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Abstract

The Perturbed Chain Statistical Association Fluid Theory (PC-SAFT) is used to investigate the solubility of carbon
dioxide (CO2) and hydrogen sulfide (H2S) in several methylimidazolium bis (trifluoromethylsulfonyl) imide ionic
liquids (ILs) or [Cnmim][NTf2] where n = 2, 4, 6, and 8. The pure component parameters of the ILs are estimated
by fitting to experimental density data and binary solubility data of acid gases in ILs reported in literature. Two
strategies are examined to model the ILs. In the first strategy, the ILs are treated as neutral molecules. In the second
strategy, the ILs are modelled as two charged ions: imidazolium cation [Cnmim]+ and bis (trifluoromethylsulfonyl)
imide anion [NTf2]−. For each strategy, four different self association schemes are examined: non-associating, 2-site,
3-site, and 4-site schemes. The inclusion of self-association of the IL improves the calculated acid gas solubility. The
4-site association scheme with two donors and two acceptors provided the best results for almost all the investigated
acid gases-IL binary systems, with an AARD of 2.76%–6.62% for H2S-ILs systems and 1.54%–4.98% for CO2-IL
systems. Using these parameters, the solubility of ternary systems of CO2 and H2S in C8mimNTf2 IL is successfully
represented, with an AARD of 6.24% for CO2 and 7.99% for H2S, without the need for binary interaction parame-
ters. The high pressure density of ILs and the binary solubility of CO2-ILs at high pressure is also represented with
reasonable accuracy. The inclusion of the electrolyte term in the second strategy improves the high pressure density
and solubility results as well as the predictive capability of the model by allowing for the examination of the effect of
using different cation-anion combinations.
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1. Introduction

Due to its lower carbon content compared to oil and
coal, natural gas is considered the most environmen-
tally benign fossil fuel. However, raw gas still needs to
be treated to remove acid gases such as carbon dioxide
(CO2) and hydrogen sulfide (H2S) mainly because of
their corrosive nature, toxicity and flammability. CO2
may also freeze, causing blockage of pipelines [1], and
has a poor heating value, which lowers the heating value
of the gas [2]. Numerous technologies are available for
acid gas removal from natural gas. Alkanolamine based
chemical absorption is the most commercially utilized
process, due to its versatility, efficiency, and low solvent
cost. However, alkanolamines are volatile, corrosive,
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and their regeneration process is highly energy inten-
sive, comprising 70% of the total operating costs [3, 4].

Recently, ionic liquids (ILs) have emerged as an al-
ternative physical solvent for alkanolamines. ILs are
organic salts characterized by their negligible volatil-
ity, high thermal stability, high ionic conductivity, and
structural tunability. They are liquids over a wide range
of temperatures; they can have melting points ranging
from −100–200◦C [3], which is much lower than the
melting points of conventional ionic compounds, such
as sodium chloride.

An IL consists of two types of ions: an organic cation,
such as imidazolium, pyridinium or phosphonium ions
and an inorganic anion, such as Cl−, BF−4 , PF−6 , CF3SO−3 ,
NTf−2 , or an organic anion such as carboxylate (RCO−2 )
[5]. ILs can be used in a variety of applications, in-
cluding catalysis, gas storage and separation [6]. By
replacing volatile and possibly toxic organic solvents,
ILs have the potential to contribute significantly to im-
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proving the safety, economy and environmental sustain-
ability of acid gas removal processes [7]. Due to their
negligible volatility and high thermal stability, the use of
ILs for sweetening can reduce the solvent losses, ther-
mal decomposition and the consequent environmental
impact. According to Kumar et al. [3], using ILs for
the gas sweetening can lead to an overall reduction in
energy consumption because physical absorption takes
place, rather than chemical absorption.

Over the past few years, a significant number of ex-
perimental and theoretical studies of ILs and their mix-
tures with gas species has been published. Most of the
experimental studies reported in literature focused on
CO2 capture, and less attention has been paid to H2S
removal. Many studies provided experimental mea-
surements for the solubility of CO2 in different types
of ILs. The investigated ILs were either conventional
ILs [8, 9, 10], task specific (TSILs) for CO2 capture
[11], or functionalized ILs [12] with amine or hydroxyl
group attached to the cation of the IL. Generally, all
types of ILs showed either comparable or superior CO2
uptake to traditional alkanolamine solvents. However,
both functionalized and TSILs are highly viscous, and
their production requires several synthetic and purifica-
tion stages [11]. Camper et al. [13] presented an at-
tractive method using amine-IL solutions as an alterna-
tive to the viscous and complex functionalized ILs and
TSILs. Some research studies provided measurements
for H2S solubility in different ILs with comparison to
CO2 and other gases [14, 15, 16, 17]. In all the stud-
ies, H2S showed higher solubilities than CO2 and other
gases in the ILs. Pomelli et al. [15] attributed that to
the presence of specific interactions between H2S and
the ILs and used quantum chemical calculations to in-
vestigate the influence of these interactions on the H2S
solubility at the molecular level.

