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ABSTRACT: The relative permittivities (εr) of carbon dioxide (CO2) + ethanol mixtures (0.050, 0.100, 0.152, and 0.212 mass
fractions of ethanol) were measured at (303 to 333) K in the pressure range (7.2 to 30.8) MPa using a direct capacitance method.

’ INTRODUCTION

Supercritical fluids have attracted a great deal of attention as alter-
natives to conventional organic solvents for a number of processes
because of the ability to vary solvent properties by the simple mani-
pulation of temperature and pressure. Density-dependent properties
such as diffusivity, viscosity, and relative permittivity can be altered by
up to an order of magnitude by varying the pressure at temperatures
close to the critical temperature,Tc. This can offer several operational
advantages for extraction,1,2 chromatographic,3,4 and reaction pro-
cesses,5 including control of reaction and extraction selectivity,
enhanced reaction rates, and more rapid chromatographic separa-
tions. Supercritical fluid extraction in particular has received much
attention because of enhanced mass transport properties compared
to liquid solvent extraction, the ability to selectively extract and
fractionate compounds of interest, the ability to easily recover solutes
by pressure reduction, and because it is possible to produce solvent
residue-free extracts.

Supercritical carbon dioxide (CO2) has received the most
attention for extraction applications because it has relatively low
critical parameters (Tc = 304.18 K; Pc = 7.38 MPa),6 is environ-
mentally benign, and is available in high purity at low cost.Generally,
processing with CO2 alone is limited to the extraction of nonpolar,
low-to-mediummolecular weight compounds. The solvent capacity
of CO2 can be enhanced by the addition of cosolvents to enable
extraction of a wider range of compounds. Ethanol is considered to
be one of themost suitable cosolvents formany applications because
it is widely accepted by the food industry as a processing fluid,
generally does not degrade the compounds of interest, and is easily
recovered from the extracts for reuse. Carbon dioxide + ethanol
mixtures have been used to obtain a wide range of extracts from a
range of feed materials including phospholipids from soybean,7

canola,8 eggs,9 and fish roe;10 seed oil lipids from jojoba,11

sesame,12 sunflower,13 and peach;14 and plant-derived bioactive
compounds from rosemary,15 guava seeds,16 and grape pomace.17

Several research groups have reported thermodynamic and physi-
cal properties of CO2 + ethanol mixtures including mixture den-
sities,18,19 excess volumes,18 viscosities,20 phase equilibria data,21�23

surface tensions,24 and critical parameters,25 but few researchers have
characterized the fundamental solvent properties of this mixture.
Wesch et al.26 have reported the relative permittivity of CO2 +
ethanol mixtures at 10.0 MPa and 313 K. This work reports the
relative permittivities ofCO2+ ethanolmixtures over awider range of
conditions relevant to supercritical or near-critical processing using

the as-received commercial grade solvents that may be encountered
during such operations.

’EXPERIMENTAL SECTION

The relative permittivity (εr) was measured using a direct capaci-
tance method. The cell capacitance in air (Co) and the capacitance of
the fluid mixtures (C) were measured, and εr was given by

εr ¼ C
Co

ð1Þ

Capacitances were measured with an applied potential of 1.0 V over
the frequency range (40.0 to 80.0) kHz using a Hewlett-Packard
4284A precision LCRmeter. The measurements are not affected by
the electrode polarization effect in this frequency range, as evidenced
by the excellent agreement with literature relative permittivity values
for conducting liquids measured previously27 using the same equip-
ment and method reported here. The cell capacitance in air was
measured to be 17.27 pF and was found to be independent of tem-
perature. The pressure dependence of the cell constant was
negligible over the pressure ranges studied (< 7 3 10

�5 % variation
in Co). Pressure measurements have an associated uncertainty of(
0.2 MPa, and the temperature was monitored using a type K
ServoTech thermocouple (( 0.5 K). The general apparatus,
experimental procedure, and equipment validation have been
described in detail elsewhere.27

Each data point is the average of between two and four replicate
measurements, with a maximum standard deviation (σ) for a given
condition over all temperatures and pressures studied of 0.07. The
replicate measurements were made by refilling the capacitance cell
with the fluid mixture.

