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A screening method is proposed for the molecular design of ionic liquids (ILs) to
capture carbon dioxide (CO2), which can reduce efficiently the necessary experimental
efforts. The COSMO-RS method is implemented to predict the Henry’s law constants
of CO2 in 408 ILs with various combinations of cations and anions. It is found by the
screening that the ILs with the anion tris(pentafluoroethyl)trifluorophosphate ([FEP])
show improved capability to capture CO2, compared with other ILs reported in litera-
ture. Then, three [FEP]-based ILs are chosen to perform the solubility measurements
by the intelligent gravimetric analyzer (IGA 003, Hiden Analytical), with cations of 1-
hexyl-3-methylimidazolium ([hmim]), 1-butyl-1-methylpyrrolidinium ([bmpyrr]), and S-
ethyl-N,N,N0,N0-tetramethylthiouronium ([ETT]) at 283.2, 298.2, and 323.2 K, up to
the pressure of 1.8 MPa. The experimental data show that the solubility of CO2 in
[hmim][FEP] is about 15% higher than that in 1-hexyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide ([hmim][Tf2N]), which is in fair agreement with the screen-
ing results, indicating the method proposed in this work is reliable. � 2008 American
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Introduction

As is well known, carbon dioxide (CO2) is a serious green-
house gas, resulting in the global warming problem. On the
other hand, it is also an important carbon source for the syn-
thesis of many chemicals. Therefore, the capture of CO2 for
its emission control and utilization is a significant research
topic in recent years. However, current technologies for the
capture of CO2 mainly consist of adsorption by aqueous
amines, which induce a certain amount of water into gas
stream and the loss of solvent.1

Ionic liquids (ILs) are a kind of novel solvents composed
of cations and anions. Because of their unique properties,
such as negligible vapor pressure, adjustable solvation behav-
ior, thermal stability, and a broad range of liquid tempera-

tures, the applications have been expanding in various
fields.2

A lot of studies were focused on CO2-ILs systems. For
example, Brennecke and coworkers3–8 carried out a series of
researches on separation processes for the systems of CO2

and ILs. The solubilities of CO2 in various ILs8–27 were
reported, as well as their phase behaviors at high pres-
sures.28–32

Although experimental data on ILs are dramatically accu-
mulated in recent years, predictive models are always useful
in the design of chemical engineering processes. Both the
equation of states33–35 and activity coefficient models36 is
presented for CO2-ILs systems. However, the parameters in
these models must be correlated by using experimental data.
Hence, their estimation depends largely on the database used.

The so-called ab initio calculations based on quantum
chemistry are completely predictive, which, however, suffer
from expensive calculation cost. Atomic-scale simulations,
such as molecular dynamics, are used successfully to predict
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lot of properties and behaviors of complex systems, but the
accuracy of the results depends on the force fields used.37–41

In addition, reliable evaluation of the free energies in molec-
ular simulation is still a difficult task until now.42

The conductor-like screening model for real solvents
(COSMO-RS) developed by Klamt et al.43 provides an alter-
native approach to predict the thermodynamic properties of
fluids44 for various systems, including ILs,45–47 such as solu-
bilities,48 activity coefficients,45,49 and phase equilibria.50,51

It requires only quantum calculations of single molecules or
ions, irrespective of any experimental data of the systems of
interest. However, it is worth mentioning that some func-
tional groups, such as amine, are still incapable of reliable
prediction by the COSMO-RS method.43

It is noted that we have recently developed a refined force
field for imidazolium ILs38,52 and carried out molecular sim-
ulations on mixtures53 and gas solubilities.54 However, it is
difficult to explore wide range combinations of cations and
anions by molecular simulations to find a ‘‘good’’ solvent for
absorption of CO2 because of the unbearable computational
cost.

In this work, we use COSMO-RS to predict the Henry’s
law constants of 408 kinds of ILs with different combina-
tions of cations and anions first. By screening of the results,
the combinations with one of the anions, tris(pentafluoroe-
thyl)trifluorophosphate ([FEP]), show the better capabilities
to absorb CO2. Therefore, the solubilities of CO2 in the three
ILs with [FEP] are measured by using the intelligent gravi-
metric analyzer (IGA 003, Hiden Analytical).

