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Abstract—Pressure-composition isotherms were obtained for the carbon dioxide+1-hexene system at 40, 60, 80, 100
and 120 °C and pressure up to 120 bar and for carbon dioxide+2-ethyl-1-butene system a 40, 75 and 100 °C and pres-
sure up to 115 bar. The accuracy of the experimenta apparatus was tested by comparing the measured phase equi-
librium data of the carbon dioxide+1-hexene system at 40 °C and 60 °C with those of Wagner and Wichterle [1987],
and Jennings and Teja [1989]. The solubility of 1-hexene and 2-ethyl-1-butene for the carbon dioxide+1-hexene and
carbon dioxide+2-ethyl-1-butene systems increases as the temperatures increases at constant pressure. These two carbon
dioxide-polar solute systems exhibit type-1 phase behavior, which is characterized by an uninterrupted critical mixture
curve that has a maximum in pressure. The experimental data are modeled by using the Peng-Robinson equation of
state. A good fit of the data is obtained with Peng-Robinson equation of state using two adjustable parameters for car-
bon dioxide+1-hexene and carbon dioxide+2-ethyl-1-butene systems.
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INTRODUCTION

The phase equilibrium of mixtures containing carbon dioxide is
important for industrid gpplications, supercriticd fluid extraction,
and separaion process design. The advance of supercritica fluid
process development depends on new phase behavior experimen-
td data on vapor-liquid, liquid-iquid-vapor, and liquid-liquid equi-
libria. Recently, we have reported high-pressure phase behavior ex-
periments for binary mixtures containing supercritical carbon diox-
ide [Byun and Shin, 2003; Byun, 2002; Byun and Kwak, 2002].
Supercriticd carbon dioxide is the sustaingble solvent in supercriti-
cd fluid processss because it is environmentdly benign, nonhaz-
ardous, nontoxic and is d <o readily available because it has alow
temperature and low pressure, reldively.

To design supercritica carbon dioxide-monomer separetion pro-
ceses, one mudt firgt characterize the phase behavior of the solute
in the supercritical carbon dioxide of interest.

Byun and Kwak [1999] reported the phase behavior experimen+
td data of carbon dioxide-isopropanol system at temperature of 40-
120°C and pressure up to 133 bar for separation process. Recently,
McHugh et a. [1998] studied the phase behavior of butyl acrylate
and ethylhexyl acrylate in supercritical carbon dioxide. The phase
behavior of butyl methacrylate and ethyl methacrylate in carbon
dioxide was d 0 gudied by Byun and McHugh [2000].

The primary objective of thiswork was to expand the high pres-
sure and to obtain experimenta datafor carbon dioxide-solute mix-
tures by investigating mixtures of carbon dioxide with two polar com-
pounds, one s the pure component of 1-hexene with alarge dipole
moment of 21 D [Red et d., 1987], and the other is 2-ethyl-1-butene
with no experimenta data. The experimenta pressure-compogition
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(P-x) isotherms are presented for the system of carbon dioxidet+1-
hexene and carbon dioxide+2-ethyl-1-butene mixtures. Also, the
pressure-temperature trace of the mixture critica pointsis presented
by measuring a portion of vicinity of the between critica point pure
carbon dioxide, 1-hexene and 2-ethyl-1-butene.

A secondary objective of this work was to compare the perfor-
mance of the Peng-Robinson equation of date with experimenta
data of the phase behavior of the two polar systems

EXPERIMENTAL SECTION

1. Materials

Carbon dioxide was obtained from Daesung Oxygen Co. (99.9
minimum purity) and used asreceived. The 1-hexene (99.9% purity)
and 2-ethyl-1-butene (99.6% purity) usad in thiswork were obtained
from Jeewon Indugtrid Co. and Aldrich Co., respectively. Both com-
ponents were used without further purification in the experiments
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Fig. 1. Schematic diagram of the high-presaure experimental appa-
ratusused in this study.
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2. Apparatus and Procedure

