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Abstract—Environmental and safety regulations are creating increasing interest in ionic liquids which have been used
as alternative solvents for a wide range of industrial applications. Knowing the phase equilibrium of these materials
is very important. In this study, the solubility of CO, in ionic liquid 1-alkyl-3 methylimidazolium bis (trifluoromethyl-
sulfonyl) imide ([C,-mim][Tf,N]; n=2, 4, 6, 8) was probed with the Peng-Robinson (PR) equation of state (EOS) and
Wong-Sandler mixing rule and van Laar model for excess Gibbs free energy. The differential evolution (DE) optimization
method was applied to optimize the binary interaction parameter and activity coefficients. Moreover, binary interaction
parameters and activity coefficients were presented as mathematical correlations that for various materials have de-
pended on temperature. Our results showed that average absolute derivations of our proposed model were less than
other existing models, and by using the aforesaid method better prediction could be achieved.
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INTRODUCTION

Tonic liquids (ILs) are usually defined as organic salts composed of
large asymmetric organic cations and organic or inorganic anions with
melting point at or below 100 °C. They tend to have extremely low
vapor pressure, a broad liquid range of over 300 °C, and density
greater than that of water, good thermal stability, low melting point,
high ionic conductivity and large electrochemical window [1]. They
are also good solvents for many organic and inorganic compounds.
The chemical structure of [C,-mim] [Tf,N] is shown in Fig. 1.

The tunable property of ILs through an endless combination of
cations and anions allows the design of solvents for the develop-
ment of more efficient processes and products. Low melting point
of ionic liquids is due to the asymmetry of the cation, whereas many
of the physical properties of ionic liquids such as their miscibility
with conventional solvents and hygroscopicity are considered to be
determined by the nature of the anion. Ionic liquids have recently
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Fig. 1. Chemical structure of [C,-mim][Tf,N].
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gained great attention in a variety of chemical processes. A poten-
tial application of ionic liquids is for gas and liquid separation pro-
cess. To select an efficient ionic liquid for use as a gas separation
medium, it is necessary to know the solubility of the gas in ionic
liquid phase. Thus, phase equilibrium properties of carbon dioxide
in ILs are required [2-6]. These properties must be either experi-
mentally obtained or semi-empirically correlated. One of the most
common methods used for the correlation and prediction of phase
equilibrium in mixture is use of equation of state (EOS). Common
and industrial important equations of state are the cubic equations
derived from van der Waals equation of state (VdW). Among the
many cubic EOS of VAW types nowadays available, the model pro-
posed by Peng and Robinson [7] is widely used because of its simplic-
ity and flexibility [8]. Brennecke et al. reported that using supercrit-
ical fluid can help in extracting a desired solute from an ionic liquid
[9,10]. Anthony et al. studied the solubility of some gases in [bmim]
[PF,] at different temperatures of 283, 298 and 323 K by means of
gravimetric microbalance [11]. Shariati et al. and Kroon et al. studied
the high pressure phase behavior of binary mixtures consisting of
carbon dioxide and imadazolium- based ionic liquids (1-alkyl-3-
methylimidazolium tetrafluoroborate and 1-alkyl-3-methylimida-
zolium hexafluorophosphate) over a wide range of solute concen-
trations and at pressure up to about 100 MPa [12-15]. Oh and Lee
probed phase equilibrium carbon dioxide in ionic liquid 1-butyl-3-
methyl-imidazolium bis (trifluoromethylsulfonyl) amide ([bmim]
[TE£N]) at high pressure up to about 30 MPa and in range of tem-
perature between 298.15 °K to 343.15 °K [16]. Carvalho et al. using
Peng-Robinson EOS and Wong-Sandler mixing rule investigated
the phase behavior of the binary system of carbon dioxide (CO,)+
1-ethyl-3-methyl-imidazolium bis (trifluoromethylsulfonyl) imide
([C,-mim][T£;N]) and CO,+1-methyl-3-pentyl-imidazolium bis (trif-
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luoromethylsulfonyl) imide (|C;-mim][T£,N]) at temperatures up to
363 °K and pressures up 50 MPa [17]. Shin et al. reported solubil-
ity carbon dioxide (CO,) in ionic liquids 1-alky 1-3-methylimidazo-
lium bis (trifluoromethanesulfonate) imide ([C,-mim][TfO]; =2, 4,
6, 8) at pressure up to about 40 MPa and at temperatures between
303.85 and 344.55 °K with using the Peng-Robinson equation of
state and Van der Waals (VdW) mixing rule [18]. Lachwa et al. studied
liquid-liquid equilibria 1-hexyl-3-methylimidazolium bis (trifturom-
ethylsulfonyl) imide, ([C; mim][Tf,N]) and alkan-1-ols C,H,,,,OH
with n=4, 5, 6 and 8 at a nominal pressure of 0.1 MPa up to 50 MPa
[19] and finally Peters et al. probed the phase behavior CO, and
imidazolium-base ionic liquids ([C,-mim][PF]) and (JC,-mim][BF,])
at pressure up to about 100 MPa [20]. Shiflett and Yakozeki devel-
oped a ternary equation of state model for the CO,/H,S/[bmim][PF]
system because of the separation of these gases by using of ionic
liquids at room temperature. It is shown that present ionic liquid
can affect the gaseous selectivity [21]. Carvalho et al. proved the
solubility of CO, in phosphonium-based ionic liquids. A thermo-
dynamic model based on the Peng-Robinson equation of state with
Wong-Sandler mixing rule, using the UNIQUAC model for the activ-
ity coefficient [22]. Ren et al., studied (vapor-+liquid) equilibrium,
(vapor-+liquid-+liquid) equilibrium and (liquid-+liquid) equilibrium
of n-alkyl-3-imidazolium bis (trifluoromethylsulfonyl) amide ionic
liquid with CO, at temperatures of (298.15, 323.15, 343.15) K and
pressure up to 25 MPa. The Peng-Robinson equation of state with
van der Waals 2-parameter mixing rule with estimated IL critical
properties were used to model and correlate the experimental data
[23]. Kim et al. studied solubilities of carbon dioxide in ionic liquids,
[bmim][PE], [Comim][PF], [emim][BF,], [emim][T£;N] and [Cgmim]
[TEN] at 298.15 K and up to 1 MPa. A group contribution form of
a non-random lattice-fluid model was applied to predict solubilities
in pure ionic liquids [24]. In this work, we predicted solubility of
CO, in four imidazolium based ionic liquids with the [Tf;N] anion
by using the Peng-Robinson equation of state with the adjustable
parameters in its mixing rules and the experimental data found in
the open literature for the binary system studied. In summary, the
thermodynamic model included the Peng-Robinson equation of state,
the Wong-Sandler mixing rule and the van-Laar model for excess
Gibbs free energy (GF) in the mixing rules, model designated as
PR/WS/VL in all of the paper.