The high solubility of H2S and CO2 in different ILs,
compared to that in conventional alkanolamine suggests
that ILs can be more efficiently used as solvents for acid
gas separation from natural gas. Furthermore, as H2S is
more soluble than CO2 in ILs, ILs can be utilized for the
separation of the two gases from each other.

Theoretically, both molecular simulation and ther-
modynamic modelling have been used to describe the
molecular structure, phase behavior and thermodynamic
properties of a certain system. Molecular simulations
have been used by many authors to study the micro-
scopic structure of ILs and their properties [18, 19, 20,
21, 22, 23, 24, 25, 26]. They provide a tool for screen-
ing different ILs before using them for certain appli-
cations [27]. However, due to their computational ex-
pense, these methods have limited use in process simu-

lation.
An alternative approach for describing the behavior

of ILs and their mixtures theoretically is the thermody-
namic modelling. Thermodynamic models used for this
purpose have been classified by Vega et al. [27] into four
categories: cubic equations, activity coefficient meth-
ods, quantum mechanics-based methods, and statistical
mechanics-based molecular approaches.

Shariati and Peters [28] and Shiflett and Yokozeki
[29] used the Peng-Robinson [30] and Redlich-Kwong
[31] equations of state, respectively, to model the phase
behavior and the solubility of the binary and ternary
systems of acid gases in ILs. The systems were suc-
cessfully described at low to moderate pressures; how-
ever, the agreement was poor at high pressure. Two
activity coefficient models have been used for the ther-
modynamic modelling of IL containing systems are the
Non-Random Two-Liquid model [32] and the UNIver-
sal QUAsi Chemical model [33]. Both models were
successfully used to describe the LLE and SLE data
of different binary and ternary IL containing systems
with superior results for the UNIQUAC model over the
NRTL model [34, 35].

Group contribution methods, such as UNIFAC [36]
and modified UNIFAC [37], have also been used to es-
timate several IL properties such as density, surface ten-
sion, viscosity, speed of sound, liquid heat capacity and
transport properties [38, 39, 40, 41, 42]. The phase
equilibrium of IL binary and ternary systems containing
alkanes, alkenes, aromatics, alcohols, ketones and wa-
ter have also been investigated using group contribution
approach [41, 43, 42].

The conductor-like screening model for real solvents
(COSMO-RS) developed by Klamt [44] is another ap-
proach used by some authors [45, 46, 47] for the pre-
diction of phase equilibria of IL systems. It employs the
results obtained from quantum chemistry calculations to
calculate the activity coefficients and, hence, predict the
phase equilibria.

Recently, statistical mechanics-based free energy
models have gained a considerable attention in mod-
elling IL systems. These models account explicitly for
the microscopic characteristics of IL mixtures. The
original Statistical Associating Fluid Theory (SAFT)
proposed by Chapman et al. [48] and Huang and Ra-
dosz [49] has been modified by many authors to pro-
duce different versions of the models for different sys-
tems. Some common versions include SAFT-VR for
chain molecules of variable range potential [50], soft-
SAFT for complex fluid mixtures [51], the group contri-
bution SAFT-γ [52], and PC-PolarSAFT and truncated
PC-PolarSAFT [53] for polar and associating fluid sys-
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tems.
All of these models have been successfully used to

represent the solubility of H2S, CO2, and other gases in
some ILs and to measure the thermodynamic properties
of the IL-containing mixture [54, 55, 56, 57]. However,
in most cases, binary interactions parameters, found by
fitting to experimental data, have been used to enhance
the accuracy of the VLE results; these parameters may
be dependent or independent of temperature.

