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Abstract—The solubility of carbon dioxide in three ionic liquids (ILs) under supercritical fluid condition was meas-
ured at pressures up to 32 MPa and at temperatures of 313.15, 323.15, and 333.15 K in a high-pressure view cell. The
imidazolium-derivative ionic liquids 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF]), 1-butyl-3-meth-
ylimidazolium tetrafluoroborate ([bmim][BF,]), and 1-octyl-3-methylimidazolium tetrafluoroborate (Jomim][BF,]) were
employed in this research. The effects of pressure, temperature, nature of anion and cation as well as the water content
on the solubility of CO, in the ILs were investigated experimentally. The solubility of CO, in the IL was higher for the
ILs with longer cationic alkyl group and for the ILs with lower anion polarity. The lower the water content or the lower
the temperature as well as the higher the pressure, the higher was the solubility of CO,.
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INTRODUCTION

Many ionic liquids (ILs) have been recognized as new green chem-
icals because of their useful and unique properties, such as negligi-
ble vapor pressure, non-toxicity (note that halide-containing ILs may
have toxicity at high temperatures) and non-flammability, thermal
stability, and good ionic conductivity [1]. Among them, room tem-
perature ionic liquids (RTILs) which are organic salts are getting
significant attention for a large variety of applications in many areas
that span from pure sciences to industry, because their melting po-
ints are below room temperature [2]. Existing as a liquid over a wide
temperature range, those compounds have generally been consid-
ered as an alternative to conventional organic solvents in a variety
of reactions and separation processes [3]. Employing conventional
solvents, the toxic volatile organic solvents vaporize after the reac-
tion and escape into the atmosphere during the separation process,
making a significant contamination to the environment. However,
if nonvolatile IL solvents are used instead of volatile organic sol-
vents, negative impacts on the environment or contamination of
reaction products are prevented. The used IL solvents can then be
recycled without vapor contamination. This is the main reason why
ILs are considered as an environmentally friendly alternative to the
harmful organic solvents [3]. Besides, ILs have very high polarity
and good catalytic activity due to their ionic nature [4-6]. Another
advantage of ILs is that they can dissolve both inorganic and organic
compounds due to their high polarity and their organic functional
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groups [1-3]. Moreover, ILs are normally synthesized quite easily,
and their ionic nature offers many possibilities to create new com-
pounds [1,2,4-6]. That unique opportunity, often denoted with the
term “‘designer solvent,” has paved the way for ILs into a wide variety
of applications, such as catalysis, separations, and electrochemistry
[2,3].

On the other hand, supercritical fluids as solvents are character-
ized by a unique property that allows tuning of the solubility by ad-
justing pressure and temperature. They have gas-like transport prop-
erties and dissolve materials like a liquid. For that particular reason,
they can also be used in numerous applications, including extrac-
tion, fractionation, chemical reaction, polymerization, and materials
processing. Among all the supercritical fluids, supercritical carbon
dioxide (scCO,) is the most attractive solvent due to its moderate
critical condition (304.1 K and 7.38 MPa) and because it is non-
toxic, nonflammable, and inexpensive. Therefore, scCO, has been
considered as an environmentally friendly clean solvent.

Combining the above-mentioned advantages of scCO, and ILs
may provide a clean synthesis process in which reaction and sepa-
ration occur consecutively. Due to the strong electrostatic forces
between cations and anions, scCO, dissolves well in ILs, but ILs
actually do not dissolve in scCO, [7,8]. The organic products from
areaction in the [L-phase can, therefore, be extracted by supercritical
CO,, allowing only a small amount of cross-contamination between
the IL and scCO, phases [9].