THERMODYNAMIC MODELING

For a gas (1)+ionic liquid (2) system, the ionic liquid is taken to
be non-volatile and only pure gas exists in the gas phase. The condi-
tion for the phase equilibrium is satisfied when the fugacities of the
gas component have equal values in both phases at a constant tem-
perature and pressure:

flgtm‘ _ %]/L (1)

where ¥ is the gas fugacity in pure gas phase and f," is the fugac-
ity of gas in ionic liquid phase. The relationship of fugacity with
temperature and pressure can be expressed by an equation of state.
So far, the ordinary form of cubic equations of state has been used
to investigate phase equilibria of discrete components successfully.
In this paper, the PR EOS has been modified in order to predict the
phase behavior of a semicontinuous system.

1. The PR EOS

Following equations demonstrate the original form of the PR EOS
[25]:

RT a

=T WD) +b(v-b) @
where P is the pressure, T is the temperature, v is the molar volume,
R is the universal gas constant. Wong and Sandler derived general
form mixing rules first by combining the quadratic dependence of
the second virial coefficient on composition and relation between
the second virial coefficient and the parameters in a cubic EOS. The
second equation in their mixing rules was derived by taking the limit
of the excess Helmholtz free energy for a cubic EOS mixture at in-
finite pressure. Helmholtz free energy is less pressure dependent,
and can be approximated by excess Gibbs energy at low pressure
where most experimental data are collected [26]. The mixture param-
eters in ionic liquid phase are calculated from the Wong-Sandler
mixing rule [27]:
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In these equations, 2=—0.62323 for the PR equation, and A(x)
is calculated using an appropriate model and assuming that A(x)~
A (x)zGoE(x) being, Gl (x)=g", the excess Gibbs free energy at low
pressure [28]. The combining rule for (b—(a/RT)), includes one ad-
justable parameter k; and it was assumed that binary interaction par-
ameter is dependent on temperature.