The aim of this work is to examine the ability of
the PC-SAFT model developed by Gross and Sad-
owski [58] to represent the solubility of CO2 and H2S
in several methylimidazolium bis (trifluoromethylsul-
fonyl) imide ILs without the need for binary interaction
parameters. It is generally accepted that ILs cations and
anions associate forming hydrogen bonds [59]. The typ-
ical hydrogen bond is defined as a bond formed between
two molecules, one containing an electro-negative atom
(possessing lone pairs of electrons) such as O, N, or F
referred to as proton acceptor and another containing
a covalent bond between hydrogen and an electroneg-
ative atom such as O, N or S referred to as proton
donor [60]. However, covalent bonds with less electro-
negative atoms such as C, Se and Si, are now recognized
as proton donors [59]. For the studied ILs, we consider
the hydrogen bonds formed between any of the cova-
lent C-H bonds on the methylimidazolium cation ring
(proton donors, circled in red in Figure 1) and any of
the four oxygen atoms on bis (trifluoromethylsulfonyl)
imide anion (proton acceptors, circled in blue in Fig-
ure 1). The hydrogen bonding here could takes place
between two IL molecules or between the cation and
the anion of the same IL molecule. The effect of ac-
counting for the IL cation-anion association interaction
with different association schemes is examined here. To
the best of our knowledge, the effect of changing the
association scheme has not been examined yet.

Two strategies are adopted in this work to model the
ILs. In the first strategy, ILs are modelled as neutral
molecules and only the hard chain, the dispersion and
the association contribution to Helmholtz free energy
are considered. In the second strategy, ILs are mod-
elled as two-part charged ions and the electrolyte con-
tribution to Helmholtz free energy is also considered to
account for the electrostatic attraction between charged
ions. The purpose of applying this strategy is to en-
hance the predictive capability of the model by allow-
ing us to try different IL cation-anion combinations in
the future. For the first time, four different association
schemes for ILs are examined for both strategies: non-
associating scheme, 2-sites scheme (one donor and one
acceptor), 3-sites scheme (two donors and one accep-

Figure 1: Illustrative example of hydrogen bonding between
[C6mim]+ cation and [NTf2]− anion in 1-hexyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide IL: Strategy 2, 2-site scheme (one
donor and one acceptor).

tor) and 4-sites scheme (two donors and two acceptors).
Our interest is mainly focused on finding the best strat-
egy and association scheme to represent the solubility
of acid gases in ILs without the need for any binary in-
teraction parameters to be used in modelling the acid
gas removal problem that utilizes ILs as an alternative
to alkanolamines.

The remainder of this paper is organized as follows.
The following section defines the PC-SAFT model and
the different Helmhotz free energy contributions consid-
ered in this study. The pure component parameters for
the acid gases and the studied ILs are presented and dis-
cussed in Section 3. The solubility calculations and re-
sults are presented and analyzed in Section 4 for binary
mixtures and in Section 5 for ternary mixtures. Finally,
the main findings are summarized in Section 6.

2. Theory

The PC-SAFT EOS originally developed by Gross
and Sadowski [58] was used in this study to repre-
sent the solubility of acid gases in several methylimi-
dazolium bis (trifluoromethylsulfonyl) imide ILs. PC-
SAFT represents the molecule as a chain of mi spheri-
cal segments of diameter σi, as illustrated in Figure 2.
For non-associating, neutral molecules, the molecules
interact only through excluded volume and dispersion
forces; therefore in this case, three molecular parame-
ters are required to describe the molecules: mi, σi, and
the strength εi of the dispersion interaction.

For associating molecules (e.g., molecules that tend
to form hydrogen bonds), two more additional parame-
ters are required: the association energy εAiBi between

3



Figure 2: Illustration of PC-SAFT molecular parameters and the con-
tributions to the Helmholtz free energy.

sites A and B on molecule i and the effective associa-
tion volume KAiBi between site A and B on the same
molecule. For charged ions or electrolytes, the Debye-
Hückel term [61] is added to account for the long range
Coulomb forces among ions in the system. In this case,
the charge qi of each ion is required.

Within PC-SAFT, the Helmholtz free energy is ex-
pressed as a sum of separate contributions from different
physical effects.

The residual Helmholtz free energy per molecules is
given by

ares = ahc + adisp + aassoc + aelec, (1)

where ahc is the hard-chain reference contribution,
adispis the dispersion contribution, aassoc is the associ-
ation contribution, and aelec is the electrolyte contribu-
tion. The expressions for each of these terms will be
summarized below, however, the reader is referred to
Refs. 58, 48, and 62 for more detailed discussions of
different contributions to Helmholtz free energy.

The hard-chain reference contribution is given by

ahc = mahs − kBT
∑

i

xi(mi − 1) ln ghs
ii (2)

where kB is the Boltzmann constant, T is the absolute
temperature of the system, xi is the mole fraction of
molecules of type i in the system, and m =

∑
i ximi. The

quantity ghs
ii is the contact value of the radial distribution

function, given as:

ghs
i j =

1
(1 − ζ3)

+

(
did j

di + d j

)
3ζ2

(1 − ζ3)2

+

(
did j

di + d j

)2 2ζ2
2

(1 − ζ3)3 .

