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Measurement and Correlation of CO, Solubility in the Systems of CQ +
Toluene, CO, + Benzene, and CQ + n-Hexane at Near-Critical and Supercritical
Conditions
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The solubility of CQ in the systems of C&+ benzene, C®+ n-hexane, and CO+ toluene was meticulously
measured at (293.15, 298.15, and 308.15) K and different pressures using a preskume—-temperatureRVT)
apparatus. Also the effect of pressure on the solubility ob @0the organic solvents used in this work was
investigated. The PengRobinson equation of state (PR EOS) with only one temperature-independent 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 solubility of @Qhe organic solvents at high pressure. In

case of the systems GA- benzene and COt n-hexane at 298.15 K, the experimental results obtained from the
PVTapparatus were compared with those reported in the literature. The comparison showed that for such systems
the results are in good agreement with those of previously published experimental data.

Introduction range of (313.15 to 353.15) K and at higher pressure up to
. . . 10 MPa.
Recently supercritical fluid technology has been extensively A number of pervious investigations were directed to study

used in order to produce fine particles. The most important yhe equilibrium phase behavior for the system of .C®
techniques are the rapid expansion solution (RESS) processpenzene. Among them the results presented by Guptalét al.
the particles from gas-saturated solutions (PGSS) process, thgan pe mentioned. They reported vapbquid equilibrium data
supercritical antisolvent (SAS) recrystallization process, and the gt (313.15 to 393.15) K and pressure up to 13.5 MPa. Also
gas antisolvent (GAS) process. These versatile techniques haVQ)hgaki and Katayamastudied vaporliquid equilibrium data
been applied to generate microparticles as well as nanoparticlegor CO, + benzene and CO+ n-hexane systems at tempera-
that can be more importantly used in pharmaceuticals, polymers,yyres of (298.15 and 313.15) K and various pressures up to 8
biological-active protein, pigments, catalysts, and superconduc-ppa.

tor industries:™® In the GAS process, a compressed gas or a |n this work, the solubility of C@in toluene, benzene, and
supercritical fluid is introduced into a solution containing both n-hexane was measured at (293.15, 298.15, and 308.15) K at
solvent and solute to be micronized. Due to the volume gifferent pressures. The results obtained were also correlated
expansion in the presence of antisolvent, the so_lvatlon power ysing the PengRobinson equation of state (PR EOS) with one
decr_eqses, an_d as a consequence, the solute is compelled t@mperature-independent binary interaction parameter. The
precipitate as fine particlésAlthough many parameters account  values for the binary interaction parameters were reported for
for optimizing these processes, itis clear that the phase behavioreach system. It is worth noting that the experiments carried out
of such systems can significantly affect the micronization in this work were replicated three times and that the results
process. The volume expansion of a solvent in the presence ofpresented are the average of the replicates.

the antisolvent and the solubility of antisolvent (i.e., compressed _ _

gas) are two important parameters in the study of the phaseExperimental Section

behavior of such systems. Materials. Benzene, toluene, and-hexane were supplied
The mole fraction of toluene in compressed Qs reported from Merck Company. The purity of the chemicals was
by Prausnitz and Bensbéat wide temperature range of (323.15 estimated to be 99 % according to the information given by the
to 348.15) K and in the pressure range of (2 to 9) MPa. Ng and manufacturer. Carbon dioxide with a purity of 99.99 % was
Robinsof studied the experimental results for €@ toluene purchased from Air Products Company. All the chemicals were
mixtures at temperatures ranging from (311.15 to 477.15) K used as received without further purification.
and at different pressures up to 15 MPa. Sebastian &t al. Apparatus.A schematic diagram of the pressulume—
reported vaporliquid equilibrium data for the C&+ toluene temperature FVT) apparatus (D. B. Robinson Design &
system up to 543.15 K and pressure in the range of (1 to 5) Manufacturing Ltd., Edmonton, AB, Canada) is shown in Figure
MPa. Tochigi et al? studied the vaperliquid equilibrium for 1. The apparatus is similar to that used by Kho é€&h order
CO; + pentane and CO+ toluene systems at a temperature to study phase behavior and to measure the solubility of the
binary systems of CO®+ benzene, C® + n-hexane, and

