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Measurement and Correlation of Bubble Point Pressure in (CO, + CgHg), (CO, +
CH3CgHs), (CO, + CeHys), and (CO, + C;Hye) at Temperatures from (293.15 to

313.15) K

E. Nemati Lay*
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The bubble point pressures of (carbon dioxide + benzene), (carbon dioxide + methylbenzene), (carbon
dioxide + n-hexane), and (carbon dioxide + n-heptane) have been measured at CO, mole fractions ranging
from 0.502 to 0.91 and at temperatures in the range (293.15 to 313.15) K using a pressure—volume—temperature
(PVT) apparatus. Also, the effect of temperature and CO, concentration on bubble point pressure was
investigated. The Peng—Robinson equation of state (PR EOS) with only one binary interaction parameter
was used in correlating the experimental data. The results showed that the PR EOS can accurately correlate

the experimental data for the bubble point pressure.

Introduction

Recently, supercritical fluid technology has been extensively
used to produce fine particles. The most important techniques
are, namely, the rapid expansion solution (RESS) process, the
particles from gas-saturated solutions (PGSS) process, the
supercritical antisolvent (SAS) recrystallization process, the gas
antisolvent (GAS) process, precipitation from compressed
antisolvent (PCA), solution enhanced dispersion by supercritical
fluids (SEDS), and the aerosol solvent extraction system (ASES).
These versatile techniques have been applied to generate
microparticles as well as nanoparticles which can be more
importantly used in pharmaceuticals, polymers, biologica-active
protein, pigments, catalysts, and superconductor industries.*””

In the GAS process, a compressed gas or a supercritical fluid
is introduced into a solution containing the solvent and solute
to be micronized. Due to volume expansion in the presence of
the antisolvent, the solvent power decreases, and as a conse-
quence, the solute is compelled to precipitate as fine particles.®
Although many parameters have to be accounted for optimizing
these processes, it is clear that the phase behavior of such
systems can significantly affect the micronization processes.®©
Determination of equilibrium properties of the CO,—hy-
drocarbon system not only is essential for production of micro-
and nanoparticles but also plays an important role in the energy
industries such as CO, flooding of petroleum reservoirs and the
conversion of coal to liquid fuels.

Vapor—liquid equilibrium data for the (carbon dioxide +
benzene), (carbon dioxide + methylbenzene), (carbon dioxide
=+ n-hexane), and (carbon dioxide + n-heptane) have been
published previoudly, as shown in Table 1.

In this work, the bubble point pressures of (carbon dioxide
+ benzene), (carbon dioxide + methylbenzene), (carbon dioxide
=+ n-hexane), and (carbon dioxide + n-heptane) have been
measured with a pressure—volume—temperature (PVT) ap-
paratus. Results are reported for these binary systems at CO,
mole fraction from 0.502 to 0.91, at temperatures in the range
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Table 1. Published Data for the Binary Systems of (Carbon Dioxide
+ Benzene), (Carbon Dioxide + Methylbenzene), (Carbon Dioxide +
n-Hexane), and (Carbon Dioxide + n-Heptane) at Different
Temperatures, Pressures, and CO, Compositions x;

system P/MPa T/IK X1 refs

CO, + benzene  2.119t06.270 313.4t0393.2 0.017t00.661 11
170t07.31  293.15t0308.15 0.230t00.979 12
0.894t07.750 298.15 and 313.15 0.1063 to 0.9327 13
0.105 to 13.295 313.2t0 393.2 0.000t00.948 14
6.895 to 10.960 344.3 0.453t00.875 15
229101539 343.6and4136 0.143t00.730 16
0.826t06.313 273.15t0303.15 0.1238t00.9282 17
7591t010.70 3443 0.507t00.805 18
CO, + 0.515t06.450 353.4t0393.2 0.019t00.361 11
methylbenzene