Carbon dioxide was supplied by BOC Limited (New Zealand)
with a purity of 99.8 % by volume. Impurities for the CO2 as stated
by the certificate of analysis were: water, 80 μL 3L

�1; oxygen,
100 μL 3L

�1; the balance being other nonspecified constituents of
air, including rare gases. Ethanol was supplied by Barwell Pacific with
a stated purity of 99.8 % by volume, with the remaining 0.2 % being
water. The CO2 and ethanol were used as received without further
purification to simulate conditions under which the chemicals would
typically be used for extraction processes. The two fluids were
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premixed in a 1 L stainless steel pressure cylinder before being used
for the εr measurements.

A 1 L cylinder was evacuated and then weighed. A knownmass
of ethanol was drawn into the cylinder under vacuum, followed by
the addition of a known mass of CO2 to give the desired overall
composition. For all compositions studied, sufficient quantities of
ethanol and CO2 were added to the cylinder so that the liquid
phase filled greater than 95 % of the cylinder volume. By keeping
the gas phase volume in the cylinder small, the initial composition
of the liquid phase will closely resemble the overall mixture
composition. The change in mixture composition due to removal
of liquid from the cylinder during the εr measurements is discussed
in more detail in the Results section.

Table 1. Relative Permittivity (εr) Values for CO2 + Ethanol
Mixtures, where O1 is the Mass Fraction of Ethanol in the
Mixture

T/K = 303.4 T/K = 313.0 T/K = 322.5 T/K = 333.2

P /MPa εr P /MPa εr P /MPa εr P /MPa εr

ϕ1 = 0.050
10.0 1.83 9.7 1.63 10.2 1.53 10.5 1.32
11.4 1.86 9.8 1.64 12.1 1.63 11.2 1.41
13.2 1.89 9.9 1.65 13.1 1.66 12.1 1.48
13.6 1.90 11.3 1.70 14.2 1.70 13.0 1.54
14.8 1.91 11.7 1.70 14.7 1.70 13.0 1.53
15.3 1.92 11.8 1.70 16.0 1.73 13.7 1.57
15.8 1.92 13.2 1.74 16.1 1.73 14.9 1.62
16.0 1.93 13.7 1.74 17.2 1.75 15.9 1.64
17.5 1.94 15.1 1.77 18.9 1.78 17.0 1.67
19.0 1.95 15.7 1.78 19.5 1.79 17.6 1.69
19.2 1.95 17.4 1.80 20.8 1.80 19.1 1.72
21.0 1.97 17.5 1.80 21.8 1.81 19.4 1.72
21.3 1.97 17.5 1.80 22.7 1.82 21.0 1.75
23.0 1.98 19.2 1.82 23.6 1.83 21.6 1.75
23.3 1.99 20.7 1.83 24.7 1.84 22.9 1.77
25.1 2.00 21.6 1.84 25.8 1.85 23.7 1.78
25.4 2.00 23.5 1.86 26.3 1.86 25.0 1.80
26.7 2.01 25.3 1.87 27.9 1.87 26.9 1.82
27.2 2.01 25.4 1.87 28.4 1.87 27.4 1.82
28.9 2.02 27.4 1.89 29.3 1.88 28.8 1.83
29.6 2.03 30.4 1.91 29.5 1.88 29.9 1.84