* Corresponding author. E-mail: ghotbi@sharif.edu. Tet98 21 6005819. CO; + toluene, an appargtus Contaihing’VT cell was used.
Fax: +98 21 602 2853. The PVT apparatus consists of a high accurate temperature-
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Sampling and balancing the liquid phase, the bomb was
connected to the evacuated gasometer for measuring the volume
of gaseous C®at atmospheric pressure. Also solvent was
directly trapped into the cooling trap. Neglecting the vapor
pressure of the pure organic liquid, the quantity of the dissolved
gas in the solvents was measured volumetrically. Thee CO
solubility in the organic solvent can be given by the following
relation:

Xeo, = (1)

Meo, (PVMWC%) /
m \ zr )™

whereR is the universal gas constaM,is the amount of gas
released including the calibrated dead volume at atmospheric
pressure and at the desired temperature, MW is the molecular
weight of CQ, andmgis the total amount of sample that exists
Figure 1. Schematic diagram of theVT apparatus used in this work: 1, in the bomb. The Ideal-gas behavior for vapor pha§e was
high-pressure view cell; 2, high-pressure pump; 3, sample cylinder; 4, CCD assur_n_ed at at.mOSphenC pressure. The mole fraction and
camera; 5, video monitor; 6, temperature-controlled bath; 7, densitometer; solubility of CQ, in the organic solvents can be calculated from
8, mixer; 9, in-line viscometer; RTD, resistance temperature detector; PG, the measured mass fraction.

pressure gauge. Modeling. The PR EOS was used to correlate the VLE data
obtained in this work* The PR EOS can be given by the
following equation:

controlled airbath with an accuracy &f 0.1 K that houses a
high-pressure variable view cell, with total sample volume of
130 mL rated to 70 MPa and 473.15 K, equipped with a RT a
magnetic mixer and a low-volume sampling port. The pressure P= v—b (v + b) + b(v — b)

of the system was measured with a digital pressure indicator,

Heise model 901 A, with accuracy ot 0.05 MPa. The  The parameters of the PR EOS can be obtained using the
temperature of the air bath unit and tR¥T cell is measured  following quadratic mixing rules:

with two platinum 100Q2 resistance thermocouples with an

accuracy oft 0.3 K. The volume of the fluid phase in tfR/T non

cell can be measured using a CCD camera-based measurement a= Z Z X% \/% (1-9y) ©))
system with accuracy af 0.01 mL. Pressurization of tHevVT ol

cell can be achieved via a computer-controlled, high-pressure

)

positive displacement pump with a volume resolution of 0.01 and
mL. The apparatus also features a high-pressure densitometer n
(Anton Paar, model DMA 512P) rated up to 70 MPa and 423.15 b= Z xb (4)

K and an in-line electromagnetic viscometer (Cambridge T

Applied Systems, Medford, MA; model SPL440) rated up to

140 MPa and 463.15 K, with viscosity range of 0.1 to 10 000 wherex; is the mole fraction or solubility of componentind
cP. dj is the binary interaction parameter for afj pair.

For the solubility measurements of carbon dioxide in the
solvents studied in this work, a 10 L gasometer (D. B. Robinson
Design & Manufacturing Ltd.) with 0.1 cfresolution was used Benzene,n-Hexane, and Toluene at (293.15, 298.15, and 308.15) K
for accurate measurement of gas volume at atmospheric pres- P _ KK P TKK
sure. The apparatus was also connected with the real-time dataMPa 293.15 298.15 308.15 MPa 293.15 298.15 308.15

