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Solubility of CO,, N,, and CO, + N, Gas Mixtures in Isooctane

J. S. Zhang,” S. Lee," and Jae W. Lee*"

Department of Chemical Engineering, The City College of New York, New York, New York 10031, and Department of
Chemical and Natural Gas Engineering, Texas A&M University, Kingsville, Texas 78363

The solubility of CO, in isooctane at 270.8 K, 275.0 K, and 282.5 K and at pressures from (1.46 to 3.64)
MPa and the solubility of N, in isooctane at 269.9 K, 274.5 K, and 282.3 K and at pressures from (2.70 to
9.45) MPa were measured. The solubility of CO, in isooctane is one order of magnitude greater than that
in water at the same conditions. Temperature has no significant effect on the solubility of N, in isooctane.
The equilibrium compositions of CO, and N, binary mixtures in isooctane at 273.8 K and at a CO, mole
fraction range of (0.079 to 0.675) in the gas phase were also determined. The selectivity of CO, over N, in

isooctane ranges from (7.2 to 14.6) at 273.8 K.

Introduction

It is believed that global climate change is due to the increased
concentration of greenhouse gases (GHGs) in the atmosphere.
By far, CO, is the most important of the GHGs, being
responsible for about 60 % of the greenhouse effect. The
concentration of CO, in the atmosphere has risen from the
preindustry level of 280 ppm to 350 ppm today as a result of
anthropogenic CO, emission.' Refining current options and
developing new technologies for CO, capture from emitting
sources including power plants, oil and gas refining, hydrogen
and ammonia processing, iron and steel manufacturing, and
cement production are necessary to continuously use fossil fuels,
which is unavoidable at present and in the near future. The most
likely options identifiable for CO, capture are physical adsorp-
tion, chemical/physical absorption, low-temperature distillation,
and gas separation membranes. Currently, one or more of these
methods are used to reduce CO, emission.>™

As a new way of industrial practice, the formation and
dissociation of gas hydrates can be used to capture CO, from
many different sources. It is well-known that CO, forms
hydrates at much milder conditions than N,.”~'° Hence, high
selectivity can be expected for CO, capture from flue gas
streams. Kang and Lee® proposed a hydrate-based CO,, capture
approach that can recover more than 99 % CO, from a power
plant effluent stream. The hydrate-based CO, capture technology
has several advantages:'"'> mild operating conditions, process
simplicity, high CO, selectivity, solid CO, hydrates for eco-
nomic transport and/or direct discharge into the ocean, and few
pollution problems due to only water and a small amount of
additive being used. At present, the largest challenge to the
industrial application of hydrate-based CO, capture is the slow
hydrate formation rate. Trvin et al.'® reported that direct injection
of water into isooctane saturated with ethylene leads to rapid
hydrate formation. This concept can be used in hydrate-based
CO, capture technology. At present, no reports can be found
on the solubility of N, and CO, in isooctane, which could be
important information for the further development of hydrate-
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Table 1. Critical Properties and Acentric Factors of CO, and N,'*

component TJK P/MPa w
CO, 304.2 7.38 0.225
N, 126.2 3.39 0.040

Table 2. Summary of Solubility of CO, and N,, x, in Isooctane at
Three Temperatures

CO, solubility

N, solubility

P/MPa 100x P/MPa 100x
270.8 K 1.46 36.18 £ 142 2699 K 2.70 4.65 £ 0.30
2.10 49.05 +1.29 5.41 8.88 £0.61
2.24 56.31 £ 1.07 6.52 11.58 £0.73
2.44 62.28 £ 1.50 7.90 14.67 £ 1.04
2.78 78.66 £ 1.16 8.97 16.31 £ 1.18
275.0 K 1.59 33.08£1.60 2745K 2.75 4.58 £0.30
2.27 48.58 £ 1.32 5.53 8.30 £0.61
2.44 5425 £1.19 6.67 10.96 £ 0.75
2.68 61.09 £ 1.61 8.03 15.37 £ 1.02
3.09 7731 £1.33 9.16 16.36 £+ 1.20
282.5 K 1.75 29.65£1.80 2823K 2.82 5.04 £0.30
2.59 47.67 &£ 1.37 5.68 9.73 £0.59
2.77 50.64 £1.43 6.86 12.20 £0.72
3.06 59.15 £ 1.81 8.24 16.34 £+ 1.00
3.64 74.56 £ 1.73 9.45 17.14 £ 1.20

aided CO, separation. In this work, the solubility of N,, CO,,
and CO, (1) + N, (2) gas mixtures in isooctane will be
measured at a wide range of pressures and CO, composition in
the gas phase.