The solubility of CO, in ILs at pressures higher than atmospheric
was investigated by many researchers [7,10-19]. In many cases,
those experiments resorted to the IL [bmim][PF,], since it was one
of the first sufficiently air- and water-stable compounds that allowed
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successful and reproducible thermophysical investigations. Brennecke
and co-workers [7,10] measured the CO, solubilities in several im-
idazolium-based ionic liquids using a high-pressure vapor-liquid
phase equilibrium apparatus and correlated the solubility with the
liquid molar volume using the “free volume™ concept. In another
study, Brennecke and co-workers [11] proved that the solubility of
CO, in ILs increased as more hydrogen atoms were replaced by
fluorine atoms, allowing higher solubilities of other gases in the IL-
phase. Their experiments elucidated the effects of the anion and of
the cation alkyl-chain length as well as the effect of temperature, and
they compared their results with the literature data. Fu et al. [12]
measured the solubility of CO, in ILs containing different amounts
of water at high pressures up to 25 MPa. Peters and co-workers
[13] investigated the high-pressure phase behavior of the binary
system [omim][BF,]+CO, in the pressure and temperature ranges
of 0.1 to 100 MPa and 303 to 363 K, respectively, and observed a
drastic increase in the pressure if the CO, mole fraction (solubility)
became higher than 0.6.

Maurer and co-workers [14,15] measured the solubility of CO,
in [bmim][PF] up to 9.8 MPa using a synthetic view-cell tech-
nique and correlated their results by means of an extended Henry’s
law. Chen et al. [16] measured the solubility of CO, in two differ-
ent types of hydroxyl ammonium- and imidazolium-based ILs at
pressures as high as 11 MPa. Kim et al. [17] measured the solubility
of CO, in imidazolium-based ionic liquids up to about 1 MPa and
analyzed it with group contribution theory. Shiflett and Yokozeki
[18] employed a commercial gravimetric microbalance to measure
the solubilities of CO, in both [bmim][BF,] and [bmim][PF,] up to
2 MPa and correlated the results with the Redlich-Kwong equation
of state.

The solubility data are important in designing the synthesis-sep-
aration process using both IL and scCO,. However, there is still a
lack of CO, solubility data in ILs at pressures where CO, is already in
the supercritical state. In the literature cited here [10-19], all solubility
data were measured at low pressures of less than 10 MPa, except
for the data by Muldoon et al. [11] who measured up to 13 MPa,
by Gutkowski et al. [13] who even did experiments at 100 MPa, and
by Fu et al. [12] who measured up to 25 MPa (only for [bmim]
[PF,]). Therefore, in this study, the solubility of CO, in the three
different ionic liquids [bmim][PF], [bmim][BF,], and [omim][BF,]
is investigated up to obviously higher pressures of maximum 32
MPa. The effect of the water content in the IL on the solubility of
CO, is discussed.

EXPERIMENTAL

1. Materials

The imidazolium-based ionic liquids [bmim][PF] (purity>99%,
water content=12x10"* in mass fraction, chloride content=0.79x10"*
in mass fraction), [bmim][BF,] (purity>99%, water content=59x
10™* in mass fraction, chloride content=5.2x10"* in mass fraction),
and [omim][BF,] (purity>99%, water content=10.5x10"* in mass
fraction, chloride content=1.01x10"* in mass fraction) were pur-
chased from C-Tri (Hwasung, Korea) and pretreated in the vacuum
oven at 363.15 K for 12 h to remove water. The molecular struc-
tures of the above ionic liquids are shown in Fig. 1. CO, (99.5%)
was purchased from Daedong Gastech (Daegu, Korea) and used
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Fig. 1. The molecular structures of ionic liquids used in this study:
(a) [bmim][PF], (b) [bmim][BF,], and (c) [omim][BF,].
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Fig. 2. A schematic diagram of the experimental equipment to
measure the swelling and sorption behavior of ionic liquids
in the presence of supercritical carbon dioxide (VP: vac-
uum pump, P: pressure sensor).

Table 1. The water (3) mass fraction (w,=m,/(m,+m;)) in the three
ionic liquids (2) investigated here before and after the mois-
ture removal treatment

Tonic liquids Before/10* w; After/10* wy

[bmim][PF,] 7 1.7

[bmim][BF,] 20 22

[omim][BF,] 4 4.1
without further purification.

