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Correlation of High Pressure Density Behaviors for Fluid Mixtures made
of Carbon Dioxide with Solvent at 313.15 K
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Abstract: High pressure density behaviors for fluid mixtures made of carbon dioxide with solvent, methyl acetate, ethyl
acetate, 2-propyl acetate, methanol, 1-propanol, or 2-propanol, at 313.15 K were satisfactorily correlated. The standard
deviations were between 0.4 and 2.2 kg m™ in density for each system in the composition range from 0.00 to 0.95 mole

fraction of carbon dioxide.

INTRODUCTION

Carbon dioxide is the most popular component as a su-
percritical fluid. The fluid behaviors of mixtures made of
supercritical carbon dioxide with solvent are required in the
design and operation of supercritical extraction processes.
Methyl acetate, ethyl acetate, 2-propyl acetate, methanol, 1-
propanol, and 2-propanol are typical worthy solvents in
chemical industry. The authors [1-6] therefore measured the
high pressure density behaviors for fluid mixtures made of
supercritical carbon dioxide with those solvents. In the pre-
vious studies, an equation for the correlation of density be-
haviors of fluid mixtures at high pressures was presented.
The composition range was limited from 0.00 to 0.80 mole
fraction of carbon dioxide. In the present study, an equation
for the correlation of density behaviors of fluid mixtures at
high pressures is presented to expand the applicable compo-
sition range from 0.00 till 0.95 mole fraction of carbon diox-
ide, modifying the previous equation. With the present den-
sity equation, the high pressure density data previously re-
ported by the authors for six binary mixtures made of super-
critical carbon dioxide with solvent, methyl acetate, ethyl
acetate, 2-propyl acetate, methanol, 1-propanol, or 2-
propanol, at 313.15 K were successfully correlated.

DENSITY DATA

The experimental density data at high pressures were
obtained with the variable volume apparatus equipped with
the vibrating tube densimeters. The apparatus was described
previously [1-6]. The maximum operating temperature and
pressure of the apparatus are 400 K and 20 MPa, respec-
tively. The main parts of the apparatus are a variable volume
cell, piston, Ruska 2465-752 and Ruska 2470-703 air lubri-
cated dead weight gauge, Ruska 2480-700 oil dead weight
gauge, hand pump syringe, Anton Paar DMA 512P vibrating
tube densimeters, circulation pumps, gas reservoir, and
Ruska 2439-702 pressure transducers. The vibrating tube
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densimeters were calibrated by dry air and pure water at the
experimental temperature.

The apparatus is housed in a constant temperature liquid
bath controlled to a temperature to about +0.01 K. Tempera-
tures were measured with the Hewlett Packard 2804A quartz
thermometer calibrated by the triple point of water. The vol-
ume of the lower portion of the cell could be varied between
234 and 299 cm® by moving a piston, which gave a volume
uncertainty of +0.01 cm®. First, the cell is evacuated and then
filled with carbon dioxide. The pressure difference between
the upper and lower spaces is kept close to null, to minimize
the leakage between the upper and lower rooms in the cell.
The volume is determined by the motion of the piston. The
amount of carbon dioxide is determined from the volume
and density.

The solvent was first degassed by the ultrasonic genera-
tor in vacuum about 15 minutes. The solvent is then charged
into the cell with the syringe pump with an uncertainty +0.01
cm?. After pressurizing the syringe pump, the solvent is in-
jected into the cell as quickly as possible, to eliminate the
dissolution effect of carbon dioxide into the solvent in the
syringe pump. The amount of solvent can be determined by
the volume and density. The composition of the mixture was
evaluated by the amount of carbon dioxide and the one of the
solvent injected into the cell. As the volume of cell is
changed, the volumetric properties of the mixture can be
measured at a fixed and known composition The reliability
of the experimental procedures had been confirmed by the
agreement between the synthetic bubble point pressure
measurements with the present apparatus and the analytical
vapor-liquid equilibrium measurements in the separate con-
ventional apparatus [4, 7]. The high pressure density behav-
iors for fluid mixtures made of carbon dioxide with methyl
acetate, ethyl acetate, 2-propyl acetate, methanol, 1-
propanol, or 2-propanol at 313.15 K were measured by the
authors [1-6]. For carbon dioxide+ethyl acetate, the density
data reported by Smith et al. [8] deviated 0.8 kg m™ from the
experimental ones reported by the authors [2].

The experimental uncertainties of the pressure, density,
temperature and composition are 0.001 MPa, 0.1 kg m*,
0.01 K, and 0.001 mole fraction, respectively. Carbon diox-
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ide is given with the guarantee better than 99.9 mol%. The
purities of solvents, methyl acetate, ethyl acetate, 2-propyl
acetate, methanol, 1-propanol, and 2-propanol, are 99.9,
99.9, 99.9, 99.8, 99.9, and 99.9 mol% in gas chromatograph
peak areas, respectively.

