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Abstract—The vapor-liquid equilibrium of the binary system CO,+1-butyl-3-methylimidazolium nonafluorobutyl
sulfonate ([BMIM][NfO]) was measured over a temperature range of 298.2-323.2 K at intervals of 5.0 K for CO, mole
fraction ranging from 0.137 to 0.900 using a high-pressure variable-volume view cell. The Peng-Robinson equation
of state was then applied with two-parameter mixing rules over the same range and the results compared with the ex-
perimentally obtained data. Increasing the alkyl chain length in perfluorinated sulfonate from methyl to butyl markedly
increased the CO, solubility. To investigate the effect of the number of fluorine atoms in the anion on the phase behavior
of imidazolium based ionic liquid, these experimental results were then compared with those reported in previous ex-
perimental studies of 1-alkyl-3-methylimidazolium cations and with modeling data. It looks likely that both the number
of fluorine atoms in the anion and the presence of S=O groups play an important role in designing CO,-philic molecules.
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INTRODUCTION

Based on their structural characteristics, several cation mother
structures and a number of anion functional groups have been used
to synthesize ionic liquids (ILs) in a variety of different forms, depend-
ing on the target application. The resulting high degree of flexibility
for synthesizing different functional groups containing ionic liquids
has meant that CO, capture in the presence of an appropriate IL has
been widely studied [1-3]. However, without a better understand-
ing of the fundamental thermodynamic properties of these systems
it is not possible to extend the use of IL in CO, treatment, in particular
to replace aqueous amine solutions, which suffer from serious draw-
backs due to corrosion and high energy penalty for recovery.

Imidazolium is often utilized as a primary cation structure because
it can serve as a mother structure to modify the cation by simply
substituting 1 and/or 3 positions with a variety of functional groups
[4]. There have been many studies on the influence of alkyl chain
length in 1-alkyl-3-methylimidazolium [AMIM] cation containing
IL on CO, solubility [5-8]. In particular, Shin and Lee [8] showed
that the CO, solubility increases as the alkyl chain length increases
from ethyl to octyl, maintaining the anion with trifluoromethyl sul-
fonate (TfO). This may be because a longer alkyl chain length in-
creases the dispersion force, resulting in an enhanced interaction
with CO, [9].

The influence of the anion on the CO, solubility seems to be far
more important than that of its cation counterpart [7]. Since the affinity
between CO, and fluorine is quite high at the molecular level [10],
ILs containing fluorine as anions generally exhibit better results in
terms of CO, solubility. Aki and coworkers [7] reported that at 298 K,
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the CO, solubility in 1-butyl-3-methylimidazolium (BMIM) cation
based ILs increases in the following order: nitrate (NO,)<dicyanamide
(DCA)<tetrafluoroborate (BF,) ~ phosphorous hexafluoride (PF,)<
(TfO)<bis(trifluoromethylsulfonyl)imide (Tf;N)<(methide). However,
to the best of our knowledge, as yet there have been no reports of
the effect on CO, solubility of the perfluorinated alkyl chain length
in the anion.

In this study, we measured the high-pressure phase equilibria of
the 1-butyl-3-methylimidazolium nonafluorobutyl sulfonate ((BMIM]
[NfO]) and CO, binary system over a range of temperature and CO,
mole fractions. To investigate the effect of the perfluorinated alkyl chain
length in the anion, the phase equilibria of the [BMIM][NfO] and CO,
binary system were compared to those of 1-butyl-3-mtheylimidazolium
triftuoromethyl sulfonate ((BMIM][TfO]) and other fluorine atom
containing ILs. The experimental phase equilibria data were then
compared to those predicted by applying the Peng-Robinson equa-
tion of state (PR-EoS) and the van der Waals two-parameter mixing
rule.

EXPERIMENTAL

1. Chemicals

1-Methylimidazole (>99%), 1-bromobutane (99%), hexane (95%),
toluene (99.8%), ethyl acetate and acetone were acquired from Sigma-
Aldrich (St. Louis, MO, USA). Potassium nonafluorobutyl sulfonate
(98%) was purchased from Wuhan Bright Chemical Co. (Hubei,
China). The SFC grade carbon dioxide (99.999%) was purchased
from Sebotech Inc. (Dagjeon, Korea). All chemicals were used as
received.
2. Synthesis

The synthesis of 1-butyl-3-methylimidazolium bromide, i.e.,
[BMIM][Br], and [BMIM][N{O], were carried out using a method
similar to the one that we reported earlier [11]. Accordingly, 1-bromo
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butane (55 mmol) was slowly added at 0 °C to a vigorously stirred
solution of 1-methylimidazole (50 mmol) in toluene (25 cm’). The
quaternization reaction was carried out at 80 °C for 24 hours, and it
was subsequently placed in a freezer at 0 °C for 4 hours. The toluene
was decanted, and the remaining viscous oil was repeatedly washed
with ethyl acetate, yielding a yellow oil. This oil was then dried in
vacuum, and [BMIM][Br] was obtained in approximately 90% yield.