2. Measurement of CO, Solubility in ILs

The solubility of CO, in ILs was measured in a view-cell appara-
tus (Hanwool Model SC-6100) as shown in Fig. 2. Since the water
content plays an important role, the IL. samples were dried as de-
scribed above. The water content before and after the drying pro-
cess was measured by a Karl Fischer titrator (Barnstead Interna-
tional Aquametry I) and the results are given in Table 1. In all ILs,
the initial water content was in the range from 7.0x10* to 42x10™*
in mass fraction and about 75 to 90% of water was removed after
the drying step. However, a small amount of water (1.7x10* to 4.1x
10™* in mass fraction) still remained due to the strong polar nature
of ILs.

To measure the CO, solubility, the view cell was evacuated and
then filled with low-pressure CO,. About 2.5 mL of IL was injected
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into the view cell with a syringe. We obtained the weight of IL in-
jected by measuring the weight of syringe before and after the in-
jection with a balance (Mettler Toledo AG) to 0.1 mg. The view
cell was then placed in a constant temperature water bath con-
trolled to £0.1 K with a Lauda Immersion Thermostat B. The cell
was kept at the same condition for 30 min to ensure the thermal
equilibrium. High-pressure CO, was supplied to the view cell at a
constant pressure controlled by an automatic syringe pump (ISCO
Model 260D). The pressure in the cell was measured by a pressure
gauge (Sensotec TJE/GM) to +£0.034 MPa. The amount of liquid
CO, supplied to the cell was measured by the volume indicated on
the syringe pump. The uncertainty of that measurement was about
+0.005 mL.

When the equilibrium was reached while stirring with a mag-
netic stirrer for 20 to 30 min, stirring was stopped to see the phase
behavior at the new equilibrium. The liquid phase (i.e., the IL phase
saturated with CO,) and the vapor phase (i.e., the high-pressure CO,
phase) in the view cell were recorded by a video camera connected
to a 17 inch monitor on which the view was expanded by about 10
times [20]. The position of the phase boundary was measured on
the monitor. The volume of each phase was then calculated using
the calibration curve showing the volume of methanol injected with
a precision syringe versus the height of the liquid level in the view
cell. The liquid level on the monitor was measured at the equilib-
rium after every injection of 0.02 mL liquid CO,. The amount of
CO, injected is the difference between the volumes of CO, left in
the ISCO syringe pump, before and after the injection, which was
measured by the position sensor on the pump and shown on the pump
monitor. The mass of CO, dissolved in the IL was obtained by sub-
tracting the amount of CO, that remained in the vapor phase from
the total amount of CO, supplied to the cell. The mass of CO, in
the vapor phase was calculated by multiplying the volume of the
vapor phase with the density of CO, at the corresponding pressure
and temperature, which was obtained by CO2PAC program based
on the Wagner and Schmidt equation of state [21]. As the ionic liquid
is not soluble in CO,, we assumed that there is no ionic liquid in
the vapor phase [8].

At constant temperature, the pressure was then increased by 2.7
MPa for each step until it reached 31.5 MPa at maximum. The above-
mentioned procedure to determine the phase volumes was repeated
after each pressure increment. The same experiments were performed
at three different temperatures of 313.15, 323.15, and 333.15K.
The overall experimental uncertainty was less than +5%, including
the reading error of the height of meniscus between IL and CO,
phases.