DENSITY EQUATION

The high pressure density data [1-6] of the six fluid mix-
tures made of carbon dioxide with methyl acetate, ethyl ace-
tate, 2-propy! acetate, methanol, 1-propanol, or 2-propanol at
313.15 K have been correlated by the following density Eq.

(D).

o o
X1 P X P2 "'O‘Xlxz{

1- (P/P*) }

- In{l— 1+ exp[A— B/ (xl+ 6X, )]

where, p, x, and P are density, composition of mole frac-

tion, and pressure, respectively. The superscript O denotes
pure. P means the reference pressure at high pressure. The
subscripts, 1 and 2, denote carbon dioxide and solvent, re-
spectively. Eq. (1) has six parameters, o, 8, kK, A, A, and

B. Those parameters are independent on composition.
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Smith et al. [8] correlated their volumetric density data
for supercritical carbon dioxide+ester mixtures with the Tait
equation [8, 9] for liquid density at high pressure. The
authors [2] previously correlated the density data for carbon
dioxide-ethyl acetate by the nine parameter density equation,
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modified the Tait equation [8, 9]. The parameters were
evaluated by giving selected individual points, not with the
optimization. In the next study [10], the previous density
equation was simplified to reduce the number of parameters
from nine to eight. The eight parameters are obtained by the
optimization of the Marquardt method to minimize the sum
of the square of the difference between the calculated density
and experimental one in the composition range of the mole
fraction of carbon dioxide from 0.00 to 0.80.

In the present study, the previous density equation was
simplified to reduce the number of parameters from eight to
six. The applicable composition range was expanded from
0.00 to 0.95 in the mole fraction of carbon dioxide. The pre-
vious applicable composition range was from 0.00 to 0.80.
The parameters in Eq. (1) and the average standard devia-
tions are shown in Table 1, giving fine results as the standard
deviations between 0.4 and 2.2 kg m™ in density. The aver-
age standard deviations are 1.1 and 3.3, respectively, in the
present study and the previous study [10] for the composi-
tion range from 0.00 to 0.95 of mole fraction of carbon di-
oxde. The average standard deviation of density in the com-
position range over 0.80 till 0.95 are 3.1 and 12.7 kg m,
respectively, in the present study and the previous study
[10].

Fig. (1) gives the density behaviors of carbon diox-
ide+ethyl acetate system at 313.15 K, with high performance
of Eq. (1) for the density calculation. The points denote the
experimental data given by the authors [2] and by Smith
et al. [8] in Fig. (1). The continuing line and dotted one, re-
spectively, show the calculation results by Eq. (1) in the pre-

Table 1. Parameters in Density Equation for Fluid Mixtures at 313.15 K
N oY oY p* a ] K A A B o
Carbon Dioxide(1) + Methyl Acetate(2) [1]
68 ‘ 627.4 ‘ 917.1 ‘ 10.000 ‘ 3900.9 ‘ 10.989 ‘ 104.309 ‘ 127.488 ‘ 5.3754 ‘ 5.6700 ‘ 0.8
Carbon Dioxide (1) + Ethyl Acetate(2) [2]
72 ‘ 627.4 ‘ 885.9 ‘ 10.000 ‘ 4383.6 ‘ 0.266 ‘ -9.256 ‘ 3.960 ‘ 5.4028 ‘ 5.45435 ‘ 0.4
Carbon Dioxide (1) + 2-Propyl Acetate(2) [3]
69 ‘ 627.4 ‘ 859.1 ‘ 10.000 ‘ 4419.6 ‘ 1.220 ‘ 5.555 ‘ 20.151 ‘ 5.3128 ‘ 5.13185 ‘ 0.6
Carbon Dioxide (1) + Methanol(2) [4]
26 ‘ 619.0 ‘ 782.4 ‘ 9.887 ‘ 5571.9 ‘ 19.173 ‘ 145.158 ‘ 272.359 ‘ 5.6867 ‘ 8.69085 ‘ 2.2
Carbon Dioxide (1) + 1-Propanol(2) [5]
63 ‘ 612.0 ‘ 796.0 ‘ 9.800 ‘ 6861.2 ‘ 24.893 ‘ 504.251 ‘ 596.048 ‘ 5.4301 ‘ 6.04270 ‘ 1.3
Carbon Dioxide (1) + 2-Propanol(2) [6]
67 ‘ 612.0 ‘ 776.9 ‘ 9.800 ‘ 4175.5 ‘ 10.991 ‘ 142.756 ‘ 176.513 ‘ 5.3461 ‘ 6.17245 15
Average 11
i (peepea)’
o :standard deviation o= E%(kg m,3)

N : number of data points, plo* - density of CO, at reference pressure(kg m™)

pg* : density of solvent at reference pressure(kg m=), P”: reference pressure(MPa)
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sent study and the calculated ones in the previous study [10].
The molar volume was calculated by the following Egs. (2)
and (3).
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Fig. (1). Volumetric property for carbon dioxide(1) + ethyl ace-
tate(2) at 313.15 K.

