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The relative permittivities (εr) of dimethyl ether (DME) + carbon dioxide (CO2) mixtures [(0.25, 0.48, and
0.75) mass fraction of DME] were measured at (313 and 333) K in the pressure range (3.9 to 32.5) MPa.
The Peng–Robinson equation of state was used to calculate the mixture compressed liquid densities (Fcalcd),
and the relative permittivity was fitted to Fcalcd, the temperature (T), and the mass fraction of DME (�1)
using a simple empirical equation.

Introduction

Supercritical fluids have received a great deal of attention as
alternative solvents because of the marked changes in solvent
properties that can occur following modest changes in temper-
ature and/or pressure. The ability to vary the solvating power
by simple manipulation of system conditions offers a means of
control and selectivity for various chemical applications includ-
ing chromatographic,1,2 extraction,3,4 and reaction processes.5

Supercritical carbon dioxide (CO2) in particular has received
much attention because it has relatively low critical parameters
(critical temperature (Tc) ) 304.18 K; critical pressure (Pc) )
7.38 MPa),6 is environmentally benign, and is available in high
purity at low cost. Unfortunately, due to the low polarity of
CO2, its applications are limited to low-to-medium molecular
weight, nonpolar solutes. The solvating power of CO2 can be
enhanced by the addition of organic cosolvents such as ethanol7

or fluorinated hydrocarbons.8 Polar fluids such as 1,1,1,2-
tetrafluoroethane (HFE 134a),9,10 difluoromethane (HFE 32),11

and dimethyl ether (DME)12 have also been shown to be useful
alternative solvents for polar molecules, and the fundamental
solvent properties of these pure fluids have been reported over
a range of temperatures and pressures.13–16 Mixtures of polar
fluids with each other and with nonpolar fluids have also been
investigated as potential solvent systems.17–20

In this work, we begin characterizing the solvent properties
of DME + CO2 mixtures by measuring the relative permittivity
at elevated pressures. The relative permittivity (εr) is a macro-
scopic material property which is strongly related to molecular
structure and can play an important role in solution properties.21,22

Measurement of εr has been shown to be a useful technique in
characterizing molecular interactions and molecular ordering.23–25

Experimental Section

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

εr )
C
Co

(1)

Capacitances were measured with an applied potential of 1.0
V at 60.0 kHz using a Hewlett-Packard 4284A precision LCR

meter (20 Hz to 1 MHz). The LCR meter was connected to an
alternating six-plate capacitor using coaxial RG-316/U electrical
leads (maximum working temperature 473 K) fitted with BNC
connectors. The capacitor plate spacing was 1 mm, and each
circular plate was 20 mm in diameter. The high-pressure
electrical connectors were supplied by Sitec Sieber Engineering
(Switzerland). The cell capacitance in air was measured to be
16.55 pF and was found to be independent of temperature. The
pressure dependence of the cell constant was negligible over
the pressure ranges studied (<7 ·10-5 % variation in Co).
Temperature was monitored using a type K ServoTech ther-
mocouple (( 0.5 K). Pressure measurements have an associated
uncertainty of ( 0.2 MPa. The experimental procedure and
equipment validation has been described in detail elsewhere.16

Each data point is the average of at least three replicate
measurements, with the maximum standard deviation (σ) for a
given condition over all temperatures and pressures studied )
0.002. Each replicate measurement was made by refilling the
capacitance cell with the fluid mixture.

Dimethyl ether was supplied by Damar Industries Limited
(New Zealand) with a purity of 99.8 % by volume. Impurities
for the DME as stated by certificate of analysis were: water,
60.0 µL ·L-1; methanol, 1.0 µL ·L-1; oil, 3.0 µL ·L-1; other
gases (oxygen, carbon dioxide, nitrogen, propane, butane),
volume fraction of 0.1 %. 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 ·L-1; oxygen, 100 µL ·L-1; the balance being
other nonspecified constituents of air, including rare gases. Both
gases were used immediately as received and were premixed
in a 1 L stainless steel pressure cylinder before being used for
the εr measurements. The 1 L cylinder was flushed with DME,
and a known mass of DME was added to the cylinder, followed
by a known mass of CO2 to give the desired overall composition.
For all compositions studied, sufficient DME 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 be close to the overall composition. The change in mixture
composition during liquid withdrawal is discussed in more detail
in the Results section.
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Results

Figure 1 shows the εr values of DME + CO2 mixtures as a
function of temperature and pressure compiled from the data
in Table 1. The εr increases with increasing pressure and
decreasing temperature. Hence, the isothermal density depen-
dence, (δεr/δF)T, of εr is always positive and the isobaric
temperature dependence, (δεr/δT)P, is always negative. Pure
DME16 and pure CO2

26 values are also shown in Figure 1 for
comparison. The progression from pure CO2 to pure DME
shows an almost linearly proportional change in the magnitude
of the εr values as the mixture composition changes.

