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Volumetric Behavior and Saturated Pressure for Carbon Dioxide+ Ethyl Acetate
at a Temperature of 313.15 K

Masahiro Kato,* Daisuke Kodama, Masami Sato, and Koki Sugiyama

Department of Materials Chemistry and Engineering, College of Engineering, Nihon University,
Koriyama, Fukushima 963-8642, Japan

Volumetric property was measured for carbon dioxiglethyl acetate af = 313.15 K and pressures to 10 MPa.
Saturated pressure was also measured by the synthetic method. The experimental data obtained were correlated
with various equations of state.

Introduction Table 1. Physical Properties of Material Used

Fish oil ethyl esters are derived from esterification with TvK p(298.15 K)kgm™  np/(298.15K)
ethanol. The separation and fractionation of eicosapentaenoic material exptl it exptl lit® exptl lit?
acid from fish oil with supercritical carbon dioxide have been ethyl acetate 350.21 350.21  894.4 894.46  1.3702 1.3704
studied by others? The volumetric properties and vapdiquid
equilibria (VLE) for (carbon dioxide+ ethyl acetate) are aTRC Thermodynamic Table Non-HydrocarbdAs? Timmermang?
required to design the separation equipnient.

For (carbon dioxidet ethyl acetate), VLE were reported by
Wagner and Pavliek.? Chrisochoou et aP and da Silva et &.
atT = 313.15 K, however, with big differences between them.
However, ref 4, 5 and 6 do not report volumetric data. Smith et
al2 have reported the volumetric behavior of (carbon dioxide
+ ethyl acetate) at = 313.2 K, using the flow apparatus.

In the present study, the volumetric properties were measured
in the homogeneous region for (carbon dioxidethyl acetate)
atT = 313.15 K. The saturated pressure was also measured by
the synthetic method.

Experimental Sections

Materials. The carbon dioxide was supplied by Showa Tansan
Co. Ltd. with a mole fraction purity stated by them of 0.99999.
Ethyl acetate was supplied by Wako Pure Chemicals Co. Ltd. Figure 1. Schematic diagram of experimental apparatus: A, variable
It was used without further purification. Gas chromatograph Volume cell; B, nitrogen reservoir; C, circulation pump; D, density meter;
analysis gave a mole fraction purity 0.999. The physical E, constant temperature liquid bath; F, gas reservoir; G, pressure gauge; H,

. - . . . hand pump; N, air dead weight gauge; O, oil dead weight gauge; P, piston;
properties of ethyl acetate used in this work are listed in Table R, reservoir; S, hand syringe pump: T, pressure transducer; V, valve; W,

1. visual glass window.
Apparatus and ProcedureThe experimental apparatus is
schematically shown in Figure 1. The apparatus is the same as ) ) .
that described previousk2° The maximum operating temper- (78 and 134) crhby moving a piston, which gave a volume
ature and pressure of the apparatus are 400 K and 20 MPaUncertainty of+ 0.01 cni¥. The accuracy with which the total

respectively. The main parts of the apparatus are a variableVolume is known is about 1 cnv. , o
volume cell, A; piston, P; Ruska 2465-752 and Ruska 2470- _ First, the cell is evacuated and then filled with carbon dioxide.

703 air lubricated dead weight gauge, N; Ruska 2480-700 oil The pressure difference between the upper and lower spaces is
dead weight gauge, O; hand pump syringe, S; Anton Paar DMA kept close to zero. The temperature and pressure are measured.
512P density meters, D; circulation pumps, C; gas reservoir, F; The volume is determined by the motion of the piston. The
and Ruska 2439-702 pressure transducers, T. The apparatus idmount of carbon dioxide is determined from the volume and
housed in a constant temperature liquid bath E controlled to a density. The volume of ethyl acetate is charged into the cell
temperature to about 0.01 K. Temperatures were measured With the syringe pump S with an uncertainty 0.01 cnf. As

with the Hewlett-Packard 2804A quartz thermometer. The the volume of cell Ais changed, the volumetric properties of
volume of the lower portion of the cell could be varied between the mixture can be measured at a fixed and known composition.
The discontinuity of the pressure as a function of cell volume,