Experimental Section

Materials. Isooctane (2,2,4-trimethylpentane) with a certified
purity of > 99 mol % was purchased from Sigma-Aldrich, Inc.
N, was supplied by Labelmaster with a purity of 99 mol %,
and CO, was obtained from T. W. Smith with a minimum purity
of 99 mol %. All chemicals were used as received without
further purification. Deionized water was produced in our
laboratory with a resistivity of 17 mQ-cm ™.

Apparatus. Figure 1 shows the schematic diagram of the
experimental setup for measuring the solubility of N,, CO,, and
CO, (1) + N, (2) gas mixtures in isooctane. The stainless steel
reactor equipped with two view windows manufactured by Parr
Instrument can be operated at temperatures between (253 and 623)
K and at pressures up to 18 MPa, and the volume of the reactor
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Figure 1. Schematic diagram of the experimental setup.
0.020
0.8 + -
0.016 | °
0.012 (] e 0.6 1 a
w J
0.008 | . =
0.4 - .
0.004 E 1
0.2 4 E
0.000 — T
0.0 0.5 1.0 1.5 2.0
P/MPa
Figure 2. Experimental and reported solubilities of CO,, x, in water at 0.0 , | , | , ] A ! A ] , !
283.1 K: O, Bartholomé and Friz;'® @, this work; —, prediction by 1.0 15 20 25 3.0 35 4.0

CO2SOL."”

including the void space of fitting is 474 cm®. The volume of
the sample tube is 0.3 cm>. The temperature of the reactor is
controlled by circulating the coolant from an Isotemp 3006P
thermostat (Fisher Scientific) with a stability of &= 0.01 K inside
the jacket around the cell. The temperature of the reactor was
monitored with two type T thermocouples (Omega Engineering):
one is immersed in the liquid, and the other is placed in the
headspace. The uncertainty of temperature measurement is =+
0.2 K. The pressure of the reactor is measured by using a
9001PDM pressure transducer (Ashcroft, (0 to 34.47) MPa) with
the uncertainty of & 0.05 MPa. Temperatures of the liquid and
gas phases as well as the pressure are sampled every 20 s by
the Labview interface. Isooctane is injected to the reactor
through an ISCO 260-D pump (Teledyne Isco) with the
uncertainty of & 0.01 cm®.

P/MPa
Figure 3. Solubility of CO,, x, in isooctane at three temperatures and in
water at 275.0 K: W, 282.5 K; @, 275.0 K; A, 270.8 K; —, polynomial fit.
The dashed line is the solubility, 10x, in water predicted by CO2SOL."”

Procedures. We set the temperature of the thermostat bath
and then switched on the coolant circulation system. After the
temperature of the reactor reaches the target point, the reactor
is purged with N, or CO, twice at 0.7 MPa and then the reactor
is charged with N, or CO, to the desired pressure. When
measuring the solubility of the CO, (1) + N, (2) gas mixture,
CO, is charged first followed by N, and then agitated at a speed
of 300 rpm for 2 h. After thermal equilibrium is reached,
isooctane is injected into the reactor, and the liquid phase is
continuously stirred at a speed of 300 rpm. Absorption equi-
librium is reached in about 2 h. The composition of the gas
phase before and after isooctane injection is analyzed by using
a Hawlett-Packard gas chromatograph (HP5890 Series II Plus)
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Table 3. Fitting Parameters of the Second-Order Polynomial and Linear Equation

