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Abstract−Solubility data of carbon dioxide (CO2) in two pyrrolidinium-based ionic liquids: 1-butyl-1-methylpyrroli-
dinium dicyanamide ([bmpyr][dca]) and 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([bmpyr]
[Tf2N]) are presented at pressures up to about 30 MPa and temperatures from 303.2 K to 343.2 K. The solubility was
determined by measuring bubble or cloud point pressures of mixtures of CO2 and ionic liquid using a high-pressure
equilibrium apparatus equipped with a variable-volume view cell. The CO2 solubility in the ionic liquid in terms of the
mole fraction or the molality increased with the increase of the equilibrium pressure at a given temperature, but decreased
with the increase of temperature at a given pressure. At a given temperature, the mole fraction of CO2 dissolved in the
ionic liquid increased rapidly as pressure increased. CO2 solubility in the mole fraction almost reached saturation
around 0.65 for [bmpyr][dca] and around 0.8 for [bmpyr][Tf2N], respectively. The experimental data for the CO2+
ionic liquid systems were correlated using the Peng-Robinson equation of state (PR-EoS). The mixing rules of the Wong-
Sandler type rather than the classical mixing rules of the van der Waals type were coupled with the PR-EoS. The result-
ing modeling approach proved to be able to correlate the CO2 solubilities in aforementioned ionic liquids over the
aforementioned range of temperature and pressure within 5% average deviations.

Keywords: Solubility, Carbon Dioxide (CO2), Ionic Liquid, Pyrrolidinium, Correlation, Peng-Robinson Equation of
State, Wong-Sandler Mixing Rules

INTRODUCTION

The suspected correlation between the increased carbon diox-
ide (CO2) concentration in the atmosphere and the green-house
effect has initiated a worldwide debate aimed at emission reduc-
tion of CO2 and other green-house gases [1]. CO2 emissions have
increased since the dawn of the industrial revolution. This resulted
in an increase of CO2 concentration in the atmosphere from about
280 ppm before the industrialization to 390 ppm nowadays [1]. Cur-
rently, the power sector is responsible for 41% of all the energy-
related CO2 emissions, followed by the transport sector (23%), indus-
try sector (20%), buildings sector (10%), and others [1]. The high
share of the CO2 emission in the power sector is related to fuel com-
bustion to generate electricity or heat. CO2 emission will continue
to increase and will most likely double, relative to the 2007 emis-
sion of 28.8 Gt, by 2050 [1]. In the long term, a transition in energy
path, from fossil fuels to low-carbon-technologies, will be required.
However, in the foreseeable future, fossil fuel will continue to be a
substantial fraction of the energy portfolio. In this regard CO2 cap-
ture and storage (CCS) will be essential [2], although it should be
considered as a temporary solution to the problem. Both, the cap-

ture of CO2 and the storage are technical challenging and many
hurdles have to be overcome to commercialize these processes [2,3].

The major barrier to commercialize the CCS process at large
scale is the energy/cost associated with the separation method. Among
the various avenues available for efficient CO2 removal, absorption
in aqueous amine solutions has long been proven and has been
most effective so far [4]. However, the capture of CO2 with amine
solutions involves a chemical reaction with a large enthalpy of reac-
tion [5]. Consequently, a large amount of heat is required to release
the captured CO2 in the regeneration step. Besides, the amine-based
methods have several concerns including high volatility, thermal
instability, corrosion, and degradation of amines. Those concerns
have driven researchers to look for new and alternative technologies.

Recently, room temperature ionic liquids, called green solvents,
are emerging as promising candidates to capture CO2 due to their
wide liquid range, extremely low volatility (namely, almost immea-
surable vapor pressure), and reasonable thermal stability [6-8]. More-
over, CO2 has shown to be highly soluble in ionic liquids. The low
volatility of ionic liquids would not cause any contamination to a
gas stream, and thus this feature gives ionic liquids a big advantage
over conventional solvents used for absorbing CO2. The ionic liq-
uid has a feature of the physical absorbent in which CO2 absorption
capacity increases with increasing pressure. Therefore, it is advan-
tageous to the pre-combustion CO2 capture process, which absorbs
CO2 at a high-pressure (2-6 MPa) and release CO2 at a low-pres-
sure. The use of the ionic liquid as an absorbent for CO2 can greatly
reduce separation cost, since the energy consumption in the CO2

separation step is small.
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To find the most suitable ionic liquid as an absorption solvent
for CO2 requires a precise knowledge of the CO2 solubility in the
ionic liquid. The rational design of the corresponding absorption
system suitable for industrial scale-up purposes will require a pre-
cise knowledge of the physical equilibrium between CO2 and the
ionic liquid. A vast number of experimental works in the literature
deal with CO2 solubility in various kinds of ionic liquids at differ-
ent temperature and pressure conditions [9-27].