Experimental

@: Kato et al. [2],

O: Smith et al. [8]

Calculated
Eq. (1), --------- Kato et al. [10].
M
V=— )
o
M =M, +x,M, ®)

where, V, M, x, and p denote the molar volume, molecular

weight, composition in mole fraction, and density, respec-
tively. The subscripts, 1 and 2, denote carbon dioxide and
solvent, respectively.

Fig. (2) shows the molar volume at the reference high
pressures for six fluid mixtures made of carbon dioxide with
methyl acetate, ethyl acetate, 2-propyl acetate, methanol, 1-
propanol, or 2-propanol at 313.15 K.

The partial molar volumes of carbon dioxide and solvent
were calculated as follows:

V—V(S_V) @
1
- _ av
V, =V - Xl(d_xl) 5)

in which, V and x, respectively, denote the partial molar
volume and composition in mole fraction. The subscripts, 1
and 2, denote carbon dioxide and solvent, respectively.
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Fig. (2). Molar volumes of fluid mixtures at 313.15 K.
Experimental

: CO,(1)+methyl acetate(2) at 313.15 K and 10.000 MPa
: CO,(1)+ethyl acetate(2) at 313.15 K and 10.000 MPa

: CO,(1)+2-propyl acetate(2) at 313.15 K and 10.000MPa
: CO,(1)+methanol(2) at 313.15 K and 9.887 MPa

: CO,(1)+1-propanol(2) at 313.15 K and 9.800 MPa

1 CO,(1)+2-propanol(2) at 313.15 K and 9.800 MPa
Calculated

Eq. (1) ,--------- Kato et al. [10].

C«ol» O

Figs. (3) and (4) show the partial molar volume of carbon
dioxide and each solvent at the reference pressure P", respec-
tively. As shown in Fig. (3), the partial molar volume of car-
bon dioxide grew large, increasing the composition of car-
bon dioxide. As shown in Fig. (4), the partial molar volume
of solvent sharply fell in the high composition range of car-
bon dioxide.

The partial molar volume of carbon dioxide at infinite

dilution V1 was calculated as follows:

S dv
V, =V + (—) 6
dx, %20 Q)

where V20 represents the molar volume of pure solvent at
given pressure.

Fig. (5) shows the partial molar volume of carbon diox-
ide at infinite dilution, giving the linear relation with pres-
sure.

CONCLUSIONS

An equation for the correlation of high pressure density
behaviors of fluid mixtures made of carbon dioxide with
methyl acetate, ethyl acetate, 2-propyl acetate, methanol, 1-
propanol, or 2-propanol at 313.15 K was presented with the
standard deviations between 0.4 and 2.2 kg m™ in density in
the composition range from 0.00 to 0.95 mole fraction of
carbon dioxide.
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Fig. (3). Partial molar volume of carbon dioxide in fluid mixtures at high pressures P*.

() COy(1)+methyl acetate(2) at 313.15 K and 10.000 MPa
(I11) COy(1)+2-propyl acetate(2) at 313.15 K and 10.000MPa
(V) COy(1)+1-propanol(2) at 313.15 K and 9.800 MPa
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Fig. (4). Partial molar volume of solvents in fluid mixtures at high pressure P*.
() COy(1)+methyl acetate(2) at 313.15 K and 10.000 MPa

(I11) COy(1)+2-propy! acetate(2) at 313.15 K and 10.000MPa
(V) COy(1)+1-propanol(2) at 313.15 K and 9.800 MPa

(I1) CO,(1)+ethyl acetate(2) at 313.15 K and 10.000 MPa
(IV) COy(1)+methanol(2) at 313.15 K and 9.887 MPa
(V1) CO,(1)+2-propanol(2) at 313.15 K and 9.800 MPa

1.0

(1) CO,(1)+ethyl acetate(2) at 313.15 K and 10.000 MPa
(IV) COy(1)+methanol(2) at 313.15 K and 9.887 MPa
(V1) CO,(1)+2-propanol(2) at 313.15 K and 9.800 MPa
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() COy(1)+methyl acetate(2) at 313.15 K
(1) COy(1)+2-propy! acetate(2) at 313.15 K
(V) COy(1)+1-propanol(2) at 313.15 K

NOMENCLATURE

A B, o, B, Kk, A =  Parameters in Eq. (1)

M = Molecular weight (kg kmol™)

N = Number of data points

P = Pressure (MPa)

\% = Molar volume (m* kmol™)

\Y = Partial molar volume (m* kmol™)

X = Mole fraction

p = Density (kg m?)

o Subscripts =  Standard deviation on density
(kg m?)

1 =  Carbon dioxide

2 =  Solvent

calc =  Calculated

expl superscripts = Experimental

0 = Pure

* = Reference state
o = Infinite dilution
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Fig. (5). Partial molar volume of carbon dioxide at infinite dilution in fluid mixtures.

(I1) CO,(1)+ethyl acetate(2) at 313.15 K
(IV) COy(1)+methanol(2) at 313.15 K
(V1) CO,(1)+2-propanol(2) at 313.15 K
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