data were correlated using
the equation of state method. The PR equation[5]:

P = RT

v − b
− a

v(v + b) + b(v − b)
(1)

and the SRK[4]:

P = RT

v − b
− a

v(v + b)
(2)

were employed to correlate the experimental results.
Critical properties and acentric factor employed are
listed inTable 6.

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

Pressure (MPa) Composition Equilibrium
ratio K1

x1 y1

T = 308.2 K
1.699 0.2823 0.9994 3.540
2.414 0.3834 0.9994 2.607
3.060 0.4750 0.9994 2.104
3.706 0.5558 0.9994 1.798
4.404 0.6282 0.9994 1.591
5.117 0.7050 0.9994 1.418
5.748 0.7832 0.9991 1.276
6.462 0.8480 0.9990 1.178

T = 318.2 K
1.699 0.2301 0.9992 4.342
2.380 0.3163 0.9992 3.159
3.026 0.4023 0.9992 2.484
3.740 0.4719 0.9992 2.117
4.387 0.5341 0.9991 1.871
5.101 0.6036 0.9991 1.655
5.816 0.6671 0.9987 1.497
6.462 0.7346 0.9985 1.359
7.177 0.7965 0.9984 1.253
7.823 0.8541 0.9976 1.168

T = 328.2 K
1.733 0.2090 0.9987 4.778
2.414 0.2920 0.9987 3.420
3.094 0.3635 0.9986 2.747
3.758 0.4318 0.9986 2.313
4.438 0.4882 0.9986 2.045
5.135 0.5504 0.9985 1.814
5.799 0.6054 0.9982 1.649
6.496 0.6540 0.9982 1.526
7.177 0.7039 0.9982 1.418
7.823 0.7571 0.9981 1.318
8.538 0.8093 0.9964 1.231
9.218 0.8463 0.9963 1.177
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Fig. 2. Comparison of the Pxy data for the binary mixture of carbon dioxide (1)+ 1-octanol (2) at 328.2 K.

Fig. 3. VLE results of the binary mixture of CO2 (1)+ ethyl
caproate (2).

Fig. 4. VLE results of the binary mixture of CO2 (1)+ ethyl
caprylate (2).



6 W.-H. Hwu et al. / J. of Supercritical Fluids 28 (2004) 1–9

Table 4
Experimental VLE results for the binary mixture of CO2 (1)+ ethyl
caprylate (2)

Pressure (MPa) Composition Equilibrium
ratio K1

x1 y1

T = 308.2 K
1.750 0.2786 0.9997 3.588
2.431 0.3740 0.9997 2.673
3.094 0.4612 0.9997 2.168
3.740 0.5348 0.9997 1.869
4.387 0.6072 0.9997 1.646
5.135 0.6853 0.9997 1.459
5.782 0.7488 0.9996 1.335
6.428 0.8140 0.9996 1.228
7.177 0.8904 0.9994 1.122

T = 318.2 K
1.699 0.2407 0.9997 4.153
2.380 0.3269 0.9997 3.058
3.060 0.4039 0.9997 2.475
3.740 0.4703 0.9996 2.125
4.421 0.5397 0.9996 1.852
5.084 0.5945 0.9996 1.681
5.782 0.6617 0.9996 1.511
6.462 0.7137 0.9995 1.400
7.109 0.7627 0.9995 1.310
7.823 0.8063 0.9992 1.239

T = 328.2 K
1.699 0.2088 0.9996 4.787
2.380 0.2898 0.9996 3.449
3.060 0.3595 0.9996 2.781
3.740 0.4254 0.9996 2.350
4.421 0.4783 0.9996 2.090
5.135 0.5437 0.9995 1.838
5.782 0.5949 0.9995 1.680
6.496 0.6430 0.9995 1.554
7.143 0.6855 0.9995 1.458
7.823 0.7314 0.9995 1.367
8.538 0.7748 0.9994 1.290
9.218 0.8156 0.9985 1.224