1.70t07.31 293.15t0308.15 0.215t00.955 12
0.3341015.293 311.25t0477.05 0.030t00.971 19
0.9761t05.198 393.25t0542.85 0.0166 to 0.2261 20
1.080t06.019 323.15and 333.15 0.080t0 0.889 21
2591t013.17 353.15t0413.15 0.012t00.783 22
6.741016.58 333.2t0 572 0.10t0 0.80 23
0.1t05.6 298 0.00to0 0.810 24,25
0.4051t012.133 283.15t0 391.45 0.0578t0 0.8871 26
CO; + n-n-hexane 1.70to 7.31 293.15t0308.15 0.250t00.971 12
0.444t0 7.657 298.15 and 313.15 0.0495 to 0.9240 13
1.066t06.109 273.15t0303.15 0.1880t00.9019 17
1.8641t08.494 303.15t0323.15 0.1745100.9656 27
0.7791t011.597 313.15t0 393.15 0.028t00.915 28
1.824108.461 313.50 and 323.15 0.172t00.960 29
7.184 10 10.369 310.7 to 358.1 0.834t00.974 30
CO; + n-heptane  7.549 to 12.155 313.1 to 370.1 0.885t00.958 30
0.186 to 13.314 310.65t0477.20 0.022t00.949 31
0.101 283.15t0313.15 0.01t00.014 32
3.461 to 55.483 301.76 to 459.37 0.2918 to 0.4270 33
230t013.40 310.65t0413.15 0.183t00.914 34

(293.15 to 313.15) K. The results obtained were also correlated
using the PR EOS with only one binary interaction parameter
for each specified system.

Experimental Section

Material. Benzene, methylbenzene, n-hexane, and n-heptane
were supplied by Merck Company. The purity of the chemicals
was an estimated mole fraction purity of 0.99 according to the
information provided by the supplier. Carbon dioxide with a
mole fraction purity of 0.9999 was provided by Air Products
Company.
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Figure 1. Schematic diagram of the PVT apparatus used in this work: 1,
High pressure view cell; 2, High pressure pump; 3, Sample cylinder; 4,
CCD camera; 5, Video monitor; 6, Temperature-controlled bath; 7,
Densitometer; 8, Mixer; 9, In-line viscometer; RTD, Resistance temperature
detector; PG, Pressure gauge.

Apparatus. A schematic diagram of the PV T apparatus (D.B.
Robinson Design & Manufacturing Ltd., Edmonton, Canada)
was shown in Figure 1. The apparatusis similar to that used by
Kho et a.*® To study the phase behavior and to measure the
bubble point pressure of (carbon dioxide + benzene), (carbon
dioxide + methylbenzene), (carbon dioxide + n-hexane), and
(carbon dioxide + n-heptane), an apparatus containing the PVT
cell was used. The PVT apparatus consists of a high accurate
temperature-controlled air bath with an uncertainty of + 0.1 K
that houses a high-pressure variable view cell, with total sample
volume of 130 cm?® rated to an upper pressure of 70 MPa and
temperature of 473.15 K, equipped with a magnetic mixer and
a low volume sampling port. The pressure of the system was
measured with adigital pressure indicator, Heise model 901 A,
with an uncertainty of + 0.05 MPa. The temperature of the air
bath unit and the PVT cell is measured with two platinum 100
Q resistance thermocouples with uncertainty + 0.3 K. The
volume of the fluid phasein the PV T cell can be measured using
a charge-coupled device (CCD) camera-based measurement
system with uncertainty of 4 0.01 cm®. Pressurization of the
PVT cell can be achieved via a computer-controlled, high-
pressure positive displacement pump with a volume resolution
of 0.01 cm® The apparatus aso features a high-pressure
densitometer (Anton Paar; model DMA 512P) rated for use at
pressures up to 70 MPa and at temperatures of 423.15 K and
an in-line electromagnetic viscometer (Cambridge Applied
Systems, Medford, MA; model SPL440) rated for operation up
to pressures of 140 MPa and temperatures of 463.15 K, at
viscosities in the range of (0.1 to 10 000) mPa-s.