The article is organized as follows. First, calculations of
the Henry’s law constants of CO2 in various ILs are carried
out to validate the COSMO-RS method. Second, wide range
combinations of cations and anions are explored by the pre-
diction method to find the most efficient solvent to absorb
CO2. Then, the experimental results are reported. Finally,
conclusion remarks are addressed.

Validation of COSMO-RS Method

As mentioned earlier, COSMO-RS has been used to pre-
dict thermophysical properties in various systems.44–48,51

However, to our best knowledge, seldom results are reported
about its prediction performance on CO2 solubilities in ILs.
Thus, it is necessary to validate the method with available
experimental data.

As is suggested,45 ILs are treated as equimolar mixtures of
cation and anion in COSMO calculations. Therefore, the dis-
tinct COSMO files were generated for cations and anions
using the BP functional55 with TZVP basis set56 using the
TURBOMOLE program package.57 Note that in our calcula-
tions, the typical CPU time to generate the COSMO file for
a new ion is about several hours, depending on the numbers
of electrons and atoms of the ion. For example, it needs
about 7 h for [FEP] on a 1.3G Intel Itanium CPU. All
COSMO-RS calculations were implemented with the COS-
MOtherm58 program, which offers an efficient performance
of the COSMO-RS method. In addition, the latest parameter-
ization method BP_TZVP_C21_010458 was adapted in this
work.

The calculated Henry’s law constants of CO2 in
[bmim][PF6] and [bmim][BF4], covering the temperature
range of 277–357 K, are compared with corresponding exper-
imental data in Figures 1 and 2. As is seen in the figures,
although the line’s slope appears to deviate from the litera-
ture data, the predicted Henry’s law constants around ambi-
ent temperature agree perfectly well with the experimental
data. Consequently, the COSMO-RS method can be used as
a tool to screen candidates from a variety of ILs for the cap-
ture of CO2 at ambient temperature.

Hunting the Ionic Liquids to Absorb CO2
by Solubility Prediction

The ILs can be designed by combining different cations
and anions. In this work, 24 cations and 17 anions are chosen
to combine 408 solvents, which cover most of the reported
ILs and some of their derivatives. Their structures and abbre-
viations are listed in Table 1.

The cations include imidazolium (with alkyl, fluoroalkyl,
and alkyloxyalkyl substituted), pyridinium, pyrrolidinium,
guanidinium, isouranium, and phosphonium. The anions
include tetrafluoroborate, hexafluorophosphate, lactate, sulfo-

Figure 1. Comparison of the Henry’s law constants of
CO2 in [bmim][PF6].

Figure 2. Comparison of the Henry’s law constants of
CO2 in [bmim][BF4].
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nate, sulfate, and tris(perfluoroalkyl)trifluorophosphate
([FAP]). Note that some of the cations and anions are
reported very recently, such as guanidinium17 and [FEP].59

The Henry’s law constants of CO2 in 408 ILs are predicted
by the COSMO-RS method at 298.15 K, given in Table 2.
For clarity, a contour plot of 196 ILs is shown in Figure 3.

As is well known, the higher Henry’s law constant means
the lower solubility. It can be found that the ILs with anion
[FEP] and cations S-ethyl-N,N,N0,N0-tetramethylisouronium
([ETT]), O-ethyl-N,N,N0,N0-tetramethylisouronium ([ETU]),
and N,N,N0,N0,N@-pentamethyl-N@-ethylguanidinium ([PEG])
can capture more CO2. For example, with the same cation

Table 1. List of Cations and Anions in this Work

Formal Name Abbreviation MW Structure

1,3-Dimethylimidazolium; R¼¼CH3 [dmim]1 97.14
1-Ethyl-3-methylimidazolium; R¼¼C2H5 [emim]1 111.17
1-Butyl-3-methylimidazolium; R¼¼C4H9 [bmim]1 139.22
1-Pentyl-3-methylimidazolium; R¼¼C5H11 [pmim]1 153.24
1-Hexyl-3-methylimidazolium; R¼¼C6H13 [hmim]1 167.27

1-Methoxymethyl-3-methylimidazolium [C2Omim]1 127.16

1-(2-Methoxyethyl)-3-methylimidazolium [C3Omim]1 153.2

1-(1,1,2,2-Tetrafluoroethyl)-3-methylimidazolium [TFEmim]1 183.13

1-Pentafluoroethyl-3-trifluoromethylimidazolium [FEFmim]1 255.09

1-N-Butyl-3-methylpyridinium; R¼¼C4H9 [bmpy]1 150.24
1-N-hexyl-3-methylpyridinium; R¼¼C5H11 [hmpy]1 164.27