The van Laar model for the excess Gibbs free energy g” included
in the Wong-Sandler was used. This model contains two empirical
parameters for a binary mixture. Therefore, for a binary mixture
the Wong-Sandler mixing rule includes one adjustable binary inter-
action parameter k,, for (b—(a/RT));, besides the two parameters
included in the g° model. These three adjustable parameters for each
of the mixtures have been determined using experimental phase
equilibrium data at constant temperature, available in the literature
for the mixtures studied. The van Laar model has been presented
in the literature using different expressions for the parameters of
the models. The expressions used in this work for binary mixtures
are presented in the form as follows:

gF  (AW/RT)xx,

RT x,(An/As)+x, ©

The expression for the fugacity of gas component in gas and ionic
liquid phases with PR EOS and Wong-Sandler mixing rule is: [29]
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Information about the critical properties and acentric factor is
needed to utilize the PR-EOS. Those properties are readily avail-
able for CO,, but they are not available for the ionic liquids. There-
fore, those properties for the ionic liquids need to be estimated. In this
work, we used Joback’s method [30], a group contribution method,
to estimate the critical temperature and pressure (T, and P,) for the
ionic liquids. The group identities and Joback’s values for contri-
butions to the critical properties are available in the reference [30].

The acentric factors of the ionic liquids were estimated by the
Ambrose-Walton corresponding-states method [30]. The normal
boiling temperatures, critical properties and acentric factors of the
ionic liquids are listed in Table 1.

For a CO,+ionic liquid system, at a given temperature and CO,
mole fraction (X,), we calculated equilibrium pressures or bubble
pressures (P), which satisfied the equilibrium relation (Eq. (1)). The
volumetric properties of gas and ionic liquid phases, which were
necessary to calculate the fugacities of gas in gas and ionic liquid
phases, were obtained by solving the PR-EOS (Eq. (2)). A nonlin-
ear least square method was used to solve this problem. The same
calculations were repeated at different CO, mole fractions, and finally
a P—x, diagram was completed.

Before performing the equilibrium calculations described above
by using the PR/'WS/VL, the adjustable parameters, binary interac-
tion parameter and activity coefficients (k,, and A,,, A,)), were de-
termined first for each system. The experimentally obtained P—x,
data at a given temperature for a CO,+ionic liquid system were cor-
related with the PR-EOS, and then a set of optimum values of the
k;, and A,,, A, parameters were found by minimizing the follow-
ing objective function:

N [pew _ peald
OF:ZP" P&f'
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Table 1. Critical properties and acentric factor of ionic liquids esti-
mated from the method of Joback

Ionic liquids T. (K) P. (MPa) 10}
[C,-mim][T£,N] 788.05 3.31 1.225
[C,-mim][T£,N] 831.39 2.69 1.289
[Ce-mim][T£,N] 876.24 222 1.327
[Ce-mim][T£,N] 923.02 1.87 1.331
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where P is the experimental value of pressure and P is the pres-
sure calculated by the PR-EOS at the experimental value of CO,
mole fraction, and N is the number of data points. The differential
evolution (DE) optimization method, which solves a nonlinear least-
squares problem, was used.

THE DE OPTIMIZATION METHOD [31,32]

1. Computational Steps

The DE method, an exceptionally simple, heuristic and robust
evolution strategy, which is significantly fast in numerical optimi-
zation [33], was applied to find the true global optimum values of
the presented model parameters. Check whether the parameters of
the trial vector are within the bounds. If an individual of this trial
vector is outside of the bounds, then this parameter is assigned a
value randomly within the associated bounds.
2. Strategies

Different DE strategies are used to make it capable of dealing with
different kinds of problems. So far, ten schemes of strategies have been
presented [34]. A strategy that is successful in one problem may not
work well in another specified one. Selection of the best strategy
could be determined by trial and error [33]. The strategies can vary
based on the vector to be perturbed, number of difference vectors
considered for perturbation, and finally the type of crossover used.