RESULTS AND DISCUSSION

1. Effects of Pressure and Temperature on CO, Solubility in
ILs

The solubility of CO, in ILs was measured at each stage of pres-
sure with about 2.7 MPa increment at three different temperatures.
The mole fraction solubility of CO, (x,)is defined by the following
equation:

n;

X = e
n+n,+n;

1
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Fig. 3. The mole fraction solubility of CO, (1) x, in IL (2) ([bmim]
[PF] (a), [bmim][BF,] (b), and [omim][BF,] (c)) with water
mass fraction w, of 1.7x10™, 2.2x10™, and 4.1x10™, respec-
tively: O 313.15K; [ 323.15K; A 333.15K. The lines are
the best fits to the data which are calculated by Sigma Plot,
a graphics program.

where n,, n,, and n, are the numbers of moles of CO,, IL, and
water, respectively. However, we neglected the values of n; as they
are very small compared to n, and n,. The solubilities x, of CO, in
[bmim][PF,], [bmim][BF,], and [omim][BF,] increased rapidly to
about 0.6 to 0.7 in mole fraction for pressures up to 9 to 10 MPa,
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but towards higher pressures, the increasing rates slowed down and
the solubility finally leveled off to about 0.8 in mole fraction above
15 MPa at all temperatures (Fig. 3). The fast solubility increase in
the low-pressure range may be due to the Henry’s sorption in the
inter-ion space. The cations of ILs are normally bulkier than the
corresponding anions and provide inter-ion spaces where CO, can
squeeze in. As the openings between cation and anion of the IL are
large, CO, molecules can easily enter into that space. However, these
openings are continuously filled with CO, molecules with increas-
ing pressure. Eventually, the spaces are filled up, leaving no more
room for CO, molecules to get in. To let more CO, molecules enter
into the IL, it is necessary for the inter-ion space to be expanded.
As this expansion requires energy, only small amounts of CO, can
penetrate into the IL. This is why ILs show that particular leveling-
off solubility behavior. Blanchard et al. [10] also observed the same
behavior and explained that it is due to the existence of “free vol-
ume” or “void space” available in the IL phase. They also men-
tioned that the almost linear CO, solubility as a function of pressure
supports a space-filling mechanism. Therefore, the solubility of CO,
in an IL depends on the interaction between CO, molecule and IL
ion as well as on the free space in the IL available for CO, molecules
to get in.

The solubility of CO, in the ILs at the same pressure decreases
with increasing temperature for all three imidazolium-based ILs,
which is in accordance with the observations reported in the litera-
ture [7,10,12,14,17,18]. A significant temperature effect on solubil-
ity was observed as the pressure increased up to about 10 MPa, but
it became much less significant at high pressures about 30 MPa. In
Fig. 3(b), the solubilities of CO, in [bmim][BF,] at 323.15 and 333.15
K nearly overlap each other at pressures between 10 and 20 MPa,
while the overlapping behavior is not observed for the other sys-
tems. Furthermore, the solubility difference in that pressure region
is rather large between 313.15 and 323.15 K, but rather small be-
tween 323.15 and 333.15 K. In the literature [12,14], the solubility
isotherms are shown nearly parallel to each other. Also, in our pre-
vious study [20], any overlapping of the volume change data be-
tween the three temperatures was observed throughout the pres-
sure range investigated. So, the data at 323.15 K reported in Fig.
3(b) are presumed to be a little smaller (5 to 10%) than the corre-
sponding values reported there. From Fig. 3, we can see that, at the
same pressure, the solubility of CO, in these ILs became smaller at
higher temperatures as shown in the literature [12,14]. This may be
due to the decrease in the inter-ion space as the ions become active
with the increased kinetic energy and are more irregularly distrib-
uted.