The apparatus was aso privileged with the rea time data
acquisition system. The data acquisition system not only
supports all the standard instruments in the PVT apparatus
including pressure, temperature, volume, density, and viscosity
measurements but also provides a full control system for
pumping operation.

Procedure. Before beginning the experiments, the lines,
sample cylinder, and PVT cell were cleansed, dried, and
evacuated. First aknown amount of solvent was weighed using
a balance with the accuracy of + 1 mg and charged into the
view cell using a high-pressure positive displacement pump with

volume resolution of 0.01 cm®. Then a known amount of CO,
was charged into the evacuated and balanced standard bomb
(S.8.316, 75.0 cm® volume, rated up to 12 MPa). Next, a
sufficient amount of CO, was injected to the view cell from a
standard bomb, and the cell was set into a constant-temperature
bath. The exact amount of CO, charged into the view cell can
be calculated from balancing of a standard bomb before and
after CO, injection. The estimated accuracy of mixture com-
position data was determined + 0.001 in mole fraction. In the
worst cases, depending on the composition of the mixture, the
accuracy of the mixture composition datawas + 0.002 in mole
fraction. The solution was mixed vigorously using the magnetic
mixer, and the pressure of the system was increased using a
high-pressure displacement pump until the mixture was com-
pletely liquefied. Then the pressure of system was decreased
until a bubble was observed, and the bubble pressure was
determined from the pressure at which a small bubble first
appeared in the liquid phase. By changing operational conditions
such as temperature and CO, concentration, the bubble pressure
curves can be determined.

Modeling. The PR EOS was used to correl ate the bubble point
pressure data obtained in this work.*® The PR EOS can be given
by the following equation

RT a 1)
v—Db v+ Db)+ by —Db)
The parameters of the PR EOS can be obtained using the
following quadratic mixing rules

pP=

a= Y Yolaa(l - k) (2

i
and

b= Yxb, )

where x; is the mole fraction of component i and k; is the binary
interaction parameter for an i—j pair.

The absolute relative deviation percent (ARD %) and average
absolute relative deviation percent (AARD %) were minimized
to obtain the values of the binary interactions according to the
following equations

exp _ ped
ARD % = [—=——" 100 (4)
pEe
i pe® — pd
i PP
AARD % = |——— 100 (5)

where P, and N are the bubble point pressure and the number
of experimental points, respectively. The superscripts exp and
cal denote the experimental and cal culated values, respectively.

Results and Discussion

Tables 2 and 3 report the bubble point pressure of (carbon
dioxide + benzene), (carbon dioxide + methylbenzene), (carbon
dioxide + n-hexane), and (carbon dioxide + n-heptane). The
data reported in the Table 2 were measured at carbon dioxide
mole fractions ranging from 0.502 to 0.91, at temperatures in
the range (293.15 to 313.15) K. As seen from Table 2, the
bubble point pressure of each binary system used in this work
increases as the temperature of the system increases. It isworth
mentioning that the experiments were replicated three times,



Table 2. Experimental Bubble Point Pressure P, and Estimated
Uncertainty U; for (Carbon Dioxide + Benzene), (Carbon Dioxide +
Methylbenzene), (Carbon Dioxide + n-Hexane), and (Carbon
Dioxide + n-Heptane) at Temperatures T and CO, Mole Fraction x;
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Table 4. Peng—Robinson Equation of State Binary Interaction k;
Parameters for (Carbon Dioxide + Benzene), (Carbon Dioxide +
Methylbenzene), (Carbon Dioxide + n-Hexane), and (Carbon
Dioxide + n-Heptane)