(3)

where di is a temperature-dependent segment diameter
of component i and defined as:

di = σi

[
1 − 0.12 exp

(
−

3εi

kBT

)]
, (4)

ζn is given as:

ζn =
π

6
ρ
∑

i

ximidn
i , (5)

and ρ is the number density of molecules in the system.
The hard-sphere contribution to Helmholtz free en-

ergy is:

ahs =
kBT
ζ0

 3ζ1ζ2

(1 − ζ3)
+

ζ3
2

ζ3(1 − ζ3)2 +

ζ3
2

ζ2
3

− ζ0

 ln(1 − ζ3)


(6)

The dispersion contribution to the Helmholtz free en-
ergy is given by:

adisp

kBT
= −2πρI1(ζ3,m)m2εσ3

− πρmC1I2(ζ3,m)m2ε2σ3

(7)

with

C1 =

(
1 + Zhc + ρ

∂Zhc

∂ρ

)−1

=

1 + m
8ζ3 − 2ζ2

3

(1 − ζ3)4 + (1 − m)
20ζ3 − 27ζ2

3 + 12ζ3
3 − 2ζ4

3

[(1 − ζ3)(2 − ζ3)]2


(8)

and

m2εσ3 =
∑

i j

xix jmim j

(
εi j

kBT

)
σ3

i j (9)

m2ε2σ3 =
∑

i j

xix jmim j

(
εi j

kBT

)2

σ3
i j (10)

The Lorentz-Berthelot mixing rules were employed to
determine the parameters σi j and εi j between unlike
segments:

σi j =
1
2

(σi + σ j) (11)

εi j =
√
εiε j(1 − ki j) (12)

The quantities I1(ζ3,m) and I2(ζ3,m) in Eq. (7) above
are the integrals of the perturbation theory and are ex-
pressed as a power series in density as below

I1(ζ3,m) =

6∑
i=0

ai(m)ζ i
3 (13)

I2(ζ3,m) =

6∑
i=0

bi(m)ζ i
3 (14)
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The coefficients of the power series are related to the
segment number m as follows

ai(m) = a0i +
m − 1

m
a1i +

m − 1
m

m − 2
m

a2i (15)

bi(m) = b0i +
m − 1

m
b1i +

m − 1
m

m − 2
m

b2i (16)

where a0i, a1i, a2i, b0i, b1i, and b2i are the universal PC-
SAFT constants, which can be found in Ref. 58.

The association contribution to Helmholtz free en-
ergy is given by [48]

aassoc

kBT
=

c∑
i

xi

∑
Ai

(
ln XAi −

XAi

2

)
+

1
2

Mi

 (17)

where XAi is the mole fraction of molecule i not bonded
at site A, and Mi is the total number of association sites
(both donor and acceptor sites) on molecule i. The
quantities XAi can be determined by solving the equa-
tions:

XAi =

1 + NAvρ
∑
j,B j

x jXB j∆AiB j


−1

(18)

where the index B j runs over all association sites on
molecule j, and ∆AiB j is the association strength and is
defined as

∆AiB j = ghs
i j

[
eε

Ai B j /(kBT ) − 1
]
σ3

i jK
AiB j (19)

where εAiB j is the association energy, and KAiB j is the ef-
fective association volume between a site A on molecule
i and a site B on molecule j

For systems with charged components, the electrolyte
term aelec, as given by the Debye-Hückel theory [61], is
added to contributions of Helmholtz free energy. Within
the Debye-Hückel theory of electrolyte solutions, the
ions are treated as spheres with charge qi that can ap-
proach each other to within an effective ion diameter ai

and that are immersed in a background solvent charac-
terized by a dielectric constant ε.

The resulting expression for the molar Helmholtz free
energy is

aelec = −
κ

12πε

∑
i

xiq2
i χi (20)

where the quantity χi is defined as

χi =
3

(κai)3

[
3
2

+ ln(1 + κai) − 2(1 + κai) +
1
2

(1 + κai)2
]
,

(21)

Table 1: PC-SAFT pure component parameters for acid gases used in
this study.

Component MW T range mi σi εi/kB Psat ρsat Ref.
g mol−1 K Å K AARD % AARD %

CO2 44.01 216–304 2.0729 2.7852 169.21 3.25 1.93 [58]
H2S 34.08 187–362 1.6686 3.0349 229.00 0.40 0.80 [65]

where κ is the inverse Debye screening length defined
by [62] as

κ =

√
4πρ
εkBT

∑
j

q2
j x j (22)

In this work, both acid gases are treated as non associ-
ating and non electrolyte components and cross associ-
ation between acid gases and ILs is not considered. For
the ionic liquid molecules two strategies are adopted. In
the first strategy, ILs are modelled as neutral molecules
and only the hard chain, the dispersion and the associ-
ation contribution to Helmholtz free energy are consid-
ered. In the second strategy, the ionic liquids are mod-
elled [63] as fully dissociated ions (cations and anions).
The charge of each ion is assumed to be localized within
a segment, and, consequently, we choose ai = σi. The
dielectric constant of the medium ε is set to unity in all
cases, following Ji et al. [64].