2. Effects of Cations and Anions on CO, Solubility in ILs

Ordinary inorganic salts, such as sodium chloride, have a strong
inter-ion Coulombic force because the anion and the cation are small
and thus the inter-ion distance is short. However, ILs (especially
RTILs) have a weak inter-ion interaction force as their ion-sizes are
large and the inter-ion distance is long. For all three ILs investi-
gated, the positive charge of the nitrogen atom on the five-mem-
bered ring of the cation is not fixed but can be transferred indefinitely
to and from between the two N atoms on the ring, thus weakening
the ionic strength of the cation. Although the ionic strengths of ILs
are smaller than those of inorganic salts, they are still much stron-
ger than those of polar and nonpolar solvents. Fig. 4 illustrates this

P (MPa)

Fig. 4. Comparison of the mole fraction solubilities of CO, (1) x,
in three ILs (2) with different water mass fractions w; at
313.15K: A [bmim|[PF | with w;=1.7x10™*; O [bmim][BF,]
w;=2.2x10"*; @ [omim][BF,] with w;=4.1x10"*. The lines
are the best fits to the data which are calculated by Sigma
Plot, a graphics program.

cationic effect using [omim]|[BF,], where the short butyl chain in
the cation of [bmim][BF,] is substituted with a longer octyl chain,
which shows higher CO, solubility than [bmim][BF,]. The differ-
ence in the solubility of CO, amounts to about 0.1 in mole fraction.
This is because the longer alkyl group has a better affinity for CO,
that increases the solubility of CO, in the IL. The experimental re-
sults shown in Fig. 4 coincide with the literature [7,17]. Aki et al.
[7] reported an appreciable difference among the three imidazolium-
based cations [bmim], [hmim] (i.e., I-hexyl-3-methylimidazolium),
and [omim], paired with the same anion, bis(trifluoromethylsulfo-
nyl)imide (abbreviated as [Tf;N]). They could prove the increase
in CO, solubility with the increase in the length of the side-chain. An
earlier paper from the same group [10], however, showed almost no
difference in the solubility of CO, between [bmim][PF,] and [omim]
[PE].

Fig. 4 also shows that substitution of the anion by a less polar
one leads to an increase in the solubility. The solubility of CO, is
higher in [bmim][PF,] than in the corresponding IL [bmim][BF,]
that has a more polar anion. Because CO, is nonpolar, it prefers less
polar ions. Occasionally, in this research, the solubility increase caused
by replacing the cation from [bmim] to [omim] is similar to the in-
crease in the solubility caused by substituting the anion from [BF,] to
[PF]. Aki et al. [7] showed that the anion has a significantly stronger
impact on the gas solubility than the cation. At the same pressure
(8 MPa) and temperature (313.15 K), the solubility difference be-
tween [NO;] and [methide] anions is more than 40%, while that
between [bmim] and [omim] cations is less than 10%. Their results
showed that the solubility difference between [bmim][PF] and [bmim]
[BF,] is about 13% at 8 MPa. In this study, that difference is about
14%, which is similar to that of Aki et al., while at 30 MPa it was
reduced to 9%.

Cammarata et al. [22] suggested the following order of hydrogen
bond basicity of the anion from the FTIR spectroscopic studies: [PF]
<[BF,]<[Tf;N]<[NO,]. However, Aki et al. [7] claimed that CO,
solubility does not correlate with the hydrogen-bond basicity of the
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anion, saying that the solubility of CO, in [bmim] cation-based ILs
increases in the order of [NO,]<[BF,]<[PF]<[Tf;N] at 313.15 K.
They explained that behavior in terms of the acid/base interactions
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Fig. 5. The mole fraction solubility of CO, (1) x, in three ILs (2)
with two different water (3) mass fractions w; at 313.15S K.
For [bmim][PF] (a): O 1.7x10™* and (1 7.0x10™; for [bmim]
[BE,] (b): O 2.2x10* and [ 20x10™*; for [omim][BF,] (c):
O 4.1x10™ and [] 42x10™*. The lines are the best fits to the
data which are calculated by Sigma Plot, a graphics pro-
gram.
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of CO, with anions and of the molar volumes of the ILs. From ATR-
IR spectroscopy, Kazarian et al. [23] showed that CO, forms weak
Lewis acid-base complexes with the anions of the IL and that the
axis of the O=C=0 molecule is oriented towards the IL anion in
perpendicular arrangement to P-F and B-F bonds, shielding the strong
anion-cation interactions. They also showed that on pressurization
with CO, the swelling of [bmim][PF,] is larger than that of [bmim]
[BF,] due to the weaker anion-cation interactions in [bmim][PF,],
resulting in a larger solubility of CO, in [bmim][PF]. Our results
agree with Aki et al.’s and Kazarian et al.’s claims on the anion effect.
The solubility of CO, for the [BF,] IL is smaller than that for the
[PF,] IL, indicating that [PF] is less polar than [BF,] and therefore
more compatible with nonpolar CO,.
3. Effects of Water Content on CO, Solubility in ILs