In this work, we measured the CO2 solubilities for two kinds of
pyrrolidinium cation-based ionic liquids with different anions: butyl-
methylpyrrolidinium dycianamide ([bmpyr][dca]) and butylmeth-
ylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([bmpyr][Tf2N]).
A high-pressure phase equilibrium measuring equipment with a
variable-volume view cell was used as an experimental apparatus. The
solubility was determined on the basis of measuring phase bound-
aries: bubble point pressures, for a mixture of CO2 and ionic liquid
with a known composition at a fixed temperature. From the phase
boundary data of the binary mixture, the CO2 solubilities were ob-
tained as a function of temperature and pressure.

Since experimental measurements of phase equilibrium of ionic
liquids and their mixtures may often become expensive and time
consuming, it is highly desirable to have thermodynamic models
for estimating CO2 solubilities in ionic liquids that are valid within
the operating conditions of the absorption system. Actually, vari-
ous modeling efforts have been reported in the literature regarding
the gas solubility in ionic liquids [28-33]. Vega et al. [34] published
a comprehensive review on the state-of-the-art approaches for mod-
eling the thermo-physical properties of ionic liquids including their
gas solubilities. Among various types of modeling approaches, a
cubic equation of state model is preferred, because it is the sim-
plest approach to modeling the phase behavior of fluid mixture
and furthermore it is always available in process simulators. Another
objective of this study is to present a modeling approach of the CO2

solubility in the aforementioned ionic liquids by the use of the Peng-
Robinson equation of state (PR-EoS), which is one of the most popu-
lar cubic equations of state. So the mixing rules of the Wong-San-
dler type rather than the classical mixing rules of the van der Waals
type were coupled with the PR-EoS.

EXPERIMENTAL

1. Materials
The two ionic liquids ([bmpyr][dca] and [bmpyr][Tf2N]) used

in this work were purchased from Sigma-Aldrich Co. For solubil-
ity measurements, the ionic liquid sample was placed in the equi-
librium cell followed by evacuation using a mechanical pump at
room temperature during several days. The analysis of Coulomet-

ric Karl Fischer titration (Metrohm model 684) was performed to
measure the water content for the evacuated ionic liquid samples.
The characteristic values of the ionic liquids studied in this work
are given in Table 1, and their chemical structures in Fig. 1. Infor-
mation on the purity of ionic liquids was provided by the supplier.
CO2 with 99.99% high purity to be used for measurements was
purchased from Myung Sin General Gas Co. (Korea). No further
purification was performed for use of the ionic liquids and CO2.
2. Apparatus and Procedure

A high-pressure variable-volume view cell apparatus was set up
for measuring the solubility of CO2 in ionic liquids. A schematic
diagram of the experimental apparatus and a detailed description
of the experimental procedure are given in our previous publica-
tions [12,13,22-24,27]. The apparatus has a view cell equipped with
a sapphire window and a movable piston, a pressure generator (High
Pressure Equipment Co. model 50-6-15), a borescope (Olympus
model R080-044-000-50), a magnetic stirring system, and an air
bath. The cylindrical view cell is 16 mm i.d. by 70 mm o.d., and its
internal working volume is approximately 31 cm3. A high-precision
pressure gauge (Dresser Heise model CC-12-G-A-02B, ±0.05 MPa
accuracy, ±0.01 MPa resolution) was used to measure the system
pressure. An RTD probe inserted into the cell was used in meas-
urement of the system temperature within ±0.1 K.

CO2 solubilities in ionic liquid were determined through meas-
uring bubble point pressures for CO2+ionic liquid mixtures with
various compositions at known temperatures. One feature of using
the variable-volume view cell apparatus is that the concentration
of the system is maintained constant throughout the experiment.
A brief description of the experimental procedure is as follows. An

Table 1. Ionic liquids studied in this work

Chemical name Abbreviation Chemical
formula CAS number Molecular

mass
Purity

(mass %)
Water content

(mass %)
1-Butyl-1-methylpyrrolidinium

dicyanamide
[bmpyr][dca] C11H20N4 370865-80-8 208.30 ≥97.0 0.57

1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide

[bmpyr][Tf2N] C11H20N2S2O4F6 223437-11-4 648.85 ≥98.5 0.16

Fig. 1. Chemical structures of ionic liquids studied in this work: (a)
[bmpyr][dca]; (b) [bmpyr][Tf2N].
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ionic liquid sample was injected into the cell by using a gas-tight
syringe. A sensitive balance (AND model HM-30) measurable to
±0.1 mg was used in determining the amount of the ionic liquid
loaded. The cell was placed within the air bath after a piston and a
sapphire window were assembled. Then the cell was evacuated
with a mechanical pump at room temperature during overnight to
remove any entrapped air inside the cell and any dissolved gas and
water in the ionic liquid.

CO2 was delivered to the cell via a feed line by a small CO2 cyl-
inder after the vapor space of the cell was fully evacuated. The exact
amount of CO2 delivered to the cell was determined by measuring
the weights of the CO2 cylinder before and after delivery, with a bal-
ance (Precisa model 1212 M) with an accuracy of ±1 mg. Through
dipping the CO2 cylinder in a Dewar flask full of liquid nitrogen,
CO2 gas in the feed line was recovered back into the CO2 cylinder.
For ionic liquid and CO2, uncertainties in measuring their masses
were 0.2 mg and 2 mg, respectively. For the composition of each
component, an uncertainty analysis was performed according to
the ISO guideline [35].