30.3 1.89

T/K = 303.7 T/K = 313.1 T/K = 322.4 T/K = 333.3

P /MPa εr P /MPa εr P /MPa εr P /MPa εr

ϕ1 = 0.100
9.8 2.24 9.7 1.98 10.5 1.86 11.9 1.74
11.3 2.27 10.2 2.00 11.9 1.94 12.9 1.81
11.4 2.28 11.0 2.03 11.9 1.94 13.7 1.86
13.1 2.30 12.0 2.05 12.2 1.96 14.8 1.90
14.0 2.32 12.7 2.08 13.7 2.01 15.7 1.94
14.9 2.34 13.1 2.09 13.9 2.02 16.7 1.96
16.0 2.36 13.7 2.11 15.7 2.06 17.8 2.00
16.9 2.37 14.8 2.13 15.7 2.06 18.5 2.01
17.8 2.38 15.8 2.15 15.8 2.07 19.4 2.03
19.1 2.40 17.0 2.17 16.7 2.09 19.6 2.03
19.1 2.40 17.7 2.18 17.1 2.09 20.6 2.06
19.9 2.41 18.8 2.19 17.6 2.11 21.7 2.08
20.4 2.42 19.8 2.20 18.6 2.13 22.6 2.09
21.4 2.43 21.9 2.23 19.6 2.14 23.9 2.11
21.9 2.43 22.1 2.23 20.6 2.16 24.8 2.12
23.1 2.45 22.4 2.24 21.6 2.18 25.2 2.13
24.1 2.46 24.1 2.26 21.7 2.18 25.6 2.14
24.2 2.46 24.4 2.26 22.6 2.19 25.6 2.13
25.3 2.47 25.8 2.28 23.6 2.21 26.5 2.15
25.5 2.48 26.4 2.28 24.5 2.22 26.6 2.15
25.5 2.48 27.7 2.30 25.5 2.23 27.2 2.16
26.5 2.48 27.8 2.30 26.5 2.24 27.5 2.16
27.4 2.49 28.3 2.30 27.5 2.26 27.9 2.16
28.0 2.50 29.3 2.31 28.4 2.27 28.5 2.17
28.4 2.50 29.5 2.32 29.9 2.28 29.2 2.18
29.4 2.51

T/K = 304.9 T/K = 313.1 T/K = 323.3 T/K = 333.3

P /MPa εr P /MPa εr P /MPa εr P /MPa εr

ϕ1 = 0.152
16.1 2.67 10.1 2.37 9.9 2.06 11.8 1.99
16.8 2.68 10.9 2.39 11.0 2.13 12.9 2.07
17.3 2.68 11.8 2.42 12.0 2.18 13.8 2.11
17.8 2.69 12.7 2.45 12.7 2.21 14.8 2.16

Table 1. Continued
T/K = 304.9 T/K = 313.1 T/K = 323.3 T/K = 333.3

P /MPa εr P /MPa εr P /MPa εr P /MPa εr

18.8 2.70 13.8 2.47 13.6 2.25 15.9 2.20
19.4 2.72 14.6 2.49 14.7 2.28 16.7 2.22
20.1 2.73 15.7 2.52 15.9 2.31 17.7 2.26
20.8 2.74 16.8 2.54 16.9 2.34 18.7 2.28
21.9 2.75 17.8 2.56 17.8 2.36 19.7 2.31
22.8 2.76 18.8 2.58 18.6 2.37 20.8 2.33
23.7 2.77 19.5 2.59 18.7 2.38 22.0 2.36
24.3 2.79 20.8 2.61 19.5 2.40 22.7 2.37
24.7 2.78 21.6 2.62 20.3 2.41 23.5 2.38
25.5 2.79 22.6 2.63 21.7 2.44 24.5 2.40
26.4 2.81 23.5 2.64 22.8 2.45 25.6 2.42
26.5 2.81 24.5 2.66 23.1 2.46 26.6 2.43
27.2 2.82 25.5 2.67 23.5 2.47 27.6 2.45
27.2 2.82 26.5 2.68 24.5 2.48 28.4 2.46
28.2 2.83 27.5 2.69 25.4 2.50 29.2 2.47
29.1 2.84 27.9 2.70 26.5 2.51 29.9 2.48
29.8 2.85 28.4 2.71 28.4 2.54