The solubility of CO, was measured for ILs (2) with different
water (i.e., residual water) (3) contents (mass fractions) that were
determined as follows:

m,+m;

W3 @
where m, is the mass of the IL and m; is the mass of residual water
in the IL. The water content w; of the IL before and after moisture
removal treatment amounted to 1.7x10™* and 7.0x10™* for [bmim)]
[PFy], 2.2x10™* and 20x10™* for [bmim][BF,], 4.1x10™* and 42x
10™* for [omim][BF,], respectively. Those ILs with higher water
content showed lower solubility of CO, at 313.15K (Fig. 5). The
largest CO, solubility difference between the same ILs with differ-
ent water contents was observed to be 7 to 8% at pressures near 8
to 10 MPa for all the ILs tested here. At higher pressures, that dif-
ference was about 2 to 3% for [bmim][PF;], 1 to 2% for [bmim]
[BF,], and 3 to 4% for [omim][BF,]. The outcome of different water
content on the gas solubility agrees with the findings reported by
Fu et al. [14], who observed decreasing solubility of CO, in [bmim]
[PF,], measured between 313.15 and 333.15 K and up to 25 MPa,
with increasing water content. Fu et al. [12] reported that the de-
crease in the solubility was not so significant but less than 15% (with
the average of 6.7%) when they increased the water content w; from
6.7x107° to 0.016 at the same pressure and temperature. Their sol-
ubility difference was reduced to 3.9% when calculated on a water-
free basis. Since their pressure range was 1.0 to 9.0 MPa (except
one series operated up to 25 MPa), they observed a smaller solu-
bility reduction compared to us in that region. Aki et al. [7] also
showed a visible but, however, small effect of water content on the
solubility of CO, in [bmim][Tf,N] at 298 K by using two IL sam-
ples, one with a water mass fiaction of 4.5x10™* and the other (water-
saturated) containing 1.3 wt% (24.2 mol%) of water.
4. Comparison with Literature Values

The solubility data of CO, in [bmim][PF;] measured in this study
at a single temperature of 313.15 K were compared with those avail-
able from the literature (Fig. 6). We selected the solubility data at
water content of 7.0x10™ as the reference, so that we could make a
relatively fair comparison with the data from literature that have
similar degrees of water content w;, in the range of 10x10™* to 15x
10°*. Except for the data below 2 MPa, where we do not have the
solubility, our results were similar, within about 10%), to the results
of Blanchard et al. [10] who measured the solubility up to 9.6 MPa
using the same IL, but with a water mass fraction w; of 15x10™*,
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Fig. 6. Comparison of the mole fraction solubilities of CO, (1) x,
in [bmim][PF] at 313.15 K with those from the literature.
@ this work, w,=1.7x107; O this work, w,=7.0x10"; F]
Blanchard et al. [10], w,=15x107*; (D Liu et al [19], w,=
10x10™*; I AKi et al. [7], w;=3.0x10"* (cleaned); Il Aki et
al. [7], w;=2.3x10* (Sachem); A Fu et al. [12], w;=15x10"*;
A Pérez-Salado Kamps et al. [14], w,<10x10™. The lines
are the best fits to the data which are calculated by Sigma
Plot, a graphics program.

