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Phase equilibria behavior of carbon dioxide-n-hexane-naphthalene ternary system
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Abstract—The ternary system CO,-n-hexane-naphthalene was studied to determine the bubble point pressure at three
different temperatures (40, 60 and 80 °C) and a fixed n-hexane to naphthalene mole ratio of 9 : 1. The experimental
data obtained were predicted by using the Peng-Robinson equation of state with two interaction parameters. The ex-
perimental and calculated bubble point pressures were generally in good agreement at the three temperatures and over

the composition range investigated.
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INTRODUCTION

The equilibrium properties of CO,-hydrocarbon systems play an
important role in the design of the flooding process used for en-
hanced oil recovery as well as many other industrial processes. Car-
bon dioxide is readily available, cheap, non-toxic and non-flamma-
ble, making it a favored solvent for use in the extraction process. A
reliable equation of state is needed to be able to model the process.
Binary phase equilibria data are needed to evaluate the interaction
parameters of the equation of state. There are data available on the
phase equilibria of binary systems containing CO,; however, data
on ternary systems containing CO, and hydrocarbons are relatively
scarce in the literature. A review by Brunner and Dohm [1] covered
the period 1988-1993. Another review by Christov and Dohrn [2]
covered the period 1994-1999. Over the past few years we have
concentrated our efforts in this area in an attempt to contribute to
the limited data available. Two previous studies covered the ternary
systems CO,-benzene-naphthalene and CO,-cyclohexane-naphtha-
lene [3,4]. In this study, bubble point pressure data were measured
for the ternary system CO,-n-hexane-naphthalene at three different
temperatures, 40, 60 and 80 °C, at a fixed mole ratio of n-hexane to
naphthalene of 9:1. For the corresponding binary data, Barrick et
al. [5] studied the solubility of CO, in naphthalene. Vapor-liquid phase
equilibrium data for carbon dioxide-n-hexane were reported by Li
et al. [6]. Vapor pressure data of binary mixtures of carbon dioxide
with different hydrocarbons including n-hexane were presented by
Kaminishi et al. between 273.15 and 303.15 K only [7]. The litera-
ture reviewed, to the author’s best search, showed no data available
on the terary system investigated in this study.

EXPERIMENTAL SECTION

1. Materials

Carbon dioxide used was supplied by Kuwait Refrigeration Com-
pany with a minimum purity of 99.99 wt%, n-hexane was supplied
by Philips Petroleum Company with a minimum purity of 99.95
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Fig. 1. A schematic diagram of the apparatus.

wt% and naphthalene was supplied by BDH Company with a mini-
mum purity of 99 wt% and were used without further purification.
2. Apparatus and Procedure

The experimental apparatus and procedures used in this work
are similar to those previously described [3,4]. Fig. 1 shows a sche-
matic diagram of the apparatus. The equilibrium cell is a Ruska visual
cell equipped with rocking mechanism to facilitate the attainment
of equilibrium and is immersed in a constant temperature oil bath.
The expected uncertainties are +0.1 °C in temperature and 0.002 in
mole fraction. The system pressure is measured by two tested Heise
gauges (0-7 MPa and 0-70 MPa ranges). The expected uncertainty
in pressure measurements is 0.1% of the full scale.

A solution of naphthalene in a thoroughly degassed n-hexane of
a fixed mole ratio of 9 : 1 was gravimetrically prepared and fed to
the equilibrium cell. A known amount of CO, was injected and the
contents of the cell were pressurized to a single phase by means of
a Ruska mercury hand pump. The bubble point pressure was de-
termined by visually observing the first bubble formed within the
range of the break-point in the pressure-volume diagram as the sys-
tems passed from a single phase to a two-phase region.