For a CO2+ionic liquid mixture with a specified overall compo-
sition, the system pressure was changed until the phase change inside
the cell was visually observed through the cell window. The fluid
in the cell was compressed to dissolve CO2 into the ionic liquid.
The fluid was well stirred and simultaneously heated to the target
temperature. The system temperature was controlled within an uncer-
tainty of ±0.1 K. At an elevated pressure, the fluid became a single
homogeneous phase after dissolution of CO2 into the ionic liquid
phase. Then the pressure slowly decreased until tiny CO2 bubbles
started to form from the single phase solution. We defined the bub-
ble point pressure of the solution at a given composition and tem-
perature to be the initial pressure at which the first bubbles were
observed. Every observation was repeated at least twice to ensure
the reproducibility of experimental data. The uncertainty in meas-
uring the bubble point pressure was 0.02 MPa. For a solution of
very high CO2 mole fractions, the cloud point behavior rather than
the bubble point behavior was observed. Due to the phase transi-
tion from a single phase to a liquid+liquid phase, the solution be-
came cloudy at the cloud point. The cloud pressure was defined to
be the pressure at which there was no more possibility of visually
observing the stirring bar in the cell [36]. The precision for the
measurement of cloud pressure was estimated to be about 0.1 MPa.
Exactly the same approach was repeated to measure the bubble or
cloud point pressures at different temperatures and compositions.

CORRELATION

The solubility data for the binary systems obtained in this work
were correlated with a thermodynamic model which can be incor-
porated into a mathematical model for design calculation of absorp-
tion column. The use of the thermodynamic model normally includes
binary interaction parameters, which must be determined using
experimental data for the binary systems. The correlation starts
with a set-up of phase equilibrium criterion for a binary system of
CO2 (component 1)+ionic liquid (component 2). Only pure CO2

exists in the gas phase, because the ionic liquid is taken to be non-
volatile. Thus, the phase equilibrium condition is satisfied when

the fugacities of CO2 have equal values in both phases at a constant
temperature and pressure:

(1)

where  is the fugacity of CO2 in pure gas phase and  is the
fugacity of CO2 in ionic liquid phase.  and  are the fugacity
coefficients of CO2 in pure gas phase and in ionic liquid phase, re-
spectively, and x1 is the composition (mole fraction) of CO2 in ionic
liquid phase. When the fugacity coefficient is used in both phases,
the method of solution of the phase equilibrium problem is known
as the equation of state (EoS) method. Then, an EoS and a set of
mixing rules are needed, to express the fugacity coefficient as func-
tions of temperature, pressure and composition [37,38]. Among a
variety of the EoS, the Peng-Robinson equation of state (PR-EoS),
one of the most popular for practical applications, was used in this
work. The PR-EoS has been proven to combine the simplicity and
accuracy required for the prediction and correlation of volumetric
and thermodynamic properties of fluids.

The PR-EoS is written as follows [37]:

(2)

with

(3)

(4)

(5)

where Tc, Pc, and ω are the critical temperature, the critical pres-
sure, and the acentric factor, respectively.

Modern EoS methods include an excess Gibbs free energy (GE)
model in the mixing rules of the EoS [39]. This means that an activ-
ity coefficient model is used to describe the complex liquid phase,
and the fugacity coefficient is calculated using a simple EoS. Thus,
the connection between the EoS and the GE seems to be the most
appropriate for modeling complex mixtures [38]. In this work, as
one of those types of mixing rules, we used the Wong-Sandler (WS)
mixing rule [39,40], which could be expressed as follows:

(6)
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In these equations, a and b are the EoS parameters of the mixture
in ionic liquid phase. kij is an adjustable binary interaction parame-
ter, which is dependent of temperature. ai and bi are the EoS parame-
ters for pure component i, which are calculated by Eqs. (3) to (5).
G0

E is the molar excess Gibbs free-energy obtained from any excess
free-energy model. The C term is the EoS-dependent constant:
C=ln( −1)/ ≈−0.62323 for the PR-EoS.

We calculated the excess Gibbs free energy G0
E in the mixing

rules using the van Laar equation [37]:

(9)

where A12, A21 are the model parameters. The van Laar equation
has been shown to perform well in high pressure phase equilib-
rium calculations [38]. Consequently, in our phase equilibrium
calculations, the model parameters are the k12 parameter in the com-
bining rule and the two parameters (A12, A21) in the van Laar equa-
tion used to calculate the excess Gibbs free-energy.

The expressions for the fugacity coefficients of CO2 (component
1) in the gas phase and in the ionic liquid phase using the PR-EoS
and the WS mixing rules are as follows:

(10)

and

(11)

Note that in Eqs. (10) and (11), Zgas=PVgas/(RT) and ZIL=PVIL/(RT).
The partial derivative terms in Eq. (11) are as follows:

(12)

and

(13)

where,   

=  and 

The use of the PR-EoS requires information on the critical prop-
erties and acentric factor for each component of the binary sys-
tem. Those properties are readily available for CO2, while they are
not available for ionic liquids. Therefore, those properties for ionic
liquids have to be estimated. We used the modified Lydersen-Joback-
Reid group contribution method proposed by Valderrama et al.
[41] to estimate the critical temperature and pressure and the acen-
tric factor of the ionic liquids studied. The estimated values of the
properties for the ionic liquids studied in this work are given in
Table 2 along with those for CO2.