Fig. 1 showsaschemdtic diagram of the experimentd gpparatus
used in this work. The main component of the apparatusisahigh
pressure, variable-volume cdl [Byun and Park, 2002; Lee and Mc-
Hugh, 2002; Lee and Kim, 2002] which is congructed of a high-
nickd -content augtenitic sted and capable of operating up to pres-
sures of 2,000 bar. After the empty cdl is purged severd times with
nitrogen to remove traces of oxygen, 1-hexene (or 2-ethyl-1-butene)
is loaded into it to within £0.002 g by using a syringe. Carbon di-
oxide is then added to the cdll to within £0.004 g by using a high-
pressure bomb. The mixture in the variable-volume cdl is com-
pressed to the desired pressure by moving a piston located within
the cdl. The piston in the cell is moved using water pressurized by
a high-pressure generator (HIP Inc., modd 37-5.75-60). The pres-
sure of the mixture is messured with a Heise gauge (Dresser Ind.,
modd CM-53920, 0 to 340 bar, accurate to within 0.4 bar).

The cdl in air bath is heated by a heating coil. The temperature
of the cdl ismeasured with a platinum-res stance thermometer (Ther-
mometrics Corp., Class A) and a digitd multimeter (Yokogawa,
mode 7563, accurate to within £0.005%). The mixture indgde the
cdl isviewed on avideo monitor with a CCD camera (Watec Co.,
mode WAT-202B) coupled to a borescope (Olympus Corp., moddl
F100-038-000-50) placed againgt the outside of the sgpphirewindow.

While being maintained a room temperature, the cell is purged
firgt with nitrogen at pressures of 3 to 5 bar and then with the CO,
solvent at 3 to 6 bar to remove any entrapped ar. Approximately
1.0 to 8.0+0.004 g of CO, are trandferred into the cell, which had
been previoudy loaded with 0.1 to 7.0+0.002 g of 1-hexene (or 2-
ethyl-1-butene), depending on the desired mass fraction of 1-hex-
ene (or 2-ethyl-1-butene) in solution. The system pressure is mea:
aured to within £0.4 bar and the system temperature is maintained
towithin£0.2°C.

To reach thermd equilibrium, the cdl is maintained at the tem-
perature of interest for at leest 50-60 minutes. The mixture in the
cdl is compressed to a single phase and the pressure is then dowly
decreased until a second phase gopears. A bubble point is obtained
if samal bubbles gppear in the cdll, and adew point is obtained if a
fine migt gppears in the cdl. In dther case, the compogtion of the
predominant phase present in the cdl is equd to the overal solu-
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Fig. 2. Comparison of molefraction for the carbon dioxide+1-hex-

ene sysem obtained in this sudy and Wagner and Wich-
terleat 40°C and Jenningsand Teja at 60 °C.

tion compaosition asthe amount of mass presant in the second phase
isconddered negligible.

RESULTSAND DISCUSSION

To check the righility of the experimenta gpparatus, we mea-
aured the phase behavior datafor a binary carbon dioxidet+1-hexene
mixture with the mole fractions as a mixture messured previoudy
by Wagner and Wichterle [1987] at 40°C and Jennings and Tga
[1989] a 60 °C. Asshown in Fg. 2, the experimentd datawerein
good agreement with exiging reliable deta.

Table 1. Experimental data for the CO,+1-hexene sysem mea-
aured in thisstudy. BP isa bubble-point, CPisa critical-
point and DP isa dew-point

Mole fraction 1-hexene Pressure (bar) Transition
t=40°C
0.028 813 CP
0.051 814 BP
0.062 80.3 BP
0.077 77.6 BP
0.086 76.6 BP
0.091 76.9 BP
0.093 76.9 BP
0.114 74.8 BP
0.115 74.1 BP
0.137 724 BP
0.147 713 BP
0.160 70.7 BP
0.186 69.0 BP
0.229 63.5 BP
0.266 60.1 BP
0.363 50.8 BP
0.454 426 BP
0.585 31.0 BP
0.743 174 BP
t=60°C
0.077 96.9 DP
0.086 9.3 CP
0.091 97.2 BP
0.093 97.9 BP
0.114 96.2 BP
0.115 9.1 BP
0.137 95.5 BP
0.147 94.5 BP
0.160 90.4 BP
0.186 88.3 BP
0.229 835 BP
0.266 79.0 BP
0.363 67.7 BP
0.454 56.9 BP
0.585 432 BP
0.743 252 BP
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Table 1. Continued