1-Butyl-1-methylpyrrolidinium [bmpyrr]1 142.26
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Table 1. (Continued)

Formal Name Abbreviation MW Structure

1,1,3,3-Tetramethylguanidinium; R1¼¼H, R2¼¼H [TMG]1 116.18
Hexamethylguanidinium; R1¼¼CH3, R2¼¼CH3 [HMG]1 144.24
N,N,N0,N0,N@-Pentamethyl-N@-ethylguanidinium; R1¼¼CH3, R2¼¼C2H5 [PEG]1 158.26
N,N,N0,N0,N@-Pentamethyl-N@-propylguanidinium; R1¼¼CH3,R2¼¼C3H7 [PPrG]1 172.29
N,N,N0,N0-Tetramethyl-N@,N@-diethylguanidinium; R1¼¼C2H5, R2¼¼C2H5 [TDEG]1 172.29
N,N,N0,N0-Tetramethyl-N@,N@-dipropylguanidinium; R1¼¼C3H7, R2¼¼C3H7 [TDPrG]1 200.34

O-Ethyl-N,N,N0,N0-tetramethylisouronium; R¼¼C2H5 [ETU]1 145.22
O-Benzyl-N,N,N0,N0-tetramethylisouronium; R¼¼C6H5CH2 [BTU]1 207.29

S-Ethyl-N,N,N0,N0-tetramethylisothiouronium; R¼¼C2H5 [ETT]1 161.29
S-Propyl-N,N,N0,N0-tetramethylisothiouronium; R¼¼C3H7 [PrTT]1 175.32
S-Phenyl-N,N,N0,N0-tetramethylisothiouronium; R¼¼C6H5 [PhTT]1 209.33

Tetrabutylphosphonium [P(C4)4]1 259.43

Tetrafluoroborate [BF4]2 86.8

Hexafluorophosphate [PF6]2 144.96
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Table 1. (Continued)

Formal Name Abbreviation MW Structure

Lactate [L]2 89.07

Trifluoromethylsulfonate [TfO]2 149.07

Heptafluoropropylsulfonat [HfO]2 249.09

Nonafluorobutylsulfonate [NfO]2 299.09

1,1,2,2-Tetrafluoroethanesulfonate [TFES]2 181.09

1,1,2,3,3,3-Hexafluoropanesulfonate [HFPS]2 231.09

Methyl sulfate [MeSO4]2 111.1
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Table 1. (Continued)

Formal Name Abbreviation MW Structure

1,1,2-trifluoro-2-(Trifluoromethoxy)ethanesulfonate [TTES]2 247.09

2-(1,2,2,2-Tetrafluorothoxy)-1,1,2,2-tetrafluoroethanesulfonate [FS]2 297.1

Bis(trifluoromethylsulfonyl)imide [Tf2N]2 280.14

Trifluoromethyltrifluoroborate [FMB]2 136.8

Pentafluoroethyltrifluoroborate [FEB]2 186.82

Tris(trifluoromethyl)trifluorophosphate [FMP]2 294.99
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1-hexyl-3-methylimidazolium ([hmim]), the Henry’s law con-
stants are 3.7, 3.4, and 2.0 MPa for anions hexafluorophos-
phate ([PF6]), bis(trifluoromethylsulfonyl)imide ([Tf2N]) and
[FEP], respectively, in which the solubility of CO2 in
[hmim][FEP] is about two times higher than that in
[hmim][PF6].