[BMIM][Br] (20 mmol) IL was dissolved in acetone and potas-
sium nonafluorobutyl sulfonate (22 mmol) was added; the result-
ing mixture was stirred for 48 hours at room temperature. The thus-
obtained suspension was filtered to remove the precipitated bro-
mide salt and the solvent was evaporated under reduced pressure.
Then it was dissolved in dichloromethane/chloroform and washed
repeatedly with small volumes of water (30 cm’) until the addition
of AgNO; solution did not cause further precipitation of AgBr in
the aqueous phase. The organic phase was then washed twice with
water to ensure complete removal of the bromide salt. The solvent
was removed in vacuum until no visible signs of the organic solvents
or water remained, resulting in a 92% yield of the corresponding
IL. The water content of [BMIM][NfO] product was measured by
Karl Fischer moisture analysis and was found to be less than 300
ppm. Scheme 1 shows this synthesis.

Spectral data for IL: '"H NMR (CDCl, 400 MHz): 50.92 (t, 3H),
1.33 (m, 2H), 1.84 (m, 2H), 3.95 (s, 3H), 4.17 (t, 2H), 7.33 (t, 1H,
J=3.6 Hz), 737 (t, 1H, J=3.6 Hz), 9.08 (s, 1H); "C NMR (CDCl,
100 MHz): 13.36, 19.52, 32.12, 36.50, 50.04, 122.32, 123.84, 136.97;
“F NMR (CDCl;, 376 MHz): —80.99 (CF;), —114.95 (CF,), -121.73
(CFE,), —126.09 (CF,).

3. Experimental Apparatus and Method

Vapor liquid equilibria (VLE) experiments were performed by
using a high-pressure variable-volume view cell (described in detail
elsewhere) [6,9]. The temperature and pressure were measured by
a calibrated thermocouple with 0.1 K accuracy and a calibrated pres-
sure indicator (Heise, model 901A, 0.07% accuracy), respectively.
The procedure used was as follows. The contents in the view cell
were stirred with a Teflon-coated magnetic bar during the whole
experiment. A small amount (typically around 12 g) of the IL was
loaded into the view cell. The air, along with dissolved gas and water,
was removed from the IL by evacuating the cell at vacuum for at
least three hours at room temperature. Once the upper portion of
the view cell became entirely clear, a measured amount of CO, was
introduced under constant temperature and pressure by using a syringe
pump. The mass of the CO, admitted was calculated based on the
difference in the volume and density [12] of the gas in the syringe
pump before and after the CO, was introduced into the cell. The
bubble point pressure was taken to be the pressure at which the first
bubbles were observed. All measurements were made at least four
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times for each condition.
MODELING

ILs have a negligible vapor pressure, so it is reasonable to as-
sume that there will be no IL present in the vapor phase. In an equi-
librium, the fugacity of CO, in vapor phase and that in the IL-rich
phase will be the same for constant temperature and pressure:

fi=h" M

where f; is the fugacity of CO, (1) in vapor phase and " is the fu-
gacity of the IL (2). Constructing an equation of state greatly facili-
tates the correlation of experimental data for binary mixtures, and
the Peng-Robinson equation of state (PR-EoS) is widely used for
practical applications. It can be expressed as:

RT A
v-b,, v(v+b,)+b,(v-b,)

P= @

where a, and b, are the attractive and co-volume parameters, respec-
tively, of the mixture. The pure component parameters a; and b; can
be expressed as
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The mixture parameters, a,, and b,, are computed using the mix-
ing rules given by Egs. (6) and (7):

a,= ];/;X,-Xja,—j ©)

b, _Izlgx ™
where

a;=Jaa(1-k;) ®

by= 2221 1,) ©)

The parameters a,=a, and b,=b; for a pure species are determined
by Egs. (3) and (5), respectively, and k; and /; are the binary interac-
tion parameters.