RESULTS AND DISCUSSION

The experimental results found in the literature for solubility of
CO, in the ionic liquids [C,-mim][T;N] (n=2, 4, 6, 8) show that
CO, gives very high solubility in ionic liquids at lower pressures,
while the equilibrium pressure increases very steeply at higher con-
centrations of CO,. The solubility of CO, in the ionic liquids decreases
with an increase in temperature. In general, a system in which a
large amount of CO, dissolves in the liquid phase at low pressure
tends to give a simple two phase envelope with a mixture critical
temperature at moderate pressure.

The PR-EOS using the WS mixing rule was used to describe the
experimental data of the solubility of CO, in [C,-mim][T;N]. In
this work binary interaction parameter and activity coefficient are
considered as temperature dependent with regard to the correlations
below:

k;=nT+n,T+n, (12)
A,=nT*4n,T+n, (13)
Ay =nT*+n,T+n, 14

The binary interaction parameter and activity coefficients (n,, n,,
n,) for [C,-mim][TEN] (n=2, 4, 6, 8) were optimized using the P—x,
data for each system. Table 2 summarizes the binary interaction par-
ameter and activity coefficients for each system. The modeling re-
sults are summarized in Table 3. The average absolute deviations
in percentage (AAD%) between the calculated and experimental
equilibrium pressures which is defined as below, were calculated
for each system and temperature.

exp calc]
P, —P
exp
i

N

ADD (%)—(1/N)[Z

i

x 100] (15)




Thermodynamic modeling of CO, solubility in ionic liquid ([C,-mim] [T£;N]; n=2, 4, 6, 8) 249

Table 2. Adjustable parameters for k;, A,, and A,, of the PR-EoS
optimized for the CO,+[C,-mim][Tf,N] (n=2, 4, 6, 8) sys-
tems

Coeflicient
Parameter

Tonic liquids
o, n, n,

[Comim][TEN] K, (-2.5813)10° (1.5740)10" —23.501
A, (13654)10% (-8.940)102  16.01
Ay (89826)10° -5.5603 861.58
[Comim][TEN] K,  (4951D)10% (-3.1570)10" 50.712
A, ((7226)10° 4644 ~742.91
Ay (-1.0825)107 6.8434 ~1078.9
[Comim][TEN] K,  (-7.3443)10° (4.6700)102 —7.3103

An  (19956)10° —1.226 189.62
A, (-1.5684)10 9.8994 ~1556.2
[Comim][TEN] K,  (-83941)10° (5.3480)10" —84.91

A, (1.1896)10°  (-7.74)10™ 118.33
Ay (1.0595)10° —6.5724 1020.2

aKl 2:K2 1

Table 3. Deviations between experimental and calculated values
in equilibrium pressures

AAD%
ITonic liquids
30°C 40°C Average
[C,-mim][TE,N] 45000  4.1031 43015
[C-mim][TE,N] 5.4092 3.9100 4.6596
[Comim][TEN] 58032 48110 53071
[Cemim][TEN] 47980 49773 4.8876
400 . : : : :
o Exp. [C,-mim][Tf,N], T=30 C
350{{ — Cal. [C,-mim][Tf,N], T=30 C
Exp. [C,-mim][Tf,N], T=40 C
3001 Cal. [C,-mim][TF,N], T=40 C
= 250}
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Fig. 2. P—x diagrams of the CO,+[C,-mim][Tf,N] mixtures at tem-
perature of 30° and 40 °C. The linear are the calculations
by the PR- EOS model.

To better show the capability of the proposed correlations for the
parameters of the PR/WS/VL model, the solubility of CO, in the
ILs [C,-mim][T£N] (n=2, 4, 6, 8) over a wide pressure range was

T —
« Exp. [C,-mim][T{,N], T=30 C
350{| — Cal. [C,-mim][Tf,N], T=30 C ]
Exp. [C,-mim][Tf,N], T=40 C
300/ cal. [C,-mim][TT,N], T=40 C 1
= 250t ]
S
2 200} .
&
8
o 150t 1
100} ]
50} ]
% 01 02 03 04 05 06 07 08 08 1

CO, mole fraction (x)