The predicted results indicate that the solubility generally
increases with the number of carbon atoms in alkyls, no mat-
ter where they are located. However, the substitutes have
little effect when the Henry’s law constant is as low as
2.0 MPa, which reaches the lowest limit in physical adsorp-
tion. For example, the solubilities in [FEP] and tris(hepta-

Table 1. (Continued)

Formal Name Abbreviation MW Structure

Tris(pentafluoroethyl)trifluorophosphate [FEP]2 445.01

Tris(heptafluoropropyl)trifluorophosphate; R¼¼C3F7 [FPrP]2 595.03

Table 2. The Henry’s Law Constants (MPa) of CO2 in 408 Ionic Liquids Predicted by COSMO-RS at 298.15 K

Cation

Anion

BF4 PF6 L TfO HfO NfO TFES HFPS MeSO4 TTES FS Tf2N FMB FEB FMP FEP FPrP

dmim 6.4 8.6 6.0 7.0 5.1 4.5 7.7 5.9 7.2 5.6 4.6 4.9 5.4 5.3 3.0 2.3 2.1
Emim 5.9 6.0 6.1 5.8 4.4 3.9 5.5 5.0 5.9 4.8 4.0 4.2 5.4 4.2 2.7 2.2 2.1
Bmim 5.4 4.4 6.2 5.0 3.9 3.5 4.2 4.3 5.0 4.2 3.6 3.7 5.6 3.5 2.4 2.0 2.0
pmim 5.1 4.0 6.1 4.7 3.7 3.4 3.8 4.1 4.7 4.0 3.4 3.5 5.5 3.2 2.3 2.0 2.0
hmim 4.8 3.7 6.0 4.5 3.6 3.3 3.6 3.9 4.5 3.8 3.3 3.4 5.3 3.1 2.3 2.0 2.0
C2Omim 8.4 8.3 7.6 7.6 5.3 4.7 7.4 6.1 7.5 5.8 4.7 5.0 7.1 5.3 3.1 2.4 2.2
C3Omim 6.5 6.1 6.7 6.0 4.5 4.1 5.6 5.1 6.0 4.9 4.1 4.3 6.1 4.4 2.9 2.3 2.2
TFEmim 11.3 7.5 8.4 8.4 5.9 5.2 6.8 6.6 8.0 6.3 5.1 5.1 9.0 5.2 3.0 2.3 2.2
FEFmim 8.5 6.1 7.0 7.1 5.6 5.1 5.9 6.1 6.9 5.9 5.0 4.9 7.0 5.0 3.2 2.6 2.5
bmpy 4.2 3.6 5.2 4.1 3.4 3.1 3.5 3.7 4.2 3.6 3.2 3.3 4.5 3.0 2.3 2.0 2.0
hmpy 3.9 3.2 5.1 3.8 3.2 3.0 3.1 3.5 3.9 3.4 3.0 3.1 4.4 2.8 2.2 2.0 2.0
bmpyrr 3.9 3.6 4.7 3.7 3.0 2.8 3.4 3.4 3.9 3.3 2.9 3.1 4.0 2.9 2.2 1.9 1.9
TMG 4.2 4.3 4.6 4.4 3.6 3.4 4.2 4.1 4.6 4.0 3.5 3.8 4.0 3.5 2.4 2.0 2.0
HMG 2.1 2.5 2.5 2.5 2.3 2.2 2.5 2.5 2.7 2.5 2.4 2.6 2.2 2.3 2.1 1.9 1.9
PEG 2.2 2.4 2.5 2.4 2.3 2.2 2.4 2.5 2.6 2.5 2.3 2.5 2.3 2.2 2.1 1.9 1.9
PPrG 2.2 2.4 2.6 2.5 2.2 2.2 2.3 2.5 2.6 2.5 2.3 2.5 2.4 2.2 2.0 1.9 1.9
TDEG 2.2 2.4 2.6 2.4 2.2 2.2 2.3 2.4 2.6 2.4 2.3 2.5 2.3 2.2 2.0 1.9 1.9
TDPrG 2.3 2.3 2.7 2.4 2.2 2.1 2.3 2.4 2.6 2.4 2.2 2.4 2.5 2.1 2.0 1.9 1.9
ETU 2.7 3.1 3.1 3.0 2.7 2.5 3.0 2.9 3.2 2.9 2.7 2.9 2.7 2.7 2.3 2.0 2.0
BTU 3.8 3.7 4.0 3.7 3.1 2.9 3.5 3.4 3.8 3.3 2.9 3.2 3.7 3.0 24.9 2.1 2.0
ETT 2.0 2.3 2.4 2.3 2.1 2.0 2.2 2.3 2.4 2.3 2.2 2.3 2.1 2.0 1.8 1.7 1.7
PrTT 2.1 2.2 2.5 2.3 2.1 2.0 2.1 2.3 2.4 2.3 2.1 2.3 2.2 2.0 1.8 1.7 1.7
PhTT 2.3 2.4 2.6 2.5 2.2 2.1 2.3 2.4 2.6 2.4 2.2 2.4 2.4 2.1 1.9 1.7 1.7
P(C4)4 2.5 2.3 3.3 2.6 2.4 2.3 2.3 2.5 2.7 2.5 2.4 2.5 2.9 2.2 2.0 2.0 2.0
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fluoropropyl)trifluorophosphate ([FPrP]) ILs are almost the
same, although more carbons are included in the latter anion.
In addition, the effect of the counter-ion is also very limited
with regard to the ‘‘high-solubility’’ ions, such as [FEP] and
[ETT].