The εr measurements have an associated standard uncertainty
of 4.1 % (95 % confidence level). The uncertainty calculation
takes into account the maximum absolute variation in the DME
+ CO2 mixture liquid phase composition as liquid is withdrawn
from the high-pressure cylinder. The liquid phase composition
will be slightly more enriched in DME compared to the overall
composition because of the higher CO2 vapor pressure, which
gives rise to the preferential migration of CO2 to the upper gas
phase. The difference between the liquid phase composition and
the initial overall mixture composition increases as the liquid
phase is withdrawn from the bottle and the gas phase volume
increases. To calculate the change in liquid phase composition
during cylinder draw-down, the Peng–Robinson (PR) equation
of state (EOS)27 using van der Waals mixing rules, as described
by Smith et al.,28 was fitted to experimental measurements of
the DME + CO2 vapor–liquid equilibria by Jónasson et al.29

Literature values for the critical properties of CO2
6 and DME

(Tc ) 400.4 K; Pc ) 5.36 MPa)30 were used in the PR EOS.
The PR EOS was then used to calculate densities and equilib-
rium compositions for the gas and liquid phases. The liquid
phase densities calculated using the PR EOS are given in Table
1. Considering pure DME and CO2, the PR EOS-calculated
liquid phase densities of the pure fluids deviate from literature
densities31,32 by up to 3.8 %, which was assumed to be the
maximum uncertainty in density for the DME + CO2 mixtures.
The uncertainty associated with the calculated density values
was considered when calculating the uncertainty associated with
the εr values.

The changing composition of the liquid phase in the pressure
cylinder at 293 K was calculated starting with a completely full

cylinder with a fixed composition, iteratively removing liquid
volume from the cylinder, and then recalculating the composition
of the remaining mass of fluid using the calculated densities
and compositions of the gas and liquid phases. During the εr

measurements, the liquid phase volume was never less than 50
% of the cylinder volume, so the maximum variation in the
liquid phase composition was calculated between a completely
full and 50 % full (with liquid phase) cylinder. The calculations
assume that the draw-down of the liquid phase is slow enough
so that the phases are at constant equilibrium and that the
temperature of the mixture remains at ambient room temperature
(293 K). The PR EOS analysis approach is comparable to that
employed by Via et al.33 for changes in the liquid phase
composition of premixed CO2 + methanol mixtures, which they
found compared well with the experimentally measured changes.
Via et al. were interested in initial compositions containing low
levels of methanol, for which the change in liquid phase
composition is more significant than for the DME + CO2

Figure 1. Pressure dependence of the relative permittivity (εr) of DME +
CO2 mixtures, where �1 is the mass fraction of DME in the mixture. Pure
DME and pure CO2 values are shown for comparison: 9, DME at 313.3
K;16 0, DME at 333.4 K;16 b, �1 ) 0.75 at 312.7 K; O, �1 ) 0.75 at
333.5 K; 2, �1 ) 0.48 at 312.7 K; ∆, �1 ) 0.48 at 333.5 K; 1, �1 ) 0.25
at 312.7 K; 3, �1 ) 0.25 at 333.5 K; (, CO2 at 313.2 K;26 ], CO2 at
333.2 K;26 ---, correlation using eq 2.

Table 1. Relative Permittivity (Er) Values for DME + CO2

Mixtures at (312.7 and 333.5) K, Where �1 is the Mass Fraction of
DME in the Mixturea

T/K ) 312.7 T/K ) 333.5

P/MPa εr Fcalcd/kg ·m-3 P/MPa εr Fcalcd/kg ·m-3

�1 ) 0.25
6.6 2.22 681.4 12.3 2.08 635.2
8.6 2.29 717.2 14.5 2.15 672.8
10.8 2.35 746.9 16.6 2.19 701.1
12.6 2.39 766.8 18.4 2.23 721.5
14.5 2.42 784.9 20.2 2.26 739.4
16.4 2.45 800.8 21.8 2.28 753.7
18.0 2.47 812.9 24.4 2.32 774.3
19.5 2.48 823.4 26.4 2.34 788.5
24.2 2.53 851.8 28.5 2.37 802.1
26.2 2.54 862.3
27.9 2.56 870.7
28.8 2.57 874.9