Association within the ionic liquids is also consid-
ered in this work. In strategy 1, the association takes
place between the neutral IL molecules where the pro-
ton donor is from one molecule and the acceptor from
another molecule. In strategy 2, the association takes
place between the cation and the anion of the same IL
as illustrated in Figure 1.

3. PC-SAFT Pure Component Parameters

3.1. Acid Gases
Both acid gases, CO2 and H2S, are treated as non

associating components, and the cross-association be-
tween the acid gases and the ILs is not considered in this
work. Only three molecular parameters are required to
describe each component within the PC-SAFT model:
the number of segments mi, the segment diameter σi,
and the depth of square well interaction potential εi.
The parameters values for the acid gases are taken from
Refs. 58 and 65 and are reported in Table 1.

In order to validate these parameters, we used them
to represent the vapor pressure for both acid gases using
PC-SAFT. The calculations were able to successfully
reproduce the experimentally measured vapor pressure
data from [66] with reasonable accuracy (3.25% AARD
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for CO2 and 0.4% for H2S). The vapor pressure curves
are shown in Figure 3. The saturated liquid density of
both gases is also calculated using the PC-SAFT pa-
rameters in Table 1 and compared to the experimental
measurements from [66]. The density was satisfactorily
represented with AARD of 1.93% for CO2 and 0.8% for
H2S. At 298 K, the saturated liquid density of CO2 cal-
culated using PC-SAFT was 724.5 kg m−3 and that of
H2S was 783.8 kg m−3.

Figure 3: Vapor pressure of acid gases CO2 (red lines and triangles)
and H2S (green lines and triangles). The symbols represent the ex-
perimental vapor pressure data taken from Ref. 66. The lines are the
vapor pressures calculated using PC-SAFT with the parameters given
in Table 1.

3.2. Ionic Liquids

Four methylimidazolium bis (trifluoromethylsul-
fonyl) imide or [Cnmim][NTf2] ILs with n = 2, 4, 6,
and 8 are investigated in this work. The ILs are mod-
elled using the two strategies described in the previous
section.

The proton donor could be one of the three hydro-
gen atoms covalently bonded to the carbons on the im-
idazolium ring. The proton acceptor could be any of
the four oxygen atoms on the [NTf2] anion. The pos-
sible donor and acceptor sites are highlighted in Fig-
ure 1. In this work, four association schemes are inves-
tigated: a non-associating scheme (where association is
neglected), a 2-site scheme (one donor and one accep-
tor), a 3-site scheme (two donors and one acceptor), and
a 4-site scheme (two donors and two acceptors).

Without association, only three molecular parameters
are required to describe each IL using PC-SAFT: m, σ
and ε. When self-association is included, two additional

parameters are needed for each IL: the association en-
ergy εAiBi between donor site A and acceptor site B on
the molecule and the effective association volume KAiBi

between sites A and B.
The values of the pure component parameters mi, σi,

εi, εAiBi and KAiBi for the four studied ILs are deter-
mined by fitting to experimental density data recorded
in literature at atmospheric pressure [67, 68, 69]. This is
performed by using the Levenberg-Marquardt algorithm
within the LMFIT [70] software package to minimize
the objective function OF:

OF =

n∑
i=1

(
ρ

exp
i − ρcal

i

)2
(23)

where n is the number of data points, ρexp
i is the experi-

mental density at a particular temperature and ρcal
i is the

density calculated using PC-SAFT EOS.
The average absolute relative deviation (AARD) be-

tween the calculated and the experimental data is calcu-
lated as:

AARD =
1
n

n∑
i=1

∣∣∣∣∣∣ρexp
i − ρcal

i

ρ
exp
i

∣∣∣∣∣∣ . (24)

The AARD of the calculated density at low pressure
is in the range of 0.07%–0.38%. The results of the 4-
site scheme for fitting the density of all ILs using strat-
egy 1 are shown in Figure 4. There was no signifi-
cant difference in the calculated density between the dif-
ferent association schemes and between the two strate-
gies at low pressure; therefore, only the results of the
4-site scheme of strategy 1 are shown in the figure.
For C6mimNTf2 and C8mimNTf2 ILs, the experimen