The introduction of electron withdrawn element, such as O
and F, in the side chain of imidazolium, will decrease the
solubility of CO2 in ILs, which can be found by comparing
the results of 1-ethyl-3-methylimidazolium ([emim]) and 1-
(1,1,2,2-tetrafluoroethyl)-3-methylimidazolium ([TFEmim]).

In summary, anion [FEP] and cations [ETT], [ETU], and
[PEG] are selected as promising candidates in CO2 capture
by screening from 408 ILs in terms of the COSMO-RS
method in this work.

Experiment

In fact, the screening of ILs for the capture of CO2 by the
COSMO-RS method is a preliminary stage for the determina-
tion of the most effective ILs. In any case, experimental
measurements of the solubility data for the systems screened
in this work are essential.

As is described earlier, the ILs with anion [FEP] and cati-
ons [ETT], [ETU], and [PEG] can dissolve more CO2. How-
ever, some of their combinations are actually solid at room
temperature. For example, the melting point of [ETU][FEP]
is 304 K. Thus, three ILs with [FEP] are chosen to carry out
additional experimental measurements of CO2 solubilities by
the apparatus of the IGA 003. As a result, our experimental
measurements were focused on the ILs, consisting of the cat-
ions of 1-hexyl-3-methylimidazolium ([hmim]), 1-butyl-1-
methylpyrrolidinium ([bmpyrr]), and S-ethyl-N,N,N0,N0-tetra-
methylthiouronium ([ETT]).

Materials

All the samples of ILs are obtained from Merck KGaA,
including [hmim][FEP], [bmpyrr][FEP], and [ETT][FEP]. In

all the samples, both the water and halide contents are less
than 100 ppm (mg/kg). The CO2 is supplied by Beijing AP
BeiFen Gases Industry Company Limited with the purity of
99.99%.

Apparatus and measurements

The details of IGA 003 can be found in Ref. 10. The pro-
cedures in the measurements are as follows:

All the measurements were performed in the static mode
in this work. About 60–70 mg of IL samples were loaded
into the sample container. After the reactor was sealed care-
fully, the samples were heated to 348.2 K under vacuum to
outgas water and other impurities for 48–72 h. Once the
weight was stabilized for at least 1 h within the accuracy of
60.5 lg, the sample dry mass was recorded, then three iso-
therms were measured at 283.2 K, 298.2 K, and 323.2 K,
respectively. The temperature was controlled by a water
jacket with the fluctuation within 0.2 K. Once the tempera-
ture was achieved and stable, the admittance and exhaust
valves would automatically open and close to adjust the pres-
sure to the preset values in accuracy within 60.4 to 0.6 kPa.
Fourteen isobars up to 1.8 MPa were measured for each iso-
therm. The samples were maintained at each pressure for a
minimum of 1 h with a maximum timeout of 3 h to reach
equilibrium, where the weight fluctuation was within 61 lg.

The gas solubilities in ILs were decided by measuring the
equilibrium mass uptake at a given pressure and temperature.
The effect of volume expansion on the buoyancy correction
is ignored because of the high solubility of CO2 in the ILs
and the small expansion of the ILs at low pressure, as is
pointed out in Ref. 8.

The uncertainty of solubility comes from not only the ac-
curacy of the mass measurement, but also the fluctuation of
temperature and pressure. It is difficult to carry out a mathe-
matical estimation of the uncertainty. However, it can be
determined by repeating experiments on the same system. In
this work, we repeated the measurements of CO2/
[hmim][FEP] at 298.2 K by several times and found that the
uncertainty is less than 0.006 molar fraction.