While the critical properties of CO, are readily available in the
literature [12], those of [BMIM][NfO] were calculated using the
same method as that used by Valderrama and Robles [13] (Table 1).
The experimentally obtained bubble point pressure data for the CO,+
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Table 1. Physical properties of chemicals
Formula Mw [g/mol] T/K P./MPa 10} Ref.

[BMIM][NfO] C,HsN,O5F,S 438.3 1028.8 1.73 0.5151 This study”
[BMIM][BF,] C,H,;BF N, 226.0 632.3 2.04 0.8489 [13]
[BMIM][PFq] C,H,;F.N,P 284.2 708.9 1.73 0.7553 [13]
[BMIM][T{O] C,HsN,CF; O;S 288.3 1016.3 2.94 0.3677 [13]
[BMIM][TE,N] C,HsN;0,F,S, 4194 1265.0 2.76 0.2656 [13]
[BMIM][methide] C,HsN,OGF,S; 550.4 1571.4 2.40 0.1320 [21]
CO, CO, 44.01 304.2 7.38 0.239 [12]

“The critical properties of ionic liquids are estimated by using a method from the literature [13]

[BMIM][NfO] binary system were correlated with the results pre-
dicted by the PR-EoS at each temperature. The software package
PE 2000 [14] was used to approximate the VLE. To facilitate optimi-
zation, the objective function (OF) can be defined in terms of the
average absolute relative deviation (AARD) for the liquid mole frac-
tion, expressed as a percentage:

Xfxp _ X?al‘

ex]
X; 7

1 N

OF 100
N2

(10)
where x is the calculated mole fraction in the liquid phase and
x:? is the experimentally measured mole fraction in the liquid phase
for a given temperature; N is the number of data points.

RESULTS AND DISCUSSION

1. Phase Equilibria of CO,+[BMIM][NfO]

The bubble point pressures for [ BMIM][NfO]+CO, were meas-
ured over the temperature range 298.2-323.2 K at intervals of 5 K.
The experimental results are shown in Table 2. The error in the com-
position was obtained by the method reported by Ren and Scurto
[15], and that in pressure was the standard deviation of the average
for four independent experiments. Fig. 1 shows the bubble point
pressure versus CO, mole fraction, along with the results of the PR-
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Fig. 1. P, diagram of CO, (1)+[BMIM][NfO] (2) system at dif-
ferent temperatures (Hl: 298.2K; V: 308.2K; O: 318.2
K; the dotted blue line, dashed red line, and solid black line
represent the modeling results for VLE at 318.2 K, 308.2 K,
and 298.2 K, respectively).
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EoS for comparison. In general, the model and the experimental
data are in good agreement. As the temperature increases, the pres-
sure must also increase in order to dissolve a given amount of CO,
in [BMIM][N{O], as Fig. 2 clearly shows.

At constant temperature, the solubility of CO, in [BMIM][NfO]
increases with pressure, for example increasing from 0.205 at 2.35
MPa to 0.602 at 5.68 MPa at 308.2 K. This increase was expected
based on previous results in the literature [16]. The correlation be-
tween the experimental VLE data and the PR-EoS with quadratic
mixing rules was established and the binary interaction parameters
determined at three different temperatures, are shown in Table 3.

2. Effect of CO, Solubility of the Alkyl Chain Length in the
Perfluorinated Anion

The solubility of CO, in [AMIM][TfO] was determined by Shin
and Lee [8] as the alkyl chain length in the imidazolium cation was
systematically increased from ethyl to octyl. For the perfluorinated
anion, our results showed that as the alkyl chain length increased, the
solubility of CO, increased correspondingly. Compared to the pres-
sure required to dissolve a 0.5367 mole fraction of CO, in [BMIM]
[TfO] at 303.85 K, 4.90 MPa [8], the pressure needed to dissolve a
0.5310 CO, mole fraction in [BMIM][NfO] at 303.2 K was lower
at 4.45 MPa.

Fig. 3 shows the effect of the anion on the solubility of CO, with
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Fig. 2. Experimentally determined isopleths for different concen-
trations of the CO, (1)+[BMIM][NfO] (2) system. Legend
O:0.1373; H: 0.2048; A: 0.4007; @: 0.5310; [1: 0.6020;
A:0.7009; @: 0.7931.
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CO, (1)+[BMIM][N{O] (2)