CO, solubility

N, solubility

x=a+bP+c P x=a+ b-P"
T/K a b c ” /K a b .
270.8 0.506 —0.321 0.152 0.997 269.9 —0.007 0.019 0.990
275.0 0.252 —0.076 0.079 0.999 274.5 —0.014 0.019 0.966
282.5 0.056 0.089 0.028 0.999 282.3 —0.082 0.019 0.980
“P in MPa.
0.20
and 1.46 MPa in our high-pressure reactor. The result is given
in Figure 2. The solubility of CO, in water under this condition
016 is (1.20 =+ 0.09) %, very close to the value of 1.27 predicted by
’ CO2SOL, which confirms the validity of our method.
Solubility of CO, and N, in Isooctane. The solubility of CO,
and N, in isooctane at three temperatures is summarized in Table
0.12+ 2, and the experimental data are also plotted in Figures 2 and
3. The solubility of CO, in isooctane at 275.0 K is one order
® higher than that in water at a pressure range of (1.5 to 4.0) MPa.
0.08 - The mole fraction of CO, in water is 0.017 at 275.0 K and
1.54 MPa (CO2SOL'), which is 20 times lower than that in
isooctane at the same temperature and pressure.
0.04 The lines in Figure 3 are the second-order polynomial fitting
of the solubility data of CO, in isooctane, and the values of
1 parameters of polynomial regression are listed in Table 3. The
oood— v ey correlation coefficient ranges from 0.997 to 0.999, indicating
2 3 4 5 6 7 8 9 10 that the second-order polynomial fits the solubility well.
P/MPa Figure 4 shows that the solubility of N, in isooctane is

Figure 4. Solubility of N,, x, in isooctane at three temperatures: W, 282.3
K; @, 274.5 K; A, 269.9 K; —, linear fit.

Table 4. Solubility of CO, (1) + N, (2), x, Gas Mixture in
Isooctane at 273.8 K.

gas-phase mole fraction liquid-phase mole fraction selectivity

P/MPa 100y, & 0.2 100y, &= 0.2 100x, 100x, K
3.70 7.85 9215  503+£024 8.19+£031 72
384 13.87 86.13 1097 £049 7404029 92
399 2128 7872 14824063 5424032  10.1
392 3839 61.61  2684+1.02 417+£026 103
372 6753 3247  5473+£129 181+0.13 146

K = (e /x:)[(y1/y).

at least three times with a GS-GasPro column in a helium carrier.
Three gas samples were consecutively withdrawn from the
sampling tube (Figure 1) by using a syringe. The time delay
between sampling was less than 10 min, and the analysis was
completed in 30 min. The average values were taken as the
equilibrium concentrations. The uncertainty of composition of
the gas phase (mole fraction) is & 0.002. The content of
isooctane in the gas phase is neglected. The amount of gas
dissolved in isooctane is calculated by using the Peng—Robinson
equation of state without considering the compressibility of
isooctane. The classical mixing rule is used to determine the
mole number of CO, (1) + N, (2) gas mixtures (binary
interaction parameter, k; = —0.017'%). Then, the solubility is
determined by taking the difference in the mole number of the
gas phase before the charge of isooctane and after reaching the
equilibrium. Table 1 gives the critical properties and acentric
factors of CO, and N, used in this work.

Results and Discussions

Test Run. To check the validity of the method used in this
work, the solubility of CO, in water is determined at 283.1 K

independent of temperature at a pressure range of (2.7 to 9.5)
MPa, suggesting that the dissolution heat of N, in isooctane is
relatively small. At temperatures between (269.9 and 282.3) K,
the solubility of N, linearly increases with the pressure. The
linear fitting results are given in Table 3.

Solubility of CO, (1) + N, (2) Gas Mixtures in Isooctane. The
solubility of CO, (1) + N, (2) gas mixtures in isooctane at 273.8
K and pressures from (3.70 to 3.99) MPa is listed in Table 4.
The selectivity of CO, over N, in isooctane is around 7 to 15
at 273.8 K with respect to the gas phase compositions. Aty, =
0.384, the CO, (1) + N, (2) binary hydrate formation pressure
is 3.6 MPa (CSMHYD’) at 273.8 K, and the water-free mole
fraction of CO, in the binary hydrate phase is 0.895. The
selectivity of CO, over N, in hydrates is 14 under this condition.
Although the selectivity of CO, in binary hydrates is a little
higher than that (10.3 in Table 4) in isooctane, solid hydrates
may reduce the transport and/or discharge cost.