It should be noted here that ILs were believed to be non-
volatile in early studies. It seems true at the atmosphere pres-
sure. However, Earle et al.60 have reported very recently that
many ILs can be distilled at low pressure without decomposi-
tion. In this work, we also found the sample would be evapo-
rated under vacuum (as low as 1029 MPa) at higher tempera-
tures. For example, it is observed that the weight of
[ETT][FEP] would decrease continually at 373.2 K under
vacuum, with a rate of 7.6 lg/h. To avoid the weight loss in
outgas, we recommend 348.2 K as a safe temperature for
outgas in the absorption experiments in ILs.

Results and Discussion

The solubilities of CO2 in [hmim][FEP], [bmpyrr][FEP],
and [ETT][FEP] were measured up to the pressure of
1.8 MPa at three temperatures: 283.5 K, 298.6 K, and 323.3 K.
The data are presented in Tables 3–5. It is noted that the solubil-
ity of CO2 in [hmim][FEP] is in excellent agreement with the
data reported by Brennecke’s group very recently,8 which
proves that our experimental measurements are reliable.

Figure 3. Henry’s law constants of CO2 in 196 ionic
liquids predicted by COSMO-RS method at
298.15 K.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Henry’s law constants

The solubility of a gas in a solvent can be described by
the Henry’s law, which is defined in the molar fraction scale
as

KH;x ¼ lim
x1!0

f̂ l
1
ðT;P; x1Þ
x1

(1)

or, as an alternative, in the molality scale,

KH;m ¼ lim
m1!0

f̂ l
1ðT;P;m1Þ
m1=m� (2)

where KH,x and KH,m are the Henry’s law constants of the
gas in the liquid in the molar fraction and molality scale,
respectively. The subscription 1 denotes the gas, and f̂ l

1
is its

fugacity in the solution, where m1 is the molality of CO2 in
the solution and m8 is the standard molality, i.e., 1 mol kg21.
One can reasonably assume that there is not any IL in the
equilibrium gas phase. Thus, we get

KH;x ¼ lim
x1!0

f gi ðT;PÞ
x1

(3)

Or,

KH;m ¼ lim
m1!0

f g1 ðT;PÞ
m1=m� (4)

where f̂ g
1
is the fugacity of the pure gas at T and P in the

equilibrium gas phase, which can be easily calculated by a
conventional equation of state with good accuracy.

The relationship between the fugacity and molality (f-m)
is shown in Figure 4. Thus the Henry’s law constant is calcu-
lated by the linear slope of f-m at low pressures.

According to the definition of molar fraction and molality,
the relationship between KH,x and KH,m can be easily
deduced,

KH;x ¼ KH;m

M2=m� (5)

where M2 is the molar mass of the solvent.

Table 3. Solubility of CO2 in [hmim][FEP] at Different
Pressures and Temperatures

P (MPa)
Mole

Fraction P (MPa)
Mole

Fraction P (MPa)
Mole

Fraction

T 5 283.5 K T 5 298.6 K T 5 323.2 K
0.0297 0.016 0.0297 0.016 0.0297 0.012
0.0501 0.027 0.0501 0.024 0.0501 0.017
0.0701 0.037 0.0701 0.031 0.0700 0.022
0.1000 0.051 0.0998 0.041 0.0998 0.028
0.1998 0.102 0.1999 0.081 0.2000 0.055
0.3000 0.148 0.3000 0.116 0.2999 0.082
0.3997 0.188 0.3999 0.148 0.3999 0.107
0.5997 0.258 0.5998 0.202 0.5997 0.143
0.7997 0.316 0.7997 0.251 0.7997 0.178
1.0000 0.367 0.9997 0.294 0.9998 0.213
1.1999 0.413 1.2000 0.333 1.1997 0.248
1.3997 0.453 1.3999 0.364 1.3999 0.273
1.5996 0.487 1.5996 0.396 1.5998 0.293
1.7998 0.517 1.7996 0.420 1.7998 0.321

Table 4. Solubility of CO2 in [bmpyrr][FEP] at Different
Pressures and Temperatures