TIK
X1 293.15 298.15 303.15 308.15 313.15

Py/MPa (U; %) CO, + Benzene
0510 343(1.00) 3.83(115) 4.24(1.00) 4.56(0.67) 4.88(0.67)
0.602 3.89(0.88) 4.29(1.20) 4.78(0.88) 5.21(0.88) 5.58(0.58)
0710 4.31(1.15) 4.84(0.88) 524(0.33) 5.73(1.20) 6.28(1.00)
0.803 4.61(1.20) 5.14(0.88) 5.59(1.20) 6.21(0.67) 6.82(0.67)
0.908 4.98(1.00) 5.62(0.58) 6.15(1.20) 6.81(0.88) 7.42(0.88)

CO, + Methylbenzene
0.502 3.68(0.88) 3.80(0.58) 4.21(0.33) 4.50(0.88) 4.92(0.88)
0.601 4.06(1.15) 4.53(0.67) 4.88(0.67) 5.40(0.67) 5.82(0.67)
0.707 4.42(0.88) 5.03(1.15) 5.46(0.88) 6.01(1.20) 6.51(0.58)
0.808 4.81(0.67) 5.30(0.88) 5.95(1.20) 6.39(1.15) 7.05(1.15)
0.903 4.93(0.33) 5.58(0.88) 6.29(1.20) 6.91(0.88) 7.49(1.20)

CO, + n-Hexane
0.503 3.28(0.58) 3.51(0.67) 3.83(0.88) 4.06(0.67) 4.35(0.88)
0.610 3.84(0.88) 4.15(1.20) 4.59(1.20) 4.86(1.00) 5.21(0.58)
0.708 4.24(0.58) 4.65(0.88) 5.08(0.67) 5.51(0.58) 5.89(1.20)
0.810 4.61(1.15) 5.07(0.33) 5.58(0.88) 6.02(1.20) 6.45(0.67)
0910 5.07(0.67) 555(0.88) 6.15(0.67) 6.65(1.20) 7.31(0.88)

CO; + n-Heptane
0503 348(0.88) 3.79(1.20) 4.11(0.67) 4.32(1.15 4.57(1.20)
0.605 4.12(1.15) 4.42(0.67) 4.76(1.00) 5.18(0.88) 5.43(0.67)
0.707 453(1.00) 4.92(0.33) 5.41(1.20) 5.82(0.88) 6.29(0.88)
0.802 4.81(0.33) 5.28(0.88) 5.78(0.88) 6.31(0.33) 6.91(0.58)
0904 5.09(0.67) 5.61(1.00) 6.14(0.67) 6.78(1.20) 7.41(0.33)

Table 3. Correlated Bubble Point Pressure P, for (Carbon Dioxide
+ Benzene), (Carbon Dioxide + Methylbenzene), (Carbon Dioxide +
n-Hexane), and (Carbon Dioxide + n-Heptane) at Temperatures T
and CO, Mole Fraction x;

TIK
X1 293.15 298.15 303.15 308.15 313.15

Py/MPa (ARD %) CO, + Benzene
0510 3.46(0.87) 3.80(0.78) 4.16(1.89) 4.53(0.66) 4.91(0.61)
0.602 391(0.51) 4.31(0.47) 4.73(1.05 5.17(0.77) 5.63(0.90)
0.710 4.33(0.46) 4.79(1.03) 5.28(0.76) 5.80(1.22) 6.35(1.11)
0.803 4.63(0.43) 5.14(0.00) 5.69(1.79) 6.26(0.81) 6.87(0.73)
0.908 5.02(0.80) 5.59(0.53) 6.19(0.65) 6.82(0.15) 7.48(0.81)

CO; + Methylbenzene
0502 357(299) 3.82(0.53) 4.18(0.71) 4.49(0.22) 4.81(2.24)
0.601 4.11(1.23) 4.43(2.21) 4.87(0.20) 527(241) 5.69(2.23)
0.707 454(2.71) 4.95(1.59) 5.47(0.18) 597 (0.67) 6.49(0.31)
0.808 4.82(0.21) 5.32(0.38) 5.89(1.01) 6.48(1.41) 7.09(0.57)
0.903 507 (2.84) 5.64(1.08) 6.26(0.48) 6.90(0.14) 7.58(1.20)