29.3 2.72 29.5 2.56

T/K = 303.7 T/K = 312.8 T/K = 323.4 T/K = 333.2

P /MPa εr P /MPa εr P /MPa εr P /MPa εr

ϕ1 = 0.212
7.2 3.15 8.0 2.80 9.8 2.59 11.9 2.38
7.9 3.18 9.3 2.86 10.6 2.61 12.9 2.45
8.8 3.22 11.2 2.94 11.5 2.67 13.2 2.47
9.8 3.25 11.5 2.94 12.4 2.71 14.1 2.52
11.0 3.29 14.2 3.00 13.1 2.75 14.7 2.54
13.0 3.35 14.3 3.01 14.1 2.79 15.8 2.59
14.9 3.40 14.9 3.03 15.8 2.85 16.2 2.61
15.0 3.40 15.8 3.05 16.6 2.87 16.9 2.62
16.5 3.44 17.4 3.11 17.8 2.90 17.3 2.64
16.7 3.45 18.0 3.14 18.8 2.93 18.5 2.68
17.3 3.46 20.0 3.17 19.6 2.95 19.1 2.70
18.0 3.47 20.6 3.18 19.7 2.95 19.2 2.70
18.8 3.49 22.2 3.22 21.1 2.98 21.2 2.75
20.2 3.52 22.8 3.23 22.9 3.03 21.2 2.75
21.6 3.54 23.7 3.25 23.1 3.03 21.2 2.75
21.8 3.55 26.3 3.30 23.2 3.03 21.3 2.75
23.3 3.57 28.1 3.32 24.7 3.06 23.0 2.79
23.9 3.58 28.4 3.34 26.0 3.08 23.1 2.79
25.4 3.61 30.8 3.37 26.7 3.10 24.9 2.83
26.2 3.62 27.9 3.12 25.0 2.83
27.2 3.64 29.5 3.14 25.2 2.83
28.4 3.66 30.6 3.15 25.5 2.85
30.2 3.68 26.8 2.86

27.0 2.87
28.4 2.90
30.6 2.94
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’RESULTS

The measured εr values of CO2 + ethanol mixtures are given
in Table 1. The mixture compositions are reported as mass
fractions, since mass measurements are the most common
methods of monitoring cosolvent usage during extraction
processes. Figure 1 shows the variation of εr as a function of
temperature, pressure, and mass fraction of ethanol for two of
the mixture compositions measured in this work. The εr
increases with increasing pressure, increasing mass fraction of
ethanol, and decreasing temperature. The εr values at 10.0 MPa
and 313 K were interpolated from the data in Table 1 and are
shown in Figure 2 to be in good agreement with the values
reported by Wesch et al.26 The volume fractions reported by
Wesch et al. were converted to mass fractions using literature
density data for CO2

28 and ethanol.29

The εr measurements have an associated absolute uncertainty
of( 0.20 at the 95 % confidence level. The reported uncertainty
takes into account the maximum absolute variation in the CO2 +
ethanol mixture liquid phase composition as liquid is withdrawn
from the supply cylinder. Since CO2 has a higher vapor pressure
than ethanol, the CO2 will preferentially migrate to the gas phase as
liquid is withdrawn from the cylinder. This means that the liquid
phase will become slightly more enriched in ethanol compared to
the overall mixture composition as the cylinder is drawn down.

To calculate the uncertainty of the εr values due to the change
in liquid phase composition during cylinder draw-down, four sets
of repeat measurements were carried out starting with a cylinder
filled to at least 95 % of its volume with liquid. The 95 % full
cylinder was used to measure the εr values of a CO2 + ethanol
mixture containing 0.212 mass fraction of ethanol at 312.8 K in
the pressure range (8.0 to 30.8) MPa. After the first isotherm had
been measured the mixture in the capacitance cell was discarded.
The capacitance cell was refilled from the partially drawn-down
cylinder, and the measurement was repeated. This was repeated a
further two times, and the absolute maximum variation in the εr
values was determined to be 0.08. The variation of the εr values
due to liquid withdrawal was always positive due to increased
ethanol concentration in the liquid phase as the gas phase volume
in the supply cylinder increased. The mixture containing the
greatest mass fraction of ethanol was used since the mass fraction
composition of the liquid phase changes most rapidly during
cylinder draw-down when the concentration of the less volatile
component (ethanol) is highest. A period of at least 1 h elapsed
between each draw-down, and it is assumed that the mixture in
the cylinder returned to equilibrium before each measurement.

The absolute maximum variation of 0.08 was used in the
overall uncertainty calculation, since for all other εr measure-
ments reported in Table 1, the volume of liquid withdrawn from
the cylinder was less than that for the four repeat measurements
used to determine the effect of change in composition of the
liquid phase.

’CONCLUSION

The relative permittivities of CO2 + ethanol mixtures (0.050,
0.100, 0.152, and 0.212 mass fraction of ethanol) have been
measured at (303 to 333) K in the pressure range (7.2 to 30.8)
MPa. Under these conditions the isothermal pressure depen-
dence of the relative permittivity is always positive, and the
isobaric temperature dependence is always negative. Relative
permittivity increases with increasing mass fraction of ethanol in
the mixture.
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