The phase equilibrium calculation for the CO2+ionic liquid sys-
tem was performed in the following way. At a given temperature,
equilibrium pressures (P) satisfying Eq. (1) were calculated as a func-
tion of CO2 mole fraction (x1). The volumetric properties of CO2

and ionic liquid phases, which were required to calculate  and
, were obtained by solving Eq. (2). A nonlinear least square method

was used to perform this calculation [42,43]. The same calcula-
tions were repeated at different temperatures.

A set of the optimum values of the three parameters (k12, A12,
and A21 in Eqs. (8) and (9)) at each temperature for a binary sys-
tem was determined first before performing the above phase equi-
librium calculation. Those values were obtained by correlating the
experimental P−x1 data with the PR-EoS and minimizing the fol-
lowing objective function:

(14)

where Pm
exp is the experimental value of equilibrium pressure for

data point m, Pm
calc is the equilibrium pressure calculated by the

PR-EoS at the experimental value of x1 for the same data point, and
N is the number of data points. An optimization routine, which
solved a nonlinear least-squares problem, was used [43].

RESULTS AND DISCUSSION

1. CO2 Solubility in [bmpyr]-based Ionic Liquids
Tables 3 and 4 show the experimental results of the phase bound-

aries for two binary systems: CO2+[bmpyr][dca] and CO2+[bmpyr]
[Tf2N], respectively. In those tables, the equilibrium pressures ob-
served at the bubble or cloud point of the CO2 (component 1)+
ionic liquid (component 2) mixtures with different CO2 mole frac-
tions are given in the temperature range from about 303 K to about
343 K. The solubilities of CO2 in the ionic liquid phase are repre-
sented in terms of two units: the mole fraction (x1) based on the
moles of CO2 and ionic liquids; and the molality (m1) based on
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Table 2. Critical properties and acentric factor estimated for ionic liquids

Ionic liquid Critical temperature,
Tc (K)

Critical pressure,
Pc (MPa)

Critical compressibility factor,
Zc

Acentric factor,
ω

[bmpyr][dca] 0988.3 2.13 0.194 0.832
[bmpyr][Tf2N] 1209.2 2.48 0.254 0.319
CO2 0304.2 7.38 0.274 0.224
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the mass of ionic liquid. The CO2 solubility data in both units are
listed in Tables 3 and 4. The uncertainty in the solubility measure-
ment is also given for each point. The average uncertainty value in

x1 was estimated to be 0.0061 for the CO2+[bmpyr][dca] system
and 0.0088 for the CO2+[bmpyr][Tf2N] system.

Solubility of gases including CO2 in liquids tends to increase in

Table 3. Experimental bubble or cloud point data for various mole fractions of CO2 in the CO2+[bmpyr][dca] system
Mole fraction

of CO2, x1

Uncertainty
in x1

Molality, m1

(mol of CO2/kg of ionic liquid)
T

(K)
P

(MPa)
Phase behavior

observed
0.1097 0.0028 0.5918 303.7

313.5
322.5
332.8
343.4

0.42
0.53
0.64
0.79
0.92

b*

b
b
b
b

0.1703 0.0039 0.9855 303.1
312.7
324.1
333.8
343.3

0.80
0.92
1.17
1.42
1.63

b
b
b
b
b

0.2176 0.0049 1.3348 303.0
313.7
323.1
333.7
342.8

1.08
1.40
1.69
2.07
2.42

b
b
b
b
b

0.2479 0.0060 1.5825 303.2
312.6
322.7
333.6
343.1

1.49
1.84
2.26
2.78
3.28

b
b
b
b
b

0.3128 0.0066 2.1847 303.9
313.1
323.2
333.1
343.0

2.26
2.79
3.43
4.13
4.89

b
b
b
b
b

0.3832 0.0071 2.9825 303.9
313.5
322.4
333.0
342.8

2.95
3.68
4.41
5.43
6.48

b
b
b
b
b

0.4326 0.0076 3.6603 303.7
313.2
321.7
332.2
343.0

3.64
4.54
5.45
6.72
8.16

b
b
b
b
b

0.4723 0.0081 4.2964 303.2
312.2
322.5
332.4
342.2

4.32
5.37
6.78
8.41

10.18

b
b
b
b
b

0.5216 0.0083 5.2350 302.6
312.2
322.5
333.7
342.6

5.34
6.89
9.02

11.91
14.84

b
b
b
b
b
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proportion to pressure or decrease in inverse proportion to tem-
perature. This tendency is universally applied to most ionic liquids

reliant on physical absorption [9-26]. Even in chemical absorption
with a strong CO2 absorption capacity, dependence on physical