P (MPa)
Mole

Fraction P (MPa)
Mole

Fraction P (MPa)
Mole

Fraction

T 5 283.5 K T 5 298.6 K T 5 323.3 K
0.0297 0.013 0.0297 0.009 0.0297 0.007
0.0500 0.023 0.0500 0.017 0.0501 0.012
0.0701 0.033 0.0700 0.024 0.0701 0.017
0.1000 0.046 0.0994 0.033 0.1000 0.022
0.2000 0.094 0.1999 0.068 0.2000 0.046
0.3000 0.137 0.3000 0.104 0.2999 0.074
0.3997 0.175 0.3998 0.133 0.3997 0.095
0.5998 0.243 0.5999 0.188 0.5998 0.136
0.7998 0.301 0.7998 0.232 0.7997 0.162
0.9997 0.350 0.9999 0.273 0.9999 0.193
1.1998 0.394 1.1997 0.311 1.1998 0.223
1.4000 0.433 1.3997 0.344 1.3997 0.252
1.5996 0.467 1.5996 0.374 1.5997 0.275
1.8001 0.498 1.7999 0.401 1.7996 0.293

Table 5. Solubility of CO2 in [ETT][FEP] at Different
Pressures and Temperatures

P (MPa)
Mole

Fraction P (MPa)
Mole

Fraction P (MPa)
Mole

Fraction

T 5 283.2 K T 5 298.5 K T 5 323.5 K
0.00477 9 E-4 0.00489 2 E-4 0.00482 0.000
0.0298 0.013 0.0299 0.009 0.0298 0.006
0.0501 0.023 0.0499 0.016 0.0499 0.011
0.0701 0.032 0.0700 0.023 0.0700 0.015
0.1000 0.045 0.0999 0.033 0.1000 0.020
0.2000 0.092 0.1999 0.068 0.1999 0.052
0.2998 0.137 0.3000 0.102 0.2998 0.077
0.4000 0.175 0.3998 0.133 0.3997 0.098
0.6000 0.238 0.5997 0.181 0.5997 0.132
0.8000 0.297 0.7997 0.229 0.7998 0.167
0.9997 0.348 0.9999 0.270 0.9999 0.195
1.1997 0.391 1.1998 0.305 1.1997 0.225
1.3998 0.434 1.3997 0.343 1.3996 0.247
1.7997 0.497 1.7997 0.397 1.7996 0.295

Figure 4. The solubility in molality scale of CO2 in
[hmim][FEP] as a function of gas fugacity at
different temperatures.

AIChE Journal October 2008 Vol. 54, No. 10 Published on behalf of the AIChE DOI 10.1002/aic 2725



The Henry’s law constants of CO2 in the three ILs,
[hmim][FEP], [bmpyrr][FEP], and [ETT][FEP], are listed in
Table 6. The Henry’s law constant of 2.37 MPa in [hmim]
[FEP] is comparable with 2.52 MPa, which is reported in
literature.8

Effect of anions on CO2 solubility

With the same cation [hmim], the Henry’s law constants
of CO2 in [hmim][FEP] and [hmim][Tf2N] are 2.37 and 3.16
MPa8 at 298.15 K, respectively. As a comparison, the values
for [bmim][Tf2N], [bmim][PF6], and [bmim][BF4] are 3.30,
5.34, and 5.90 MPa.6 Thus, the solubility of CO2 in ILs with
the four anions has a sequence of [FEP][ [Tf2N][ [PF6][
[BF4], which is consistent with the above conclusion in the
screening procedure by the COSMO-RS calculations.

The solubilities of CO2 in [hmim][FEP], [hmim][Tf2N],
and [hmim][PF6] at 298.15 K changing with pressure are
demonstrated in Figure 5. The anion effect of ILs can be
shown more clearly that [FEP]-based IL has the best capabil-
ity to dissolve CO2. For example, the solubilities in
[hmim][FEP], [hmim][Tf2N], and [hmim][PF6] are 0.251,
0.213, and 0.146 at 0.8 MPa, respectively, as shown in
Figure 5, indicating [hmim][FEP] can absorb more than 15
and 70% higher CO2, compared with [hmim][Tf2N] and
[hmim][PF6], respectively.

Brennecke’s group6 discussed in detail the anion effect on
solubility of CO2 in ILs. They concluded that the fluoroalkyl
groups in anion improve the CO2 solubilities, which is con-
firmed in their recent studies.8 Because one [FEP] anion con-
tains three C2F5 groups, it is expected ILs with [FEP] can
absorb more CO2. In addition, [FEP] possesses some other
advantages, such as very low uptake of water compared with

other ILs, high stability towards hydrolysis and low viscos-
ity.59 Therefore, the [FEP]-based IL is not only promising in
capturing CO2, but also one type of hydrophobic solvent in
many other applications.