Mole fraction 1-hexene Pressure(bar) Transition
t=80°C
0.086 107.7 DP
0.091 108.7 CcP
0.093 108.5 BP
0.114 108.7 BP
0.115 107.3 BP
0.137 107.7 BP
0.147 107.0 BP
0.160 106.6 BP
0.186 105.9 BP
0.229 102.8 BP
0.266 97.0 BP
0.363 87.2 BP
0.454 714 BP
0.585 535 BP
0.743 30.7 BP
t=100°C
0.137 116.2 DP
0.147 116.9 CP
0.160 172 BP
0.186 17.6 BP
0.229 1135 BP
0.266 110.1 BP
0.363 9.0 BP
0.454 83.9 BP
0.585 63.2 BP
0.743 345 BP
t=120°C
0.160 120.6 DP
0.186 120.9 CP
0.229 120.6 BP
0.266 1183 BP
0.363 109.3 BP
0.454 96.2 BP
0.585 731 BP
0.743 383 BP

Table 1-2 ligs the experimenta pressure-compaostion (P-x) data
for the carbon dioxide+1-hexene and carbon dioxide+2-ethyl-1-
butene obtained in this study. The bubble-, dew- and critica-point
measurement are an average of at leadt twice a the temperature of
eech data point and typicdly reproducible to within £0.3 bar. As
shown in Table 1-2, the carbon dioxide+1-hexene and carbon diox-
ide+2-ethyl-1-butene system show the experimenta phase behav-
ior & 40-120°C and pressure up to 120 bar.

The experimental phase behavior curves obtained in this work
are modded by using the Peng-Robinson eguition of date. The equa:
tion of gateis briefly described here. The Peng-Robinson equation
of date[1976] is used with the following mixing rules

Oix =ZZXina’j ®
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Table 2. Experimental data for the CO,+2-ethyl-1-butene sysem
measured in thissudy. BP isa bubble-point, CPisacri-
tical-point and DP is a dew-point

Mole fraction 2-ethyl-1-butene  Pressure (bar)  Transition
t=40°C
0.023 80.3 CP
0.032 81.0 BP
0.095 75.1 BP
0.130 72.7 BP
0.157 68.9 BP
0.199 66.9 BP
0.283 62.1 BP
0.328 56.9 BP
0.428 50.0 BP
0.566 37.0 BP
0.728 24.3 BP
t=75°C
0.103 101.3 CP
0.136 1015 BP
0.186 97.6 BP
0.250 93.6 BP
0.263 93.0 BP
0.363 81.0 BP
0.508 64.2 BP
0.544 59.7 BP
0.597 52.0 BP
0.654 452 BP
0.759 331 BP
t=100°C
0.178 1155 CP
0.268 107.9 BP
0.381 94.8 BP
0.416 914 BP
0.452 86.3 BP
0.527 78.3 BP
0.654 58.3 BP
0.775 40.0 BP
a; =(aid) (1 k) @
Brix =|21inij“ )]
by =0.5 (b +by) (1~ 15) @

where k; and rj; are binary interaction parameters that are deter-
mined by fitting P-x isotherms curves, and g, and b; are pure com-
ponent parameters as defined by Peng and Robinson [1976]. Teble 3
ligs the pure component critical temperatures, critica pressures,
and the acentric factorsfor carbon dioxide [Reid et d., 1987; Vargd-
tik, 1983], 1-hexene [Reid & d., 1987; Daubert and Danner, 1985
1992], and 2-ethyl-1-butene [Reid e d., 1987] that are used with
the Peng-Robinson equation of sate. Then, the bailing point of 2-
ethyl-1-butene is obtained by Lange's Handbook [Dean, 1985]. The
vapor pressure is obtained from the group-contribution by Lee-Keder
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Table 3. Pure component parameters carbon dioxide, 1-hexene
and 2-ethyl-1-butene used with the Peng-Robinson equa-
tion of sate[Reid & al., 1987; Daubert and Danner, 1985
1995; Var gaftik, 1983]