The solubility values measured by Fu et al. [12] (w;=15%10"*) and
Pérez-Salado Kamps et al. [14] (w,<10x10) are a few to 5% smaller
than ours at pressures less than 1 MPa, but the difference increases
to about 25% at 25 MPa. Our data (w;=7.0x10"*) agree fairly well
with the data reported by Liu et al. [19] (w;=10x10"*) as well as
Aki et al. [7] (w;=2.3%10*) at low pressures, but the deviation in-
creases to 15% at 10 MPa. As discussed in the previous section,
our solubility data in [bmim][PF,] with w;=1.7x10"* are 2 to 8%
larger than that in [bmim][PF,] with w,=7.0x10"*, except for pres-
sures lower than 3 MPa. So, we expect a smaller solubility for ILs
with larger water content and it is impossible to explain our data
with only water content.

Aki et al. [7] reported that the solubility of CO, in an IL may also
be strongly affected by the impurities and degradation products,
such as chloride ion remaining in the IL. In Fig. 6, their data for
[bmim][PF] cleaned with water and dried under vacuum at 343.15
K for 48 h are about 5% larger than those of Fu et al. [12] and Pérez-
Salado Kamps et al. [14], but are similar to Liu et al. [19]. However,
in our experiments, a low-grade CO, (99.5%) was used and it is
known that the main impurity is water. Contacting with IL during
the solubility measurement, the water in the CO, must have been
dissolved into the IL. However, our solubility was rather larger than
that of Aki et al. [7], different from their report. This result requires
us to find another reason for the higher solubility of CO, in the ILs.

The ILs used in this study have impurities less than 1% (see the
above Materials section). Impurities other than water and chloride
were not determined, but must have been the residues from the reac-
tion. We neither washed any IL with water to remove water-soluble
impurities nor used activated carbon to remove organic impurities
as mentioned by Aki et al. [7]. We did not determine nature and
amount of impurities except for water. However, we pretreated the
ILs at 363.15 K under vacuum for 12 h until there was no further

decrease in the weight of IL. The colors of the new ILs were clear to
yellowish clear. For the treated ILs, we could neither see any change
in the color with the naked eye nor notice any change of smell. When
the IL [bmim][PF,] was treated at 423.15 K, the color turned to brown-
ish yellow and released toxic fumes, probably of hydrogen chlo-
ride, hydrogen fluoride or both. The toxic gas must have been made
by degradation of the IL, and hydrogen chloride, if any, must have
been the one remaining in the IL. To avoid this degradation of the
ILs, we kept them at temperatures less than 363.15 K throughout
the entire experiments, while Aki et al. [7] treated the IL at 343.15 K,
Pérez-Salado Kamps et al. [14] at 348.15 K, Fu et al. [12] at 353.15
K, and Liu et al. [19] at 313.15 K. Since our pretreatment tempera-
ture of ILs was the highest among the research on the solubility re-
ported so far, we might have removed more impurities compared
to the literature and thus obtained the highest solubility.

CONCLUSIONS

The solubility of CO, in three imidazolium-based ILs was meas-
ured at 313.15, 323.15, and 333.15 K and at pressures up to 32 MPa.
As the pressure was increased, the solubility increased rapidly at
low pressures, but this increase slowed down above the pressures
of 8 to 10 MPa and finally leveled off at about 30 MPa. As tem-
perature was increased by 20 K, the corresponding solubility de-
creased about 7 to 8% at pressures of 8 to 10 MPa and about 2 to
3% at 20 to 30 MPa, respectively. The solubility was also found to
be dependent on the nature of cation and anion. The IL with longer
alkyl-chain cation [omim] showed about 10% larger solubility than
that of shorter alkyl-chain cation [bmim] due to the favorable inter-
action between CO, and alkyl side chain. Compared to the nature
of cation and anion, the water content has a subordinate effect on
gas solubility. When the anion was changed from [BF,] to [PF], the
solubility increased by about 10%. As the water content increased
4 to 10 times, the solubility of CO, at 313.15 K decreased 7 to 8%
near 8 to 10 MPa and 2 to 3% at high pressures near 20 to 30 MPa,
respectively. Our results may be worth following if the commercial
IL and CO, are used in a commercial process without further purifi-
cation. However, for sophisticated control of such processes it is
recommended to purify the ILs and CO, before use.