Table 1. Experimental Mole Fraction Solubility of CO> (x1) in

acquisition system. The data acquisition system not only x1, CO, + Benzene
supports all the standard instruments in €T apparatus 1.70 0230 0.210 0.179 476 0.852 0.715 0.534
including pressure, temperature, volume, density, and viscosity 331 8-222 8-%?& 8-333 2% 0.979 00336251 (;3-7514;
measurements !:)ut also provides a full control system for the 323 0477 0421 0363 6.29 : 0827
pumping operation. 3.74 0578 0.510 0.413 6.80 0.945
Procedure. Before beginning the experiments, the lines, 425 0704 0601 0.471 7.31 0.971
sample cylinder, and®VT cell were cleansed, dried, and CO, + n-Hexane
evacuated. Then the sample cylinder was charged by desired1.70 0.250 0.238 0.217 476 0.882 0.775 0.594
solvent. Ten millimeters of solvent in each experimental run 2.21  0.329  0.301  0.280 5.27 0945 0855 0711
was injected into the evacuated view cell. Then a sufficient 272 0421 0373 0.332 5.78 0.963  0.795
. . . 323 0503 0454 0.401 6.29 0.887
amount of CQ Was.mtroduced.lnto the view cel!, and the 374 0586 0543 0475 6.80 0.915
solution was mixed vigorously using the magnetic mixer. Having 425 0711 0.619 0.529 7.31 0.971
reached the thermodynamic equilibrium condition, as indicated CO, + Toluene
by the pressure and temperature of the view cell, a known 1,70 0.215 0.208 0.180 527 0941 0795 0.584
amount of liquid-phase sample was charged into the evacuated2.21  0.281  0.273  0.230 5.78 0.666
and balanced standard bomb (S.S.316, 75.0 mL volume, rated2.72 0353 0.339  0.279 5.92 0.945
up to 12 MPa) through the sampling valve. The charging process 2:52 8:23 8:3%3 8:?&? g:gg 8:;23
was done slowly to avoid flushing. The charged liquid sample 425 0625 0578 0457 7.31 0.955

was weighted using a balance with the accuracy-of mg. 476 0765 0.671 0.535
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Table 2. Correlated Liquid-Phase Mole Fraction of CQ, (x1) and
Vapor-Phase Mole Fraction of CG, (y1) for the Binary Systems of
CO; + Benzene, CQ + n-Hexane, and CQ + Toluene at (293.15,
298.15, and 308.15) K

CO, + Benzene
T=293.15K T=298.15K T=308.15K

P 0;; = 0.08 0ij = 0.08 0 = 0.08

MPa X1 Y1 X1 Y1 X1 \
1.70 0.232 0.9920 0.213 0.9899 0.181 0.9846
2.21 0.307 0.9933 0.280 0.9916 0.236  0.9872
2.72 0.386 0.9941 0.349 0.9926 0.293 0.9888
3.23 0.472 0.9947 0.423 0.9933 0.351  0.9897
3.74 0.570 0.9950 0.503 0.9937 0.411  0.9903
4.25 0.693 0.9953 0.594 0.9939 0.474 0.9906
4.76 0.843 0.9958 0.705 0.9941 0.542  0.9908
5.27 0.951 0.9972 0.838 0.9945 0.617 0.9908
5.78 0.939 0.9956 0.706  0.9907
6.29 0.809  0.9905
6.80 0.905  0.9907
7.31 0.964  0.9916
AARD %  1.28 1.52 1.87

CO, + n-Hexane
T=293.15K T=298.15K T=308.15K

P 0; =0.11 0;j =0.11 9 =0.10

MPa X1 Y1 X1 Y1 X1 Y1
1.70 0.253 0.9870 0.235 0.9839 0.214 0.9761
2.21 0.331 09891 0.306 0.9865 0.278 0.9799
2.72 0.412  0.9902 0.379 0.9879 0.342 0.9822
3.23 0.498 0.9909 0455 0.9888 0.406 0.9836
3.74 0593 0.9914 0536 0.9893 0.472 0.9844
4.25 0.708 0.9918 0.625 0.9896 0.539 0.9849
4.76 0.849 09926 0.731 0.9899 0.611 0.9851
5.27 0.951 0.9950 0.853 0.9905 0.687 0.9850
5.78 0.942 0.9926 0.771 0.9849
6.29 0.857 0.9849
6.80 0.925 0.9855
7.31 0.969 0.9875
AARD % 1.37 1.68 1.90