Conclusions

The solubility of N,, CO,, and CO, + N, gas mixtures in
isooctane was measured. At a temperature range of (270.8 to
282.5) K, the mole fraction of CO, in isooctane is well fitted
by a second-order polynomial. The solubility of CO, in
isooctane is one order of magnitude higher than that in water
at 275.0 K at the same CO, pressure. The solubility of N, in
isooctane linearly increases with the pressure at temperatures
between (269.9 and 282.3) K, and temperature has an insig-
nificant effect on N, solubility at pressures from (2.7 to 9.5)
MPa. At 273.8 K, the selectivity of CO, over N, in isooctane
is around 7 to 15.

Literature Cited

(1) Gupta, M.; Colye, L.; Thambimuthu, K. CO, capture technologies and
opportunities in Canada; 1st Canadian CC&S Roadmap Workshop;
Calgary, Canada, 2003; pp 18-19.

(2) Anderson, S.; Newell, R. Prospects for carbon capture and storage
technologies. Annu. Rev. Environ. Resour. 2004, 29, 109-42.



1324  Journal of Chemical & Engineering Data, Vol. 53, No. 6, 2008

(3) Brown, M. A,; Levine, M. D.; Romm, J. P.; Rosefeld, A. H.; Koomey,
J. G. Engineering-economic studies of energy technologies to reduce
greenhouse gas emissions: opportunities and challenges. Ann. Rev.
Energy Environ. 1998, 23, 287-385.

(4) Feron, P. H. M.; Hendriks, C. A. CO, capture process principles and
costs. Oil Gas Sci. Technol. 2005, 60, 451-459.

(5) Granite, E. J.; O’Brien, T. Review of novel methods for carbon dioxide
separation from flues and fuel gases. Fuel Process. Technol. 2005,
86, 1423-1434.

(6) Yamasaki, A. An overview of CO, mitigation options for global
warming-emphasizing CO, sequestration options. J. Chem. Eng. Jpn.
2003, 36, 361-375.

(7) Sloan, E. D. Clathrate Hydrate of Natural Gases, 2nd ed.; Marcel
Dekker: New York, 1998.

(8) Kang, S.P.; Lee, H.; Lee, C. S.; Sung, W. M. Hydrate phase equilibria
of the guest mixtures containing CO,, N, and tetrahydrofuran. Fluid
Phase Equilib. 2001, 185, 101-1090.

(9) Kang, S. P.; Lee, H. Recovery of CO, from flue gas using gas hydrate:
thermodynamic verification through phase equilibrium measurements.
Environ. Sci. Technol. 2000, 34, 4397-4400.

(10) Seo, Y. T.; Moudrakovski, I. L.; Ripmeester, J. A.; Lee, J. W.; Lee,
H. Efficient recovery of CO, from flue gas by clathrate hydrate
formation in porous silica gels. Environ. Sci. Tehcnol. 2005, 39, 2315—
2319.

(11) Englezos, P.; Lee, J. D. Gas hydrates: A cleaner source of energy and
opportunity for innovative technologies. Korean J. Chem. Eng. 2005,
22, 671-681.

(12) Tajima, H.; Yamasaki, A.; Kiyono, F. Energy consumption estimation
for greenhouse gas separation processes by clathrate hydrate formation.
Energy 2004, 29, 1713-1729.

(13) Irvin, G.; Li, S.; Simmons, B.; John, V.; Mcpherson, G; Max, M.;
Pellenbarg, R. Control of gas-hydrate formation using surfactant
systems: underlying concepts and new application. Ann. N.Y. Acad.
Sci. 2000, 912, 515-526.

(14) Reid, R. C.; Prausnitz, J. M.; Poling, B. E. The properties of gases
and liquids, 4th ed.; McGraw-Hill: New York, 1987.

(15) Smith, J. M.; Van Ness, H. C. Introduction to chemical engineering
thermodynamics, 4th ed.; McGraw-Hill: New York, 1987.

(16) Bartholomé, E.; Friz, H. Solubility of CO2 in water. Chem. Eng.
Technol. 1956, 28, 706-708.

(17) Diamond, L. W.; Akinfiev, N. N. Solubility of CO, in water from—
1.5 to 100 °C and from 0.1 to 100 MPa: Evaluation of literature data
and thermodynamic modelling. Fluid Phase Equilib. 2003, 208, 265—
290.

Received for review January 22, 2008. Accepted March 13, 2008.
JE800053F