Various mixing rules were applied in this study to
evaluate the equation of state parameters for mixtures.
The van der Waals one-fluid (VDW1) mixing rules
with one binary parameterkij are given by:

am =
∑ ∑

xixj(aiaj)
0.5(1 − kij) (3)

bm =
∑

xibi (4)

The volume parameter of a mixture can also be evalu-
ated using an additional binary parametermij (VDW2
mixing rule):

Table 5
Experimental VLE results for the binary mixture of CO2 (1)+ ethyl
caprate (2)

Pressure (MPa) Composition Equilibrium
ratio K1

x1 y1

T = 308.2 K
1.665 0.2580 0.9998 3.875
2.346 0.3452 0.9998 2.896
3.026 0.4236 0.9998 2.360
3.723 0.5017 0.9998 1.993
4.387 0.5797 0.9998 1.725
5.067 0.6543 0.9998 1.528
5.748 0.7202 0.9998 1.388
6.428 0.7865 0.9998 1.271
7.109 0.8454 0.9998 1.183

T = 318.2 K
1.699 0.2297 0.9998 4.353
2.380 0.3116 0.9998 3.209
3.060 0.3831 0.9998 2.610
3.757 0.4537 0.9998 2.204
4.421 0.5182 0.9998 1.929
5.084 0.5746 0.9998 1.740
5.782 0.6304 0.9998 1.586
6.462 0.6852 0.9998 1.459
7.143 0.7302 0.9997 1.369
7.891 0.7775 0.9996 1.286

T = 328.2 K
1.699 0.2068 0.9998 4.835
2.380 0.2819 0.9998 3.547
3.060 0.3482 0.9998 2.871
3.740 0.4096 0.9998 2.441
4.421 0.4622 0.9998 2.163
5.101 0.5176 0.9998 1.932
5.782 0.5705 0.9997 1.752
6.462 0.6150 0.9997 1.626
7.177 0.6620 0.9997 1.510
8.538 0.7460 0.9995 1.340
9.218 0.7780 0.9992 1.284

bm =
∑ ∑

xixj

(bi + bj)

2
(1 − mij) (5)

Panagiotopoulos and Reid[9] assumed that
the binary parameters are composition-dependent
(Panagiotopoulos–Reid mixing rule), the mixture
volume parameter for an equation of state was deter-
mined byEq. (4), and the mixture energy parameter
was written as:

am =
∑ ∑

xixj(aiaj)
0.5[1 − kij + (kij − kji)xi]

(6)
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Fig. 5. VLE results of the binary mixture of CO2 (1)+ ethyl
caprate (2).

Although this mixing rule has limit in extension to
multi-component systems, it is applicable in correlat-
ing binary phase equilibrium data.

In addition to the traditional van der Waals type mix-
ing rules, a group contribution mixing model proposed
by Huron and Vidal[10] is also widely employed. In
this mixing model, the excess free energy calculated
from an equation of state at an infinite pressure refer-
ence state was set equal to that from an activity coeffi-

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

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

k12 k21 m12 AADP (%) AADy1 (%) k12 k21 m12 AADP (%) AADy1 (%)

CO2 (1) + ethyl caproate(2)
VDW1 0.025 1.79 0.03 0.028 1.77 0.04
VDW2 0.030 0.007 1.51 0.03 0.032 0.006 1.53 0.04
Panagiotopoulos–Reid 0.013 0.027 1.53 0.03 0.016 0.029 1.55 0.04

CO2 (1) + ethyl caprylate (2)
VDW1 0.030 1.99 0.02 0.034 1.93 0.02
VDW2 0.040 0.010 0.91 0.02 0.044 0.010 0.84 0.02
Panagiotopoulos–Reid 0.010 0.035 0.93 0.02 0.013 0.040 0.87 0.02

CO2 (1) + ethyl caprate(2)
VDW1 0.044 1.85 0.02 0.050 1.82 0.02
VDW2 0.050 0.007 0.80 0.02 0.057 0.007 0.77 0.02
Panagiotopoulos–Reid 0.027 0.048 0.80 0.02 0.032 0.055 0.78 0.02

AADP (%)= 100
n

∑n
i = 1

∣∣∣Pexp − Pcal
∣∣∣
i

P
exp
i

, AADy1 (%)= 100
n

∑n
i = 1

∣∣∣yexp
1 − ycal

1

∣∣∣
i

y
exp
1,i

.