CO, + n-Hexane
0503 3.27(0.30) 353(0.57) 3.81(0.52) 4.08(0.49) 4.36(0.23)
0.610 3.83(0.26) 4.16(0.24) 4.51(1.74) 4.86(0.00) 5.22(0.19)
0.708 4.25(0.24) 4.65(0.00) 5.06(0.39) 5.49(0.36) 5.92(0.51)
0.810 4.62(0.22) 5.09(0.39) 5.57(0.18) 6.06(0.66) 6.57(1.86)
0910 5.02(0.99) 5.56(0.18) 6.12(0.49) 6.69(0.60) 7.27(0.55)

CO; + n-Heptane
0503 357(259) 381(0.53) 4.06(1.22) 4.31(0.23) 4.56(0.22)
0.605 4.15(0.73) 4.46(0.90) 4.79(0.63) 5.11(1.35) 5.45(0.37)
0.707 458(1.10) 4.98(1.22) 5.38(0.55) 5.80(0.34) 6.22(1.11)
0.802 4.84(0.62) 5.31(0.57) 5.79(0.17) 6.29(0.32) 6.79(1.74)
0904 5.08(0.20) 5.62(0.18) 6.18(0.65) 6.76(0.29) 7.35(0.81)

and the results are the average of the replicates. The estimated
uncertainty®’ of each measurement for the binary systems used
in this work was calculated and reported in Table 2.

Table 3 presents the results for the bubble point pressure of
(carbon dioxide + benzene), (carbon dioxide + methylbenzene),
(carbon dioxide + n-hexane), and (carbon dioxide + n-heptane)
obtained from well-known cubic equations of state, the PR EOS
with one binary interaction parameter, along with the ARD %
of the PR EOS from the experimental data. A careful study of

range of

system interaction parameter (k;;) temperature (K)

CO; + benzene ki = 0.1115 — 0.1021-10°T
CO; + methylbenzene ki, = 0.2676 — 0.6007-10°T 29315 < T
CO; + n-hexane ki, = 0.1692 — 0.2002-10°T = 31315
CO; + n-heptane ki, = 0.3282 — 0.7015-10°T

Tables 2 and 3 reveals that the result obtained from the PR
EOS can accurately correlate the bubble point pressure data at
different temperatures. The percent of AARDSs of bubble point
pressure for the binary systems of (carbon dioxide + benzene),
(carbon dioxide + methylbenzene), (carbon dioxide + n-
hexane), and (carbon dioxide + n-heptane) was found to be
0.79 %, 1.19 %, 0.49 %, and 0.75 %, respectively.

It should be stated that only one binary interaction parameter
was considered to be an adjustable parameter in correlating the
experimental data using the PR EOS and that the values for the
binary interaction parameters at different temperatures for each
system were regressed and reported in Table 4.

In the case of (carbon dioxide + benzene) and (carbon dioxide
+ n-hexane), the experimental results obtained from the PVT
apparatus at (298.15 and 313.15) K were compared with those
reported by Ohgaki and Katayama®® in Figures 2 and 4. The
comparison showed that the percent of AARDs of bubble point
pressure for the binary systems of (carbon dioxide + benzene)
and (carbon dioxide + n-hexane) at (298.15 and 313.15) K are
(4.61 % and 5.15 %) and (5.49 % and 5.03 %), respectively.

In the case of (carbon dioxide + benzene), the experimental
results obtained from the PVT apparatus at T = 313.15 K were
compared with those reported by Gupta et a.** in Figure 2.
The comparison showed that for such systems the percent of
AARD of bubble point pressure at 313.15 K is 2.32 %. Also,
the experimental results for (carbon dioxide + n-hexane)
obtained from the PVT apparatus at T = 313.15 K were
compared with those reported by Li et a.?® in Figure 4. The
comparison showed that for such systems the percent of AARD
of bubble point pressure at 313.15 K is 0.95 %.