Component Tc(K) Pc(bar)  Acentricfactor
Carbon dioxide 304.2 73.8 0.225
1-hexene 504.0 317 0.285
2-ethyl-1-butene 512.0 316 0.228
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Fig. 3. Comparison of the best fit of the Peng-Robinson equation
of gatefor the carbon dioxide+1-hexene sysem at 80°C.

method [Reid et dl., 1987].

These two binary interaction parameters were determined by re-
gression experimentd datawith the Peng-Robinson equation of sate.
Objection function (OBF) and root mean squared relaive devidion
(RMSD) percent of this caculation were defined as follows.

— N ex| _Pcal f
OBF—ZDLDPQXP 5 ®)
RMSD(%) = ?\%Fxloo ®)

ND in Eg. (6) means the number of data points. To optimize the
objection function we used Marquardt [Kuester and Mize, 1973].
All isothermswereincluded for calculation.

Fig. 3 shows a comparison of the best fit of the Peng-Robinson
equation of gate for the carbon dioxide+1-hexene system a 80 °C.
As shown in Fg. 3, the P-x isotherms present a comparison of ex-
perimenta results with caculated data for the carbon dioxide+1-
hexene sysem. The vdues of the adjusted parameters using the equa
tion of gate for the carbon dioxidet+1-hexene sysem are obtained
for the Peng-Robinson equetion of state with k; equa to 0.113 and
17; equal to 0.050. These sets of parameters are used to predict the
vapor-liquid equilibria a other temperatures, namely, 40, 60, 100,
and 120°C.

Fg. 4 showsthe experimental P-x isotherms obtained for binary
mixtures of carbon dioxide+1-hexene system a 40, 60, 80, 100,
and 120°C and pressure up to 120 bar. Three phases were not ob-
sarved a five temperatures. The isotherms shown in Fg. 4 are con-
sgent with those expected for a typel behavior [Radosz, 1987]
where amaximum occursin the critical mixture curve. Also, Fg. 4
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Fig. 4. Comparison of the experimental data (symboals) for the car-
bon dioxide+1-hexene sysem with calculations (solid lines)
obtained with the Peng-Robinson equation of state with k;
equal to 0.113 and n; equal to 0.050.
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Fig. 5. Pressure-temperature diagram for the carbon dioxide+1-
hexene sygem. The sdlid lines and s0lid drdes represent
the vapor-liquid linesand the critical point for the pure car-
bon dioxide and 1-hexene. The open squares are mixture-
critical paints determined from isotherms measured in this
work. The dashed lines represent calculations obtained by
using the Peng-Robinson equation of state with k; equal to
0.113 and n; equal to 0.050.

shows a comparison of experimenta with caculated deta & the tem+-
peratures of 40, 60, 80, 100 and 120°C for the carbon dioxide+1-
hexene mixture. These isotherms are cdculaed by using the ad-
justed parameter values of k;=0.113 and 17;=0.050 determined &t
80°C. Inthiscelculation, we obtained k;=0.113, 1;=0.050 and RMSD
=2.61% for the experimenta data (bubble point data=59) at tem-
perature of 40, 60, 80, 100 and 120°C. A good fit of detais obtained
with Peng-Robinson equation of gate usng two adjugtable mix-
ture parametersfor the carbon dioxidet1-hexene sysem.