�1 ) 0.48
4.2 3.10 693.0 5.8 2.70 589.8
5.9 3.15 709.3 7.9 2.82 625.8
8.1 3.21 727.1 9.9 2.89 651.1
10.0 3.25 740.3 11.9 2.95 671.5
11.7 3.28 750.9 12.7 2.97 678.7
14.4 3.33 766.0 13.8 3.00 688.0
15.8 3.34 773.0 15.8 3.04 703.1
18.1 3.37 783.7 17.8 3.08 716.5
20.2 3.40 792.7 20.1 3.12 730.3
22.0 3.43 799.8 22.0 3.15 740.6
23.6 3.45 805.9 22.1 3.15 741.1
26.2 3.48 815.0 24.4 3.19 752.5
28.1 3.50 821.2 26.2 3.21 760.7
30.6 3.52 829.0 27.9 3.23 768.0

29.5 3.25 774.5
31.3 3.26 781.4

�1 ) 0.75
3.9 4.36 682.5 3.9 3.86 611.2
5.6 4.41 691.1 6.0 3.93 628.8
7.6 4.44 700.2 7.9 3.99 642.1
10.0 4.49 710.0 9.6 4.04 652.6
12.0 4.53 717.5 11.9 4.09 665.2
13.9 4.56 724.0 13.9 4.14 674.9
16.1 4.60 731.1 15.8 4.18 683.3
17.7 4.63 735.9 18.0 4.22 692.3
20.1 4.66 742.7 21.4 4.28 704.6
22.1 4.69 748.0 23.2 4.30 710.6
23.8 4.72 752.3 25.8 4.34 718.7
24.4 4.72 753.7 27.9 4.38 724.7
25.0 4.73 755.2 29.8 4.40 729.9
27.6 4.75 761.2 32.5 4.44 736.8
30.0 4.78 766.4

a Liquid densities (Fcalcd) calculated using the Peng–Robinson
equation of state are also given.
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mixtures described here. The change in composition for the
DME + CO2 mixture liquid phase is shown in Figure 2 for
initial DME mass fractions (�1) of 0.25, 0.48, and 0.75. The
calculations show a maximum absolute variation of 0.010 for
the �1 ) 0.75 mixture, increasing to 0.014 for the �1 ) 0.25
mixture.

The relative permittivities were correlated to mixture com-
position, fluid density, and temperature using the simple
empirical equation

εr )
A
T
+B ln Fcalcd +C (2)

where T is the temperature in K; Fcalcd is the PR EOS-calculated
fluid density in kg ·m-3; and A, B, and C are constants given
by

A)�1(a0 - a1)+ a1 (3)

B) b0 + b1�1 + b2�1
2 + b3�1

3 (4)

C) c0 + c1�1 + c2�1
2 + c3�1

3 (5)

The constants for eqs 3 to 5 are given in Table 2. The correlation
is applicable to pure CO2, DME + CO2 mixtures, and pure DME
in the temperature range (313 to 333) K at pressures above the
saturation curve. The experimental εr values are compared to
the values calculated using eq 2 in Figure 1. The correlations
have a maximum deviation, [(experimental - calculated)/
experimental] ·100, of ( 2.8 % over all compositions.

Conclusion

The relative permittivities of DME + CO2 mixtures [(0.25,
0.48, and 0.75) mass fraction of DME] at (313 and 333) K have
been measured in the pressure range (3.9 to 32.5) MPa. Under
these conditions, the isothermal pressure dependence of the
relative permittivity, (δεr/δP)T, is always positive, and the
isobaric temperature dependence, (δεr/δT)P, is always negative.
The change in liquid phase composition during cylinder draw-

down was calculated using the Peng–Robinson equation of state,
and the maximum absolute variation in composition was
considered in the relative permittivity uncertainty calculations.
The relative permittivity was fitted to the temperature, mixture
density, and mass fraction of DME using a simple empirical
equation. At pressures above the saturation curve, this empirical
equation can be used to estimate the relative permittivity of CO2,
DME + CO2 mixtures, and pure DME in the temperature range
(313 to 333) K to within ( 2.8 % of experimental values.
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