The correlated bubble point pressure for (carbon dioxide +
benzene) and (carbon dioxide + n-hexane) was compared with
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Figure 2. Experimental and correlated bubble pressure P, for (carbon
dioxide + benzene) as a function of CO, mole fraction x; at temperatures
ranging from (293.15 to 313.15) K. O, thiswork at T = 293.15 K; O, this
work at T = 298.15 K; W, ref 13 at T = 298.15; <, thiswork at T =
303.15 K; x, thiswork at T = 308.15 K; A, thiswork at T = 313.15 K;
A, ref 13 a T = 313.15; +, ref 14 a&t T = 313.15 K; —, PR EOS at
temperatures ranging from (293.15 to 313.15) K.
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Figure 3. Experimental and correlated bubble pressure P, for (carbon
dioxide + methylbenzene) as a function of CO, mole fraction x; at
temperatures ranging from (293.15 to 313.15) K. O, thiswork at T = 293.15
K; O, thiswork at T = 298.15 K; <, thiswork at T = 303.15 K; x, this
work at T = 308.15 K; A, thiswork at T = 313.15 K; —, PR EOS at
temperatures ranging from (293.15 to 313.15) K.
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Figure 4. Experimental and correlated bubble pressure Py, for (carbon
dioxide + n-hexane) as a function of CO, mole fraction x; at temperatures
ranging from (293.15 to 313.15) K. O, thiswork at T = 293.15 K; O, this
work a T = 298.15 K; W, ref 13 at T = 298.15; <, thiswork at T =
303.15 K; x, thiswork at T = 308.15 K; A, thiswork at T = 313.15 K;
A, ref 13a T=313.15; +, ref 28 a T = 313.15; —, PR EOS at temperatures
ranging from (293.15 to 313.15) K.

those reported by Ohgaki and Katayama® at temperatures of
(298.15 and 313.15) K. The percent of AARDs of bubble point
pressure for (carbon dioxide + benzene) and (carbon dioxide
+ n-hexane) at temperatures of (298.15 and 313.15) K are (2.04
% and 2.14 %) and (4.98 % and 5.32 %), respectively.

In the case of (carbon dioxide + n-heptane), the correlated
bubble point pressure for such a system was compared with
those reported by Mutelet et al.®* at 310.65 K in Figure 5. The
comparison showed that the percent of AARD of bubble point
pressure at 310.65 K is 2.04 %.

Conclusion

The bubble point pressures of (carbon dioxide + benzene),
(carbon dioxide + methylbenzene), (carbon dioxide + n-
hexane), and (carbon dioxide + n-heptane) were measured at
carbon dioxide mole fractions from 0.502 to 0.91, and within
the temperature range of (293.15 to 313.15) K. The bubble point
pressure for each binary system increases with increasing mole
fraction of CO, at constant temperature. As seen from Figures
2 through 5, the PR EOS with only one interaction parameter

P,/MPa
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Figure 5. Experimental and correlated bubble pressure P, for (carbon
dioxide + n-heptane) as a function of CO, mole fraction x, at temperatures
ranging from (293.15 to 313.15) K. O, thiswork at T = 293.15 K; O, this
work at T = 298.15 K; <©, thiswork at T = 303.15 K; x, thiswork at T
= 308.15K; +, ref 34 at T = 310.65; A, thiswork at T = 313.15K; —,
PR EOS at temperatures ranging from (293.15 to 313.15) K.

was used in correlating the experimental data generated in this
work. The results showed that the PR EOS can accurately
correlate the experimental data for the bubble point pressure at
different temperatures.

The results showed that carbon dioxide can be dissolved
readily in benzene, methylbenzene, n-hexane, and n-heptane at
elevated pressures. At temperature of (293.15 to 298.15) K and
pressure higher than 4 MPa, the liquid phase is mostly carbon
dioxide, and such behavior can be observed at higher pressure
with increasing temperature. These conditions are considered
to be appropriate in the supercritical fluid processes to produce
microparticles as well as nanoparticles.
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