Fig. 5 shows the mixture-critica curve for the carbon dioxide+1-
hexene system, experimentd and calculated results by the Peng-
Rohinson equation of gate. As shown in Fig. 5, the solid lines rep-
resent the vgpor pressure for pure carbon dioxide [Red et d., 1987,
Vargaftik, 1983] and 1-hexene [Reid & d., 1987; Daubert and Dan-
ner, 1985-1992]. The solid circles represent the critical point for
pure carbon dioxide [Reid et d., 1987; Vargaftik, 1983] and 1-hexene
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Fig. 6. Comparison of the experimental data (symbals) for the car-
bon dioxide+2-ethyl-1-butene sysem with calculations (solid
lines) obtained with the Peng-Robinson equation of state
with k; equal to 0.109 and n; equal to —0.016.

[Reid & d., 1987; Daubert and Danner, 1985-1992]. The upper part
of the dashed line indicates Sngle phase, and the lower pat two
phases. The open squares are the mixture-critica points determined
from isotherms measured in this experiment. The dashed lines rep-
resent the cdculated vaue obtained by using the Peng-Robinson
equation of sate. Therefore, the calculated mixture-critica curveis
type-| behavior.

Hg. 6 showsthe experimentd P-x isothermsat 40, 75, and 100°C
and the range of pressures of 24-115 bar for the carbon dioxide+2-
ethyl-1-butene sysem. Three phaseswere not obsarved at three tem-
peratures sudied. The characterigtics of the P-x isotherms gppear
to be congstent with those expected for atype-l system. Also, Fg.
6 shows predicted P-x isotherms for the carbon dioxide+2-ethyl-1-
butene mixture at 40, 75 and 100 °C using the Peng-Robinson equa-
tion of state with k; equal to 0.109 and r); equa to —0.016. These
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Fig. 7. Pressuretemperature diagram for the carbon dioxidet+2-
ethyl-1-butene sysem. The s0lid linesand solid cirdesrep-
resent the vapor-liquid lines and the critical point for the
purecarbon dioxideand 2-ethyl-1-butene. The open squares
are mixture-critical points determined from isotherms mea-
aured in thiswork. The dashed linesrepresent calculations
obtained by usng the Peng-Robinson equation of gate with
k; equal to 0.109 and n; equal to —0.016.
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adjusted values of the mixture parameters are obtained by fitting
the 75 °C isotherm and showed the best fit between the experimen-
td and caculated results. The remaining isotherms are caculated
by using the same vaues of the two mixture interaction parameters;
the cdculated mixture-critica curve is type-l behavior, in agree-
ment with experimenta results.

In this calculation, we obtained k;=0.109, r3,=—0.016 and RMSD
=2.87% for dl the experimentd data (bubble point deta=27). With
two binary interaction parameters, a good correlation result was ob-
tained.

Fig. 7 shows the mixture-critical curve for the carbon dioxide+2-
ethyl-1-butene system predicted by the Peng-Robinson eguation of
gae. The cdculated mixture-critica curves by the two mixture pa:
rameters are type-l, in which is not observed three phase (LLV).
As shown in Fig. 8, the dash lines represent calculation obtained
by using the Peng-Robinson equétion of state, with k;=0.109 and
1;=—0.016. The agreement between caculated vaues usng two
adjustable parameters with Peng-Robinson equation of sate and
experimentd result for the mixture-critica curvesisreasonably good.

CONCLUSIONS

High pressure phase behavior of carbon dioxide+1-hexene and
carbon dioxide+2-ethyl-1-butene system has been sudied by using
a high-pressure variable-volume view cdl. The carbon dioxidet+1-
hexene and carbon dioxidet+2-ethyl-1-butene systems exhibit type-
| phase behavior, which is characterized by an uninterrupted criti-
ca mixture curve. The carbon dioxidet+1-hexene and carbon dioxide
+2-ethyl-1-butene mixtures are not observed for three phases at any
temperatures. The Peng-Robinson equation of date is cgpable of
accuratdy predicting the phase behavior for both of these two sys-
tems using two temperature-independent mixture interaction param-
eers
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