*To whom correspondence should be addressed. Fax: (81)-24-956-8862.2S shown in Figure 2, is used als_the determinant of the_ Sa_turation
E-mail: mkatoh@chem.ce.nihon-u.ac.jp. pressure. The saturated densities of the vapor and liquid were
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' - @ exp ' at 313.15 K: <experimentat this work: @, x; = 0.0; A, 0.1; 1, 0.2; @,
M 0.4; v, 0.6; solid triangle pointing right, 0.8, Smith et &lQ, x; = 0.0; A,
0.1;0, 0.2;<, 0.4;v, 0.6; open triangle pointing right, 0.8,correlated;
—, egs 1to 14.
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Figure 3. Experimental and correlatd densities for carbon dioxide+1)
ethyl acetate (2) at 313.15 K®, 10 MPa;a, 9 MPa;l, 8 MPa; ¢, 7 i
MPa; v, 6 MPa;O, 5 MPa; A, 4 MPa;00, 3 MPa; <, 2 MPa;v, 1 MPa; 00 200 200 500 800 1000
—, eqs 1to 14. Y
p lkg*m

measured at fixed pressures, while maintaining the VLE Figure 5. Saturated density behaviors of carbon dioxide{Bthyl acetate
' (2) at 313.15 K: @, this work; —, egs 1 to 14— —, pseudocubic EOS

separation in the cell. (kj = 0.0838); - - -. SRK EOSK, = —0.0028).

Results and Discussion

The experimental densities of fixed compositions for (carbon . . - .
L = - the ones in the literature. As shown in Figure 6, large differences
dioxide + ethyl acetate) al = 313.15 K are shown in Table . ;
2. and Figures 3 and 4 show the average difference of 0.1 o, €Xist between the three set of results from the literature. The
data given by Chrisochoou et @hgree well with the present

between our results and those reported by Smith étTale - audl -
experimental saturated pressures and densities are listed in Tabl§XPerimental ones as shown in Figure 6, giving the average

3, and Figure 5 shows the experimental saturated density ofdifference in eq.uilibrium liquid composition mole fract.ion of
vapor and liquid phases at equilibria. Figure 6 shows the 0.012. The previous data reported by Wagner and Reifland

pressure-composition diagram for (carbon dioxidé ethyl da Silva et af are inconsistent with the our experimental results,
acetate) af = 313.15 K, including the experimental data and as shown in Figure 6.

Table 2. Experimental Density p, Mole Fraction x, and PressureP for Carbon Dioxide (1) + Ethyl Acetate (2) at 313.15 K
plkg-m~3 atP/MPa

X1 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
0.000 876.9 878.0 878.9 880.0 881.0 881.9 882.9 883.9 884.9 885.9
0.100 880.2 881.4 882.5 883.7 884.7 885.9 887.0 888.0 889.1 890.1
0.200 884.1 885.4 886.7 887.9 889.2 890.4 891.6 892.7 893.9
0.300 886.2 887.6 889.1 890.5 891.9 893.3 894.6 896.0 897.2
0.400 888.8 890.6 892.2 893.9 895.4 897.0 898.6 900.0
0.500 889.9 891.9 893.9 895.8 897.7 899.6 901.4
0.600 890.1 892.6 895.0 897.4 899.7
0.700 879.2 882.7 886.2 889.4 892.5
0.800 858.2 863.7 869.0 873.9
0.900 800.6 813.0 823.7
0.950 745.6 767.4
1.000 17.8 37.3 58.6 83.4 112.5 148.7 197.5 276.7 482.6 627.3
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Table 3. Saturation PressureP, Liquid Mole Fraction X, Liquid wherex; is the mole fraction of carbon dioxide:

Density p., and Vapor Density py for Carbon Dioxide (1) + Ethyl

Acetate (2) at 313.15 K pgef —885.9 kg/n’? 4)
P/MPa X1 ou/kg-m—3 pvlkg-m—3 m=41.85 )
0.629 0.108
1.226 0.208 K« = —1.528 (6)
1.881 0.308 _
2.000 886.7 38.8 ;= 0.256 Q)
2.551 0.408 7, = —1.404 (8)
3.000 888.8 61.8
3.338 0.500 7,=0.448 9)
4.000 885.7 88.2
4.146 0.608 The parameters and 3 were correlated by
5.000 874.8 118.8
5.038 0.708 ¢=0.0885 (10)
5.959 851.%7 156.9 B
6.000 849.1 159.00 _
6.031 0.808 ng=A+ x,+C (11)
6.500 825.8 184.¢¢
6.766 808.8 200.7
6.888 798.8 206.9 where
6.953 792.9 212.9 _
7.089 780.8 223.00 A=5.104 (12)
7.153 7745 227.8 B =0.8801 (13)
7.220 0.908 _
7.520 730.4 263.P C=-1.066 (14)
7.788 0.958

The calculation results with egs 1 to 14 were shown in Figures
a Synthetic methoc? VLE separation. 3 to 6, giving an average difference of 0.01 % for our

experimental density data in the composition mole fraction of
10

Che carbon dioxide range between 0.0 and 0.8
The experimental saturated data obtained were correlated with
gl _ | the conventional SRK equation of stiteand pseudocubic
P=895 kg/m a1b . . . )
| equation of state. The pseudocubic equation of Ltaie
s ) % expressed as follows:
6} 80 <>A
g 70 o _RT a
% QOA s P—U*_b—p (15)
4 o A é
o A | = (v — eb)(v + ob) (16)
8 A A v
2l X o é
| 8% > | e=1-0)(& -2 @av
> o=(1-0)§+2) (18)
80 0.2 0.4 0.6 0.8 1.0 -
X4 E= 1-96 (19)
Figure 6. VLE and density curves for carbon dioxide (*)ethyl acetate 8
(2) at 313.15 K: —@—, —, this work; &, Wagner and Paviek;* O, f = ic (20)
Chrisochoou et aP;A, da Silva et al§— - —, eqs 1 to 14:- —, pseudocubic 3
EOS k; = 0.0838); - - -, SRK EOSK; = —0.0028). Py
— c”c (21)
Correlation ¢ RT
The experimental volumetric data were correlated with the a=Ka, (22)
Tait equation as follows: RT,
= ﬁ (23)
—1 c
p=p1-cnlEE ) >
ﬁ 4 Pref B 27(RT() ”
&= e (24)

. C
wherep'f andP'ef are the reference density and pressureand

andp are fitting parameters. In the present study, the reference InK,=S1-/T) (25)
state was given & = 10 MPa:

and
P*'=10x 10°Pa () S=1.1746+ 3.453% (26)
The reference densitigg® at P = 10 MPa in Table 2 were ~ whereP, R, T, v, Z, andw, respectively, denote the pressure,
correlated as follows: gas constant, temperature, molar volume, compressibility factor,
and acentric factorK,, S a, b, €, 6, o, and & represent the
1+ KXy + %2 parameters. The subscripts ¢ and r denote the critical properties