RESULTS AND DISCUSSION

The operation of the apparatus was previously tested by meas-
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Table 1. Experimental and calculated (PR EOS) bubble point pressures for CO,-hexane-naphthalene, N,/N,=9 : 1

40°C 60 °C 80°C
XCO? Pexp Pml(‘ % 5 Pexp Pcalc 5 Pexp Pcalc 4
(MPa)  (MPa) APD 107 (MPa)  (MPa) APD 10y, (MPa)  (MPa) APD 107y
0.1671 2.01 1.74 134 2.6 2.52 2.15 14.7 7.2 3.03 2.56 15.5 1.8
0.2454 2.75 2.50 9.1 24 3.38 3.10 8.3 7.0 4.05 3.71 8.4 1.8
0.3366 3.48 3.31 4.9 2.6 4.36 4.20 3.7 7.9 5.24 5.05 3.6 2.1
0.3862 3.90 3.80 2.6 2.8 4.90 4.79 22 8.8 5.87 577 1.7 24
0.5269 4.89 4.98 1.8 4 6.31 6.40 1.4 14.2 7.76 7.79 0.3 43
0.5899 5.62 5.45 3.0 4.9 7.34 7.08 3.5 19.0 8.99 8.68 3.4 6.1
AAPD**=5.8 AAPD=5.6 AAPD=5.5
* Absolute percentage deviation, **Average absolute percentage deviation
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Fig. 2. Bubble point pressure for CO,-n-hexane (4) and CO,-n-
hexane-naphthalene (A) at 40 °C.

uring the vapor pressure of CO, at different temperatures and by
bubble point pressure measurements of the binary system CO,-ben-
zene. The results showed good agreement with literature data within
+1% deviation over the mole fraction investigated [3]. We also meas-
ured the bubble point pressure for the binary system CO,-hexane
at 40, 60, and 80 °C, and the results showed good agreement with
those reported by Li et al. at 40 °C [6].

Bubble point pressure data for CO,-n-hexane-naphthalene ter-
nary system were performed at 40 °C, 60 °C, and 80 °C and at mole
ratio of n-hexane to naphthalene of 9 : 1. The results are shown in
Table 1. Measurements at higher naphthalene to n-hexane mole ra-
tios could not be performed because of the limited solubility of naph-
thalene in n-hexane. However, complete solubility of naphthalene in
n-hexane at the temperatures of this investigation is assured during
the course of the measurements since a clear solution of naphtha-
lene in n-hexane was prepared at room temperature.

In Fig. 2, the bubble point pressure data for the binary system
CO,-hexane Li et al. [6] and the ternary at 40 °C are compared. It
is observed that the P-x line of the ternary system lies above the P-x
for the carbon dioxide-n-hexane system, meaning that adding more
naphthalene will increase the bubble point pressure. This behavior
is similar to that reported for CO,-cyclohexane-naphthalene and
CO,-benzene-naphthalene at high pressures [3,4].

It is shown in Fig. 3 that at the constant mole ratio, the bubble
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Fig. 3. Measured (4 40°C; A 60°C; @ 80 °C) and calculated (solid
lines) bubble point pressure for the ternary system CO,-n-
hexane-naphthalene system.
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Fig. 4. Measured bubble point pressure for the ternary system CO,-
hexane-naphthalene (€) and CO,-benzene-naphthalene
(H) at 40 °C.

point pressures increase with an increase in temperature. In addi-
tion, the solubility of carbon dioxide in a mixture of n-hexane-naph-
thalene is found to decrease with an increase in temperature. This
behavior is consistent with our previous finding when the light com-
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ponent (carbon dioxide) liquid phase activity coefficients is less than
1, and a negative deviation from Raoult's law occur [4,8]. Fig. 4
shows that the bubble point pressure for CO,-bwnzene-naphtha-
leneis higher than that for CO,-hexane-naphthalene at the same tem-
perature and CO, mole fraction [4]. This is in agreement with the
difference in volatility between benzene and hexane.
1. Data Prediction

The data from the present work have been predicted by the Peng-
Robinson equation of state [9], with the mixing rules.

a=>y Y xXa; M
a~(1-k,)(@aa)" )
b=Y>xxb, (€)
b=(1+4)(b+5)2) @

where k; and /; are interaction and size parameters, respectively. In
this work the values of k; and /;, were determined by minimizing
the following objective function using Powell’s optimization tech-
nique:

12

F= I‘\]‘DZ(PM —P.y)/Poy
and P,,. are the
calculated and experimental bubble point pressures, respectively.