Table 3. The binary interaction parameters for CO,+[BMIM]
[NfO] system

T/K Xcon P [MPa]
208.2 0.1373+0.010 1.451+0.015
0.2048+0.008 2.075+0.043
0.4007+0.006 3.020+0.030
0.5310+0.004 4.209+0.043
0.6020+0.004 5.318+0.015
0.7009+0.003 5.690+0.086
0.7931+0.002 5.938+0.014
303.2 0.1373+0.010 1.662+0.020
0.2048+0.008 2.193+0.018
0.4007+0.006 3.123+£0.032
0.5310+0.004 4.449+0.041
0.6020+0.004 5.518+0.015
0.7009+0.003 5.954+0.036
0.7931+0.002 6.123+0.015
0.9000+0.001 7.800+0.018
308.2 0.1373+0.010 2.093+0.054
0.2048+0.008 2.351+0.012
0.4007+0.006 3.323+0.021
0.5310+0.004 4.642+0.069
0.6020+0.004 5.688+0.022
0.7009+0.003 6.097+0.047
0.7931+0.002 6.212+0.011
0.9000+0.001 7.962+0.012
313.2 0.1373+0.010 2.348+0.015
0.2048+0.008 2.565+0.025
0.4007+0.006 3.523+0.014
0.5310+0.004 4.818+0.030
0.6020+0.004 5.931+0.007
0.7009+0.003 6.226+0.051
0.7931+0.002 6.357+0.015
0.9000+0.001 8.115+0.030
318.2 0.1373+0.010 2.620+0.039
0.2048+0.008 2.884+0.038
0.4007+0.006 3.751+£0.025
0.5310+0.004 5.183+£0.015
0.6020+0.004 6.214+0.009
0.7009+0.003 6.333+0.033
0.7931+0.002 6.550+0.022
0.9000+0.001 8.287+0.063
323.2 0.1373+0.010 2.851+0.015
0.2048+0.008 3.045+0.014

[BMIM] as the counterpart cation at 313 K. Among the six fluorine
containing anions in ILs that have now been characterized, [BMIM]
[NfO)] exhibits the highest CO, solubility. Given that [BMIM][methide]
and [BMIM][NfO] both yield better CO, solubilities than any of
the other fluorine containing anions in ILs, it seems likely that the
number of fluorine atoms in the anion plays a critical role in CO,
solubility, with anions containing more fluorine atoms in their molec-
ular structure having higher CO, solubilities. However, the number
of fluorines alone is not sufficient to explain why [BMIM][PF] has
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Fig. 3. Solubility of CQO, in various anions for a [BMIM] cation con-
taining IL at 313 K ([BF,]: ref. 7; [PF]: ref. 18; [TfO]: ref.
8; [TE,N]: ref. 7; [NfO]: this study; [methide]: ref. 7).

a lower CO, solubility than other ILs such as [BMIM][TEN], given
that it has no fewer than six fluorine atoms in its anion structure.
As Wang et al. [17] suggested, this may not depend solely on the
number of fluorine atoms in the IL structure and the presence of
S=0 groups may play a synergistic role.

A similar trend has been reported by a number of different re-
search groups. In the case of 1-hexyl-3-methylimidazolium (HMIM)
cation-based ILs, the CO, solubility at 298.2 K also depends on the
anion, increasing in the following order [17-20]: tris(heptafluoro-
propyl)trifluorophosphate [pFAP]>tris(pentafluoroethyl)trifluoro-
phosphate [eFAP]>[TEN]>[PF]. As in the case of [BMIM] based
ILs, [HMIM] based ILs exhibit their highest CO, solubility when
as many as 24 fluorine atoms are attached in the anion, [pFAP]. Inter-
estingly, the number of fluorine atoms in the anion molecular struc-
ture, as well as the presence of S=O groups, appears to be remark-
ably important when designing CO,-philic ILs. The alkyl chain length
on the cation, the number of fluorine atoms on the anion, and the
presence of S=O groups all appear to serve important roles in ILs
targeting CO, capture.

CONCLUSIONS

We examined the high-pressure phase behavior of the binary sys-
tem CO,+HBMIM][NfO] using a high-pressure variable-volume view
cell. Results of modeling utilizing the Peng-Robinson equation of

Korean J. Chem. Eng.(Vol. 31, No. 9)
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state in conjunction with two-parameter mixing rules showed good
correlation with the experimental data. At constant temperature,
the solubility of CO, in [BMIM][NfO] increased with pressure, as
expected based on previous reports in the literature. The CO, solubil-
ity depends on the number of fluorine atoms in the anion, but the
presence of S=0O also plays a critical role in enhancing solubility.
In general, longer alkyl chain length in the cation, higher numbers
of fluorine atoms in the anion, and the presence of S=O groups all
appear to be important factors in the design of more effective ILs
for capturing CO..
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