ACKNOWLEDGMENT

This research was supported by Yeungnam University Research
Grant 2007.

REFERENCES

1. S. Keskin, D. Kayrak-Talay, U. Akman and O.Hortagsu, J. Super-
crit. Fluids, 43, 150 (2007).

2. H.-S. Kim and Y.-J. Kim, News. Inf. Chem. Eng., 21,200 (2003).

3. C. Cadena, J. L. Anthony, J. K. Shah, T. I. Morrow, J. F. Brennecke
and E. J. Maginn, J. Am. Chem. Soc., 126, 5300 (2004).

4. J. Dupont, R. F. de Souza and P. A. Z. Suvarez, Chem. Rev,, 102, 3667
(2002).

5. T. Welton, Chem. Rev., 99, 2071 (1999).

6. H. Olivier-Bourbigou and L. Magna, J. Mol. Catal. A: Chem., 182-
183,419 (2002).

Korean J. Chem. Eng.(Vol. 26, No. 4)



1136 B.-H. Lim et al.

7.S.N. V.K. Aki, B. R. Mellein, E. M. Sauer and J. F. Brennecke, .J.
Phys. Chem. B., 108, 20355 (2004).
8. W. Wu, J. Zhang, B. Han, J. Chen, Z. Liu, T. Jiang, J. He and W. Li,
Chem. Commun., 1412 (2003).
9. L. A. Blanchard and J. F. Brennecke, Ind. Eng. Chem. Res., 40, 287
(2001).
10. L. A. Blanchard, Z. Gu and J. F. Brennecke, J. Phys. Chem. B., 105,
2437 (2001).
11. M. J. Muldoon, S. N. V. K. Aki, J. L. Anderson, J. K. Dixonand J. F.
Brennecke, J. Phys. Chem. B., 111, 9001 (2007).

12. D.Fu, X. Sun, J. Puand S. Zhao, J. Chem. Eng. Data, 51, 371 (2006).

13. K. L. Gutkowski, A. Shariati and C. J. Peters, J. Supercrit. Fluids,
39, 187 (2006).

14. A. Pérez-Salado Kamps, D. Tuma, J. Xia and G. Maurer, J. Chem.
Eng. Data, 48, 746 (2003).

15. J. Kumelan, A. Pérez-Salado Kamps, D. Tuma and G. Maurer, J.
Chem. Eng. Data, 51, 1802 (2006).

July, 2009

16. Y. Chen, S. Zhang, X. Yuan, Y. Zhang, X. Zhang, W. Dai and R.
Mori, Thermochim. Acta, 441, 42 (2006).

17.Y.S. Kim, W. Y. Choi, J. H. Jang, K.-P. Yoo and C. S. Lee, Fluid
Phase Equilib., 228-229, 439 (2005).

18. M. B. Shiflett and A. Yokozeki, Ind. Eng. Chem. Res., 44, 4453
(2005).

19. Z. Liu, W. Wu, B. Han, Z. Dong, G. Zhao, J. Wang, T. Jiang and G
Yang, Chem. Eur: J., 9, 3897 (2003).

20. B.-H. Lim and J.-J. Shim, Clean Tech., 14, 248 (2008).

21. J.F. Ely, CO2PAC: A Computer Program to Calculate Physical Prop-
erties of Pure CO,, National Institute of Science and Technology:
Boulder, CO (1986).

22. L. Cammarata, S. G Kazarian, P. A. Salter and T. Welton, Phys.
Chem. Chem. Phys., 3,5192 (2001).

23. S. G Kazarian, B. J. Briscoe and T. Welton, Chem. Commun., 2047
(2000).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