Effect of cations on CO2 solubility

The Henry’s law constants in three [FEP]-based ILs with
different cations are listed in Table 6. As is expected, the
cations have much smaller influence on the solubility of CO2

in ILs. For example, the Henry’s law constants at 298.6 K
are 2.37, 2.85, and 2.94 MPa in [ETT][FEP], [bmpyrr][FEP],
and [hmim][FEP], respectively. Figure 6 shows isotherms for
the three ILs at 298.6 K. As is shown, the solubility of CO2

increases in the following order: [ETT] \ [bmpyrr] \
[hmim]. Similar trends are observed at 283.6 K and 323.3 K.

Temperature dependent gas solubility

In this work, all the CO2 solubilities decrease with the
increase of temperature, indicating the negative solvation en-
thalpy. The values of enthalpy and entropy to dissolve a gas
in solvent can be estimated as follows,6

Dhsol
R

¼ @ lnKH;x

@ð1=TÞ (6)

Dssol
R

¼ � @ lnKH;x

@ðlnTÞ (7)

The estimated solvation enthalpy and entropy for CO2 in
[hmim][FEP] are 213.0 kJ mol21 and 243.1 J mol21 K21,
respectively. It is comparable with the previous values of
CO2 in [bmim][PF6] reported in the literature,6 214.3 kJ
mol21 and 247.6 J mol21 K21.

Conclusions

A screening method is proposed successfully in this work
for the molecular design of ILs to capture CO2, which is
based on the prediction of the Henry’s law constant by using
the COSMO-RS method without any specific parameter

Figure 5. Effect of the anions on the solubility of CO2

in [hmim]-based ionic liquids at 298.2 K.

Figure 6. Effect of the cations on the solubility of CO2

in [FEP]-based ionic liquids at 298.6 K.

Table 6. The Henry’s Law Constants (MPa) in Mole
Fraction Scale of CO2 in [FEP]-based Ionic Liquids with

Various Cations by Experiments

283.5 K 298.6 K 323.3 K

[hmim][FEP] 1.85 2.37 3.66
[bmpyrr][FEP] 2.03 2.85 4.45
[ETT][FEP] 2.08 2.94 4.84
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adjustment. The method would be a valuable approach to
reduce efficiently the necessary experimental efforts for the
measurements of gas solubility in ILs.

Four hundred and eight kinds of ILs, with 24 cations and
17 anions, are screened to find promising candidates in CO2

capture, by using the COSMO-RS method. The screening
results show that more CO2 can be absorbed in ILs with
[FEP] anion. It is also shown that a value of 0.2 MPa seems
the lowest limit of the Henry’s law constant of CO2 in ILs at
298 K in physical absorption.

To confirm the screening results, three [FEP]-based ILs
are chosen to perform the experimental measurements, with
cations of 1-hexyl-3-methylimidazolium ([hmim]), 1-butyl-1-
methylpyrrolidinium ([bmpyrr]), and S-ethyl-N,N,N0,N0-tetra-
methylthiouronium ([ETT]). The solubilities of CO2 in the
three ILs are measured by the IGA 003 at 283.2 K, 298.2 K,
and 323.2K with the pressure range 0–1.8 MPa. To our best
knowledge, the solubility data of CO2 in the latter two ILs,
i.e., [bmpyrr][FEP] and [ETT][FEP], have not been reported
in the literature.

The experimental data indicate that the CO2 solubility is
improved in [FEP]-based ILs. For example, the solubility in
[hmim][FEP] is about 15% higher, compared with the other
promising CO2-capture IL, 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([hmim][Tf2N]). It is also
found that the cation has limited influence on the solubility
of CO2 in the [FEP]-based ILs.

In conclusion, the [FEP]-based ILs are recommended here
as the most promising candidates for the capture of CO2 at
ambient temperature.

It is noticed that the mechanism of CO2 dissolved in ILs
can be explored by molecular simulation. Therefore, molecu-
lar dynamics will be carried out in our future work to under-
stand the good performance of CO2 absorption in the [FEP]-
based ILs.
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