Table 3. Continued
Mole fraction

of CO2, x1

Uncertainty
in x1

Molality, m1

(mol of CO2/kg of ionic liquid)
T

(K)
P

(MPa)
Phase behavior

observed
0.5642 0.0085 6.2152 303.2

311.7
322.2
331.8
342.0

6.57
8.72

13.53
18.06
22.83

b
b
c**

c
c

0.6019 0.0086 7.2581 303.6
312.7
322.5
332.4
342.1

9.48
14.99
20.75
26.21
31.28

c
c
c
c
c

*Bubble point behavior observed
**Cloud point behavior observed

Table 4. Experimental bubble or cloud point data for various mole fractions of CO2 in the CO2+[bmpyr][Tf2N] system
Mole fraction

of CO2, x1

Uncertainty
in x1

Molality, m1

(mol of CO2/kg of ionic liquid)
T

(K)
P

(MPa)
Phase behavior

observed
0.1423 0.0028 0.3927 303.3

312.8
322.2
332.0
342.0

0.39
0.47
0.53
0.63
0.76

b*

b
b
b
b

0.2378 0.0051 0.7387 302.7
312.3
322.0
331.8
341.5

0.92
1.09
1.28
1.45
1.67

b
b
b
b
b

0.3239 0.0070 1.1341 303.2
312.0
321.9
332.0
341.7

1.41
1.64
1.96
2.26
2.54

b
b
b
b
b

0.3891 0.0086 1.5076 302.8
312.5
322.1
331.9
341.9

1.85
2.21
2.57
2.97
3.47

b
b
b
b
b

0.4847 0.0094 2.2270

302.8
312.5
322.4
331.8
342.7

2.62
3.13
3.73
4.34
5.16

b
b
b
b
b

0.5501 0.0101 2.8943

302.8
312.0
322.0
331.8
342.4

3.31
3.98
4.79
5.70
6.75

b
b
b
b
b
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absorption appears after absorption of a certain amount of CO2.
Our studies for two [bmpyr] cation-based ionic liquids confirmed
this trend as well.

For each data point, information on the phase change behavior
observed during measurement, i.e., bubble or cloud point behav-
ior, is also given in Tables 3 and 4. As indicated in the tables, the
cloud point behavior rather than the bubble point behavior was
observed for solutions of quite high CO2 mole fractions. The CO2

mole fraction at which the cloud point behavior was observed de-
pended on the system. This phenomenon can be explained in the
following manner, as already discussed in our previous publication
[13]. When the CO2 solubility in ionic liquid is measured in our
experiments, the pressure is slowly reduced until the phase separa-
tion occurs from the single-phase solution where CO2 is dissolved
in the ionic liquid phase. When the CO2 mole fraction in the solu-
tion is small and the equilibrium pressure is low, CO2 behaves like
a gas, and thus the tiny bubbles come out of the solution with the
pressure decrease even at temperatures above the critical point of
CO2. However, at higher CO2 mole fractions and higher pressure,
CO2 behaves like a liquid, and the cloud pressure behavior is observed
with a decrease of the equilibrium pressure. It is acknowledged
that the high density of the CO2 phase makes the demixing appear

closer to liquid-liquid equilibrium behavior than to vapor-liquid
equilibrium behavior. Due to the phase transition from a single
phase to a liquid+liquid phase, the solution becomes cloudy at the
cloud point. The cloud point behavior was observed when the sharp
increase of equilibrium pressure with the increase of CO2 solubil-
ity occurred.

The graphical presentations of the experimental data are shown
in Fig. 2 for both systems in the form of P−T isopleths. At a given
CO2 mole fraction, the equilibrium pressure increased as tempera-
ture increased. The change of the equilibrium pressure with respect
to temperature increased with the increase of the CO2 mole frac-
tion. The isothermal variation of the CO2 solubility with respect to
the equilibrium pressure at a fixed temperature was more distinctly
observed from the x1−P (or the m1−P) isotherms generated by plot-
ting x1 (or m1) as a function of P at various temperatures. For this
purpose, first, the data of the P−T curves in Fig. 2 were fitted with
polynomial equations (second- or third-order) to obtain the curve
fits. And then the equilibrium pressures equivalent to desired tem-
peratures were calculated from the curve fits. Finally, the CO2 sol-
ubilities (x1 and m1) as a function of the equilibrium pressure (P)
at five different temperatures from 303.2 K to 343.2 K with an inter-
val of 10 K were obtained for each system. The interpolated iso-

Table 4. Continued
Mole fraction

of CO2, x1

Uncertainty
in x1

Molality, m1

(mol of CO2/kg of ionic liquid)
T

(K)
P

(MPa)
Phase behavior

observed

0.6199 0.0103 3.8609

302.7
312.7
322.4
332.2
341.8

4.32
5.34
6.47
7.81
9.17

b
b
b
b
b

0.6722 0.0104 4.8549

302.9
312.7
322.0
331.8
342.3

5.33
6.67
8.19

10.08
12.34

b
b
b
b
b

0.7125 0.0104 5.8682

303.1
311.9
322.3
332.0
341.7

6.29
7.92

10.49
13.53
16.64

b
b
b
b
b

0.7444 0.0105 6.8952

302.9
312.3
323.7
331.8
341.9

6.73
9.24

13.58
16.64
20.36

b
b
b
b
b

0.7761 0.0102 8.2078

302.7
312.4
321.8
331.7
341.5

10.88
15.67
20.16
24.42
28.47

c**

c
c
c
c

*Bubble point behavior observed
**Cloud point behavior observed
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thermal x1−P (and m1−P) data obtained in this manner are listed
in Table 5 for two systems, and graphical illustrations for those data

are given in Figs. 3 and 4.
As shown in Figs. 3(a) and 4(a), the mole fraction of CO2 dis-

Fig. 2. P−T isopleths of phase boundaries for the CO2+ionic liquid
mixtures with various CO2 mole fractions (x1): (a) [bmpyr]
[dca]; (b) [bmpyr][Tf2N].