Table 6
Pure component properties used in this work

Component Tc (K) Pc (MPa) ω

Carbon dioxide 304.19[14] 7.382 [14] 0.228 [14]
Ethyl caproate 611.62[15] 2.548 [15] 0.555 [16]
Ethyl caprylate 648.64[15] 2.118 [15] 0.653 [16]
Ethyl caprate 680.82[15] 1.788 [15] 0.742 [16]

cient model. The NRTL[11] and UNIQUAC[12] ac-
tivity coefficient models were employed in this study
with the PR and SRK cubic equations of state. The
optimal binary parameters in the NRTL and the UNI-
QUAC models were regressed from the experimental
VLE data. The following objective function was used
in the data regression:

obj =
∑

∣∣∣∣∣
Pexp − Pcal

Pexp

∣∣∣∣∣
i

+
∑ ∣∣∣yexp

2 − ycal
2

∣∣∣
i

(7)

The binary parameters of EOS in this study were
taken as temperature-independent, and their optimal
values were evaluated from data regression. The binary
parameters of the van der Waals type mixing rules
are presented inTable 7. It is observed that either
the PR or SRK equation with van der Waals mixing
rules and two binary parameters yields satisfactory
results. The optimal NRTL and UNIQUAC parameters
regressed from the Huron–Vidal method are shown in
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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

EOS A12 (J mol−1) A21 (J mol−1) α AADP (%) AADy1 (%)

NRTL model

CO2 (1) + ethyl caproate (2)
PR 7819.25 −3024.83 0.3 2.23 0.03
SRK 7358.27 −3053.93 0.3 2.08 0.04

CO2 (1) + ethyl caprylate (2)
PR 10 342.78 −3158.44 0.3 3.56 0.02
SRK 9227.62 −3140.30 0.3 2.97 0.02

CO2 (1) + ethyl caprate (2)
PR 10 469.41 −2476.58 0.3 4.50 0.02
SRK 10 586.58 −2678.63 0.3 3.92 0.02

UNIQUAC model

CO2 (1) + ethyl caproate (2)
PR 895.55 1104.45 1.75 0.03
SRK 719.28 1197.66 1.76 0.04

CO2 (1) + ethyl caprylate (2)
PR 1150.17 1365.97 1.17 0.02
SRK 1006.54 1381.18 1.10 0.02

CO2 (1) + ethyl caprate (2)
PR 1365.32 1775.22 1.05 0.02
SRK 1223.16 1757.02 0.98 0.02

AADP (%)= 100
n

∑n
i = 1

∣∣∣Pexp − Pcal
∣∣∣
i

P
exp
i

, AADy1 (%)= 100
n

∑n
i−1

∣∣∣yexp
1 − ycal

1

∣∣∣
i

y
exp
1,i

Table 8. It is shown that the results with the NRTL
model show a relatively larger deviation than those
from the van der Waals mixing rules. The Huron–Vidal
type mixing rule with the UNIQUAC model shows
comparably good results with the conventional van
der Waals mixing rules. Graphical presentations of
the calculated results from the PR equation of state
with dual interaction parameters are also shown in
Figs. 3–5. It is demonstrated that the experimental gas
solubility data are well correlated using cubic equation
of state model.

5. Conclusion

Experimental VLE data for three binary systems of
carbon dioxide with ethyl caproate, ethyl caprylate,
and ethyl caprate are reported at 308.2, 318.2, and
328.2 K and pressures up to 9.2 MPa. The PR and SRK

equations of state with various mixing models were
used to correlate the experimental data. Both equations
of state with the van der Waals mixing rules and two
optimally fitted parameters, or the Huron–Vidal type
mixing rules with the UNIQUAC model yield satis-
factory regression results.
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