Fig. 3. P—x diagrams of the CO,+[C,-mim][Tf,N] mixtures at tem-
perature of 30° and 40 °C. The linear are the calculations

by the PR-EOS model.
400 T T x . r r
s Exp. [C,-mim][Tf,N], T=30 C
350H — Cal. [Cs-mim][ngN], T=30C 1
Exp. [C,-mim][Tf,N], T=40 C
30011 cal. [C,-mim][Tf,N], T=40 C 1
T 2501 1
=3
£ 200 1
w
g
o 150f J
100¢ 1
50r 1
00 01 02 03 04 05 06 07 08 09 1

CO,, mole fraction (x)

Fig. 4. P—x diagrams of the CO,+[C-mim][Tf,N] mixtures at tem-
perature of 30° and 40 °C. The linear are the calculations
by the PR- EOS model.

calculated with the PR-EOS accompanied with the WS mixing rule
and results are compared to available experimental data. Graphical
results for the binary systems studied but for different temperatures
are shown in Figs. 2 to 5. It can be concluded that the PR EOS with
using WS mixing rule can satisfactorily model the high-pressure
solubility of CO, in [C,-mim][Tf,N] over a wide range of pressure
up to the supercritical region of CO,. The solubilities of CO, in [C,-
mim][TEN] were nearly the same at lower pressure, while they dif-
fered greatly at elevated pressure. In the high pressure range, the
CO, solubility increased as the length of the 1-alkyl chain of [C,-
mim][TEN] increased.

As seen in the Figs. 2 to 5, good agreement between calculated
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400 —r—r——r———————
e Exp. [Cy-mim][Tf,N], T=30 C
350 — Cal. [C,-mim][T,N], T=30 C :
Exp. [C,-mim][Tf,N], T=40 C
80011 cal. [C,-mim][Tf,N], T=40 C T
T 250f .
8
S 200} 1
a
4
a 150} :
100} :
sof :
% 01 02 03 04 05 06 07 08 09 1

CO, mole fraction (x)

Fig. 5. P—x diagrams of the CO,+[Cs-mim][Tf,N] mixtures at tem-
perature of 30° and 40 °C. The linear are the calculations
by the PR- EOS model.

Table 4. Comparison of errors of different models for solubilities
of CO, in ionic liquids [C,-mim][Tf,N] (n=2, 4, 6, 8)

AAD%

Models ITonic liquids
30°C 40°C  Average
PR/WS/VL [C,-mim][Tf;N]  4.5000 4.1031 4.3015
[Cmim][TEN] 54092 39100 4.6596
[Comim][TEN]  5.8032 4.8110 53071
[Cemim][TEN] 47980 4.9773  4.8876
PR/VAW* [Co-mim][Tf;N]  12.0000 13.5000 12.7500
[Co-mim][Tf;N]  11.7000 11.0000 11.3500
[Cemim][TEN]  9.7000  9.6000  9.6500
[Ce-mim][T;N]  10.6000  9.9000 10.2500

“Experimental data in ref. [35]

values and experimental data is found.

In this paper, we compared AAD% of results obtained from the
proposed model with that of another model which used quadratic
mixing rules [2]. As shown in Table 4, the PR/WS/VL model al-
lows a good description of the experimental data compared to the
proposed model with different mixing rule by Shin et al. [35], be-
cause the average absolute deviations of the proposed model were
less than other existing model.

CONCLUSIONS

A thermodynamic consistency test based on the Peng-Robinson
EoS with the Wong-Sandler/van Laar mixing rule was applied to
the available data in the literature for the binary systems studied
showing that they are thermodynamically consistent. As demon-
strated in the prior section, the model was capable of satisfactorily
modeling the high-pressure solubility of CO, in [C,-mim] [TEN]
over a wide range of pressure up to the supercritical region of CO,.
The solubility of CO, in [C,-mim] [T£;N] decreased with an increase

January, 2011

in temperature; also, variation of the length of the 1-alkyl chain in
the cation of [C,-mim] [Tf,N] was found to have a large effect on
the CO, solubility.

On the other hand, the accuracy of PR/WS/VL model was greater
than that reported in the literature for similar types of mixtures, as
presented in Table 4.

NOMENCLATURE

: EOS attractive term [bar cm®kmol*]
: EOS repulsive term [cm*/mol]

: mixture fugacity

: excess gibbs free energy

: the universal constant

: temperature

: molar volume [cm*/mol]

: compressibility factor

E

NcH®mQ=wo®

Greek Letters
£2  :constant parameter=—0.62323
¥ :activity coefficient
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