Table 5. Interpolated isothermal solubility data for CO2 in ionic liquids

Mole fraction
of CO2, x1

Molality, m1

(mol of CO2/kg of ionic liquid)
P (MPa) at following temperature

303.2 K 313.2 K 323.2 K 333.2 K 343.2 K
Ionic liquid: [bmpyr][dca]

0.1097
0.1703
0.2176
0.2479
0.3128
0.3832
0.4326
0.4723
0.5216
0.5642
0.6019

0.5918
0.9855
1.3348
1.5825
2.1847
2.9825
3.6603
4.2964
5.2350
6.2152
7.2581

0.41
0.79
1.09
1.49
2.22
2.91
3.59
4.32
5.44
6.54
9.22

0.53
0.95
1.38
1.86
2.79
3.64
4.54
5.50
7.04
9.39

15.32

0.65
1.15
1.70
2.28
3.43
4.49
5.62
6.90
9.17

13.86
21.13

0.78
1.38
2.05
2.76
4.14
5.45
6.84
8.53

11.83
18.86
26.63

0.92
1.64
2.44
3.29
4.91
6.52
8.19

10.38
15.01
23.27
31.84

Fig. 3. CO2 solubility in [bmpyr][dca] ionic liquid as a function of
pressure at different temperatures: (a) in mole fraction; (b)
in molality.
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solved in the ionic liquid at a given temperature increased rapidly
with increasing pressure while from about 10MPa the rate of increase

in the mole fraction decreased. Although there were some differ-
ences depending on the temperature, the CO2 mole fraction almost
reached saturation around 0.65 for [bmpyr][dca] and around 0.8
for [bmpyr][Tf2N], respectively. In addition, the CO2 solubility de-
creased with an isobaric increase in temperature. Larger tempera-
ture dependence was also observed at higher CO2 solubilities. As
the ionic liquids subject to this study basically show a phenome-
non of physical absorption with regard to CO2, the CO2 mole frac-
tion did not change significantly by a big increase in pressure at the
pressures more than a particular pressure (for example, 10 MPa).
Therefore, when CO2 is dissolved in the ionic liquid phase, there
seems to be a limitation the CO2 solubility, which is also a limita-
tion of physical absorption. Figs. 3(b) and 4(b) show the change of
the CO2 solubility based on the molality with the change of pres-
sure at five different temperatures. At pressures smaller than about
10 MPa, the molality of CO2 increased almost linearly with the in-
crease of pressure. However, the rate of increase in the molality
was reduced at higher pressures.
2. Comparison of CO2 Solubility

Data comparisons on the CO2 solubility in ionic liquids should
be conducted with care. Many factors affect the experimental results,
such as experimental methodology, sample source, sample purity,
and so forth. Therefore, a direct comparison of experimental results
from different research groups may be dangerous. This is especially
true when compared at lower pressure regions, because the solu-
bility differences are not so big. Note that most of the CO2 solubility
data for the ionic liquids compared in this work have been meas-
ured in our laboratory using the same experimental methodology.
Thus, a direct comparison of data is possible.

Fig. 5(a) shows the comparison of the CO2 solubility data at 323.2
K for the ionic liquids composed of [bmpyr] cation and various
types of anions: [dca], [Tf2N] and [TfO] (trifluoromethanesulfon-
ate). The effect of anions constituting the ionic liquids on the CO2

solubilities can be discussed from the results of Fig. 5(a). Compared
at the same temperature and pressure, [bmpyr][Tf2N] resulted in
the highest CO2 solubility. The CO2 solubilities for [bmpyr][dca]
and [bmpyr][TfO] were comparable. The relatively higher solubil-
ity of CO2 in the [bmpyr][Tf2N] ionic liquid may be due to favor-