P =o'+ m (3) and reduced properties, respectively. The asterisk indicates the

2
1+ox + 1 apparent value.
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The following mixing rules were used, introducing binary  (3) Srrl\ith, R. IB.,th.; YaTaghUCIhi, T Sator,1 IT Suzuki, H.;hAIrIai, K.
i i Volumetric behavior of ethyl acetate, ethyl octanoate, ethyl laurate,
Interaction parametqu' ethyl linoleate, and fish oil ethyl esters in the presence of supercritical
CO2.J. Supercrit. Fluids1998 13, 29—36.
a= Xa: b= xb:. 6= 6. (27 (4) Wagner, Z.; Paftek, J. Vapour-liquid equilibrium in the carbon
Z Jz X8 .z JZ X505 .Z X0 (@7) dioxide+ ethyl acetate system at high pressifieid Phase Equilib
1994 97, 119-126.
b -+ b (5) Chrisochoou, A.; Schaber, K.; Bolz, U. Phase equilibria for enzyme-
= (1 — k. . = J catalyzed reactions in supercritical carbon dioxleid Phase Equilib
3 =(1-k)yag and by=— (28) 1995 108 1-14.
(6) da Silva, M. V.; Barbosa, D.; Ferreira, P. O.; Mendand. High-

. - .. . pressure phase equilibrium data for the system carbon dioxide/ethyl
wherex is the mole fraction. The subscrifitandj denote the acetate and carbon dioxide/isoamyl acetate at 295.2, 303.2 and 313.2
components. K. Fluid Phase Equilib200Q 175 19-33.

The binary interaction parametky was found to be 0.0838 (7) Kato, M.; Aizawa, K.; Kanahira, T.; Ozawa, T. A new experimental

. . . method of vaporliquid equilibria at high pressured. Chem. Eng.
from our experimental bubble point-pressure data in the lower Jpn. 1991, 24, 767-771.

pressure regions. In this correlation, the critical properties and (8) Kodama, D.; Kubota, N.; Yamaki, Y.; Tanaka, H.; Kato, M. High-
acentric factors for carbon dioxide and ethyl acetate were pressure vaperliquid equilibrium and density behaviors for carbon
obtained from ref 13. dioxide + methanol system at 313.15 Ketsu Bussei996 10, 16—

. ' 20.
) The values obtained from the equations of state are shown (g) vaginuma, R.; Nakajima, T.; Tanaka, H.; Kato, M. Densities of carbon
in Figures 5 and 6. In Figures 5, the solid, dotted, and broken dioxide+ 2-propanol at 313.15 K and pressures to 9.8 MP&hem.
lines, respectively, denote the values obtained from the Tait Eng. Datal997 42, 814-816.

equation, the values obtained from the SRK equation, and those(10) Yaginuma, R Ng{'i‘.aj"{‘ja' T.-IibT.a?aka' [ Kato, M. Vo'umel”ic
¢ the pseudocubic equation. The solid line in Figure 5 was properties and vapetiquid equilibria for carbon dioxide- 1-propano
rom pseudocunic equation. 1d line i Figu w system at 313.15 KEluid Phase Equilib1998 144 203-210.

calculated by egs 1 to 14, giving the experimental saturated (11) Soave, G. Equilibrium constants from a modified Redtighvong
pressure and composition in Table 3. The solid line shows the equation of stateChem. Eng. Scil972 27, 1197-1203. _
excellent agreement with the experimental saturated liquid (12) Kato. M.; Tanaka, H. A new three-parameter pseudo-cubic equation

. . of state.Adv. Cryog. Eng.1986 31, 1169-1179.
densities at pressures lower than 6 MPa. At pressures higher, 3y pojing. B. E.. Prausnitz, J. M.. O’Connell, J. Fhe Properties of

than 6 MPa in Figure 5, the solid line deviates from the Gases and Liquidssth ed.; McGraw-Hill: New York, 2001.
experimental ones, as the saturated composition mole fraction(14) TRC Thermodynamic Tables. Non-Hydrocarhofisermodynamics
of carbon dioxide is greater than 0.8. The Tait equation (eq 1) Research Center: The Texas A&M University System, College Station,

. .. - TX, 1995; Vols. | and IIl.
is useful for IIqUId but cannot be applled for gas. At the (15) Timmermans). Physico-Chemical Constants of Pure Organic Com-

composition mole fraction of carbon dioxide greater than 0.8, pounds Elsevier: New York, 1950; Vol. 1.
the fluid is far from liquid. Figure 6 shows the VLE and density
curves. . .
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