For the binary system, CO,-naphthalene the data of Barrick et
al. [1] were previously used to obtain values for k; and /; which were
assumed temperature-independent. These values have been reported
earlier [3,4]. Furthermore the data on the system CO,-n-hexane re-
ported by Li et al. [6] were used to calculate k; and /; for this sys-
tem. The critical properties for n-hexane and naphthalene were taken
from Reid et al. [10] and those of carbon dioxide were taken from
Vergaftik [11].The parameters k; and /; for n-hexane-naphthalene
were set equal to zero. The values of these parameters are given in
Table 2. The results for the bubble point calculations using the above-
mentioned values are also shown in Table 1 along with the average
absolute percentage deviation in pressure. The overall average ab-
solute deviation is 250 kPa. The overall average percentage abso-
lute deviation is 5.6%. This is comparable to the results previously
reported [3,4,8,12].

Fig. 5 shows the calculated vapor composition of naphthalene for
CO,-benzene-napthalene and CO,-hexane-napthalene for naphtha-
lene to benzene or hexane mole ratio of 9 : 1 at 40, 60, and 80 °C.
As the pressure increases, the mole fraction of naphthalene in the
vapor phase decreases and then it starts to increase with the increase
of pressure for both systems. The initial decrease of the naphtha-
lene mole ratio was also observed for a number of ternary systems,
e.g., CO,-n-decane-2-methylnaphthalene [12]; CO,-n-butyl-benzene-
2-methylnaphthalene [13]; and CO,-toluene-1-methylnaphthalene

where N,, is the number of data points used, P,

calc®

Table 2. PR binary interaction parameters used for bubble point
calculation for CO, (1)-hexane (2)-naphthalene (3) ter-
nary system

KIZ L12 K13 L13 K23 L23

0.109 0.024 0.077 0.028 0.000 0.000
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Fig. 5. Calculated vapor mole fraction of naphthalene as a func-
tion of pressure at 40, 60, and 80 °C. Red symbols: CO,-ben-
zene-naphthalene (N, .0n/Npenzene=9 : 1), dark blue sym-
bols: CO,-hexane-naphthalene (N, e/ Niexane=9 : 1)-
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Fig. 6. Calculated vapor mole fraction of 2-methylnaphthalene as
a function of pressure at 50 °C. A CO,-n-butylbenzene-2-
methylnaphthalene, ll CO,-n-decane-2-methylnaphthalene.

[8], Fig. 6. For all temperatures investigated the mole fraction of
naphthalene in the vapor phase for CO,-benzene-napthalene is less
than that for CO,-hexane-napthalene. This may attributed to the fact
that the solubility of naphthalene in benzene is higher than that in
hexane at the same temperature and pressure. The same behavior
was observed for the ternary systems CO,-n-decane-2-methylnaph-
thalene and CO,-n-butylbenzene-2-methylnaphthalene studied by
Kulkami et al. [12] and Yang et al. [13].

NOMENCLATURE

a,b :parameters of the Peng-Robinson equation of state

Korean J. Chem. Eng.(Vol. 25, No. 6)
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F : the objective function to be minimized when calculating the
interaction parameters for the Peng-Robinson equation of

state
k,  :binary interaction parameter [Eq. (2)]
l; : binary interaction parameter [Eq. (4)]

N :total number of components in the system

N, :number of data points used in the regression of data
P

T

: pressure
: temperature
X; :liquid-phase mole fraction of component i
Subscripts
i,j :component identification
ij : i-] pair
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