Table 5. Continued

Mole fraction
of CO2, x1

Molality, m1

(mol of CO2/kg of ionic liquid)
P (MPa) at following temperature

303.2 K 313.2 K 323.2 K 333.2 K 343.2 K
Ionic liquid: [bmpyr][Tf2N]

0.1423
0.2378
0.3239
0.3891
0.4847
0.5501
0.6199
0.6722
0.7125
0.7444
0.7761

0.3927
0.7387
1.1341
1.5076
2.2270
2.8943
3.8609
4.8549
5.8682
6.8952
8.2078

0.39
0.93
1.40
1.87
2.64
3.34
4.36
5.36
6.26
6.67

11.13

0.46
1.11
1.69
2.22
3.17
4.07
5.40
6.75
8.28
9.85

16.09

0.54
1.29
1.99
2.61
3.77
4.90
6.59
8.41

10.79
13.30
20.74

0.65
1.49
2.29
3.05
4.45
5.82
7.92

10.35
13.78
17.01
25.09

0.77
1.70
2.59
3.53
5.20
6.84
9.40

12.56
17.25
20.99
29.13

Fig. 4. CO2 solubility in [bmpyr][Tf2N] ionic liquid as a function
of pressure at different temperatures: (a) in mole fraction;
(b) in molality.
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able interactions between CO2 and the fluoroalkyl substituent (CF3)
on the anion. In Fig. 5(b), the CO2 solubility data in three [bmpyr]-
based ionic liquids are illustrated in terms of the molality instead
of the mole fraction. Unlike the mole fraction data, the molality
data showed a little different behavior. It was observed that the CO2

solubilities in [bmpyr][dca] in terms of the molality were compa-
rable to those in [bmpyr][Tf2N], particularly at pressures lower than
about 10 MPa. This can be attributed to the big difference in the
molecular masses of [bmpyr][dca] and [bmpyr][Tf2N]. Note that
the molality is based on the mass of the solvent (ionic liquid). The
[bmpyr][TfO] ionic liquid was observed to have the lowest CO2

molalities.
Fig. 6 compares the CO2 solubility data at 323.2 K for the ionic

liquids: [bmpyr][dca] and [bmim][dca]. The [bmim], which stands
for 1-butyl-3-methylimidazolium, is an imidazolium-based cation.
It illustrates the effect of cation on the CO2 solubility for the [dca]
anion-based ionic liquids. Compared at the same temperature and
pressure, [bmpyr][dca] had a higher CO2 solubility than [bmim][dca],
with respect to both the mole fraction and the molality. It indicates
that CO2 is more soluble in the pyrrolidinium-based ionic liquid
than in the imidazolium-based ionic liquid.

Fig. 7 shows the comparison of the CO2 solubility at 323.2 K for

the [Tf2N] anion-based ionic liquids with three different cations:
[bmpyr], [bmim] and [bmpip]. The [bmpip], which denotes 1-butyl-
1-methylpiperidinium, is a piperidinium-based cation. Note that
the total length of the side chains attached to the main cation struc-
ture is the same for those three cations. As shown in Fig. 7, it is
interesting that the CO2 solubilities in those three ionic liquids did
not give any distinct differences, with respect to both the mole frac-
tion and the molality. Particularly, at lower pressure region, the CO2

solubilities were almost the same. This phenomenon can be explained
as follows. The anion in the ionic liquid turned out to play an essen-
tial role in determining the CO2 solubility [9]. In general, higher
solubilities of CO2 are observed in ionic liquids with the [Tf2N] anion,
due to favorable interactions between CO2 and the CF3 substitu-
ent in the [Tf2N] anion. Thus, for the ionic liquids with the [Tf2N]
anion, the effect of the anion on the CO2 solubility is predominant,
so the cation has little influence on the solubility of CO2 for the
ionic liquids with the [Tf2N] anion. This is the reason why three
ionic liquids shown in Fig. 7 gave almost the same solubilities for
CO2. There is one more point to be emphasized regarding the com-
parison of the CO2 solubility data in ionic liquids. When compar-
ing the solubility of CO2 in ionic liquids, it is necessary to express

Fig. 5. Comparison of CO2 solubility in [bmpyr] cation-based ionic
liquids with different anions at 323.2K: (a) solubility in mole
fraction; (b) solubility in molality. The data for [bmpyr][TfO]
are from reference [19].

Fig. 6. Comparison of CO2 solubility in ionic liquids [bmpyr][dca]
and [bmim][dca] at 323.2 K: (a) solubility in mole fraction;
(b) solubility in molality. The data for [bmim][dca] are from
reference [14].
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the CO2 solubility in terms of the molality as well as the mole frac-
tion: there may be a big difference in the molecular masses of ionic
liquids depending on the types of cation and anion constituting
the ionic liquids.
3. Correlation Results

The PR-EoS coupled with the WS mixing rules was used to cor-
relate the experimental data of the solubility of CO2 in the ionic
liquids studied in this work. For each system of CO2+ionic liquid,
the three model parameters (k12, A12, and A21) were optimized using
the x1−P data given in Table 5. Table 6 lists the optimum values of
the model parameters at five different temperatures for each sys-
tem. The parameter values given in Table 6 were fitted with the
quadratic equations of Eqs. (15) to (17) with respect to tempera-
ture, and the results are shown in Table 7 for both the CO2+ionic
liquid systems.