CO; + Toluene
T=293.15K T=298.15K T=2308.15K
P 0;; =0.10 0i = 0.09 d; = 0.09

MPa X1 Y1 X1 Y1 X1 Y1
1.70 0.217 0.9975 0.212 0.9968 0.182 0.9949
2.21 0.283 0.9978 0.275 0.9973 0.236  0.9956
2.72 0.352 0.9980 0.341 0.9975 0.290 0.9960
3.23 0.425 0.9981 0408 0.9976 0.344 0.9962
3.74 0506 0.9981 0.479 0.9976 0.399 0.9963
4.25 0.602 0.9981 0557 0.9976 0.456 0.9963
4.76 0.751 0.9980 0.650 0.9975 0.516 0.9962
5.27 0.947 09984 0.780 0.9974 0.580 0.9960
5.78 0.653  0.9957
5.92 0.954 0.9978
6.29 0.746  0.9953
6.80 0.875  0.9947
7.31 0.962 0.9946
AARD % 1.72 1.86 2.02

The average absolute relative deviation percent (AARD %)
was minimized to obtain the values of the binary interactions
according to the following equation:

N XEP — X
2 e
AARD 96 = | ———— x 100 (5)

whereN is the number of experimental points. The superscripts

exp and cal denote the experimental and calculated values,
respectively.

Results and Discussion

Table 1 reports the values for solubility of GQx;) in the
systems of CQ + benzene, C® + n-hexane, and CO+
toluene measured at (293.15, 298.15, and 308.15) K and at
various pressures. As can be seen from Table 1, the solubility
of CO; in the organic solvents increases as the pressure of the
system increases. The increase in solubility can be significant
using near-critical C@ Such trends can be observed for all
systems studied in this work. Table 1 also shows that the
solubility of CO, can be much affected by the nature of the
organic solvents and by system temperature. It is worth
mentioning that the experiments were replicated three times,
and the results are the average of the replicates. The reproduc-
ibility of the CO, solubility at constant temperature and pressure
was to found out to be withint 1.3 %, and the estimated
uncertainty® of the measurements was less than 2.1 %.

Table 2 presents the results for the mole fraction o @O
liquid and vapor phases respectively obtained from the well-
known cubic equation of state, the PR EOS with one binary
interaction parameter, along with the grand AARD % of the
PR EOS from the experimental data. A careful study of Tables
1 and 2 reveals that the results obtained from the PR EOS can
accurately correlate the experimental solubility data at different
pressures. It should be stated that the binary interaction
parameter was considered to be adjustable parameter in cor-
relating the experimental data using the PR EOS and that the
values for the binary interaction parameters at different pressures
for each specified system were reported.

The correlated vapor-phase mole fraction of LCOr the
systems of C@+ benzene and CO+ n-hexane was compared
with those reported by Ohgaki and Kataydfat 298.15 K.

The percent of AARDs of vapor-phase mole fraction of Q©
benzene andi-hexane at 298.15 K are 0.09 % and 0.39 %
respectively.

Conclusions

Solubility of CO; in toluene, benzene, andhexane were
measured at (293.15, 298.15, and 308.15) K and pressures up
to 7.5 MPa. The PR EOS with only one interaction parameter
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 solubility of G@the
organic solvents at high pressure.

The results showed that carbon dioxide can be dissolved
readily in benzena)-hexane, and toluene at elevated pressures.
At 293.15 K and at pressures higher than 4 MPa, the liquid
phase contains mostly carbon dioxide, and such behavior can
be observed at higher pressure with increasing temperature.
These conditions are considered to be appropriate in the GAS
process.
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