(15)

(16)

(17)

Note that T is in K and T0=298.15 K.
The calculated results are graphically presented in Fig. 8 along

with the experimentally obtained data of Table 5. The correlation
results are summarized in Table 6. The average absolute deviations
in percentage (AAD%) between the calculated and experimental
equilibrium pressures were calculated at the five temperatures for
each system. The average value of AAD% for entire data points in
the whole range of temperature was 4.84% for [bmpyr][dca] and
3.72% for [bmpyr][Tf2N], respectively. The CO2+[bmpyr][Tf2N]
system gave a somewhat better correlation result. Overall, it can be
concluded that the PR-EoS coupled with the WS mixing rules can
satisfactorily correlate the high-pressure solubility of CO2 in [bmpyr]
[dca] and [bmpyr][Tf2N] with the AAD% less than 5% over a wide

k12  = k12, 0  + k12, 1
T
T0
-----
⎝ ⎠
⎛ ⎞  + k12, 2

T
T0
-----
⎝ ⎠
⎛ ⎞2

A12 = A12, 0  + A12, 1
T
T0
-----
⎝ ⎠
⎛ ⎞  + A12, 2

T
T0
-----
⎝ ⎠
⎛ ⎞2

A21= A21, 0  + k21, 1
T
T0
-----
⎝ ⎠
⎛ ⎞  + k21, 2

T
T0
-----
⎝ ⎠
⎛ ⎞2

Fig. 7. Comparison of CO2 solubility in [Tf2N] anion-based ionic
liquids with different cations at 323.2K: (a) solubility in mole
fraction; (b) solubility in molality. The data for [bmim][Tf2N]
and [bmpip][Tf2N] are from references [12] and [27], respec-
tively.

Table 6. Model parameters and correlation results using the PR-EoS
with the WS mixing rules for the CO2+ionic liquid systems

Ionic liquid T (K)
Model parameters

AAD%*

k12 A12 A21

[bmpyr][dca]

303.2
313.2
323.2
333.2
343.2

Average

0.7768
0.9340
1.1253
1.4016
1.8856

−1.4505
−1.0676
−0.8714
−0.7249
−0.6716

−0.3332
−0.3629
−0.4436
−0.6958
−2.1322

2.27
4.02
4.77
6.34
6.82
4.84

[bmpyr][Tf2N]

303.2
313.2
323.2
333.2
343.2

Average

0.3259
0.3462
0.3750
0.4234
0.4936

−1.0667
−1.0273
−0.9842
−0.8792
−0.8211

−0.6111
−0.6859
−0.7828
−0.9322
−1.1460

3.20
4.07
4.18
3.85
3.28
3.72

*Average absolute deviation in percentage, which is defined as:

 (N: number of data)AAD% = 
1
N
----

Pm
calc

 − Pm
exp

Pm
exp

------------------------ 100×

m=1

N

∑

Table 7. Coefficients of Eqs. (15) to (17) obtained for the CO2+ionic
liquid systems

Equation Coefficients
Ionic liquid

[bmpyr][dca] [bmpyr][Tf2N]

(15)

k12, 0

k12, 1

k12, 2

R2

47.5524
−93.6880

46.9133
0.9960

7.9476
−15.2017

7.5801
0.9990

(16)

A12, 0

A12, 1

A12, 2

R2

−59.8669
103.2257
−45.0062

0.9966

4.3808
−11.7799

6.3138
0.9845

(17)

A21, 0

A21, 1

A21, 2

R2

−210.3078
399.1184

−189.5276
0.9398

−21.1742
41.5492

−20.9778
0.9990
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range of pressure up to the supercritical region of CO2.

CONCLUSIONS

For two kinds of pyrrolidinium-based ionic liquids with differ-
ent anions ([bmpyr][dca][ and [bmpyr][Tf2N]], their solubilities of
CO2 were determined by measuring the bubble or cloud point pres-
sures of the binary mixtures of CO2+ionic liquid using a high-pres-
sure equilibrium apparatus equipped with a variable-volume view
cell. The CO2 solubilities in the ionic liquids were discussed with
respect to both the mole fraction and the molality. For both the
ionic liquids, the solubilities of CO2 increased with the increase of
pressure and the decrease of temperature. To investigate the effect
of the cation and the anion constituting the ionic liquid on the CO2

solubility, our solubility data were compared with the data for other
ionic liquids such as [bmpyr][TfO], [bmim][dca], [bmim][Tf2N],
and [bmpip][Tf2N]. Compared at the same temperature and pres-
sure, [bmpyr][Tf2N] resulted in a higher CO2 solubility than [bmpyr]
[TfO] and [bmpyr][dca]. [bmpyr][dca] had a higher CO2 solubility
than [bmim][dca], which indicated that CO2 was more soluble in

the pyrrolidinium-based ionic liquid than in the imidazolium-based
ionic liquid. Three ionic liquids [bmpyr][Tf2N], [bmim][Tf2N] and
[bmpip][Tf2N] gave almost the same CO2 solubilities with respect
to both the mole fraction and the molality, since the effect of the
anion on the CO2 solubility was predominant for the ionic liquids
with the [Tf2N] anion. The solubility data of CO2 in our two pyr-
rolidinium-based ionic liquids could be successfully correlated by
using the Peng-Robinson equation of state coupled with the Wong-
Sandler mixing rules over a wide range of pressure up to the super-
critical region of CO2. The average value of AAD% for entire data
points in the whole range of temperature was 4.84% for [bmpyr][dca]
and 3.72% for [bmpyr][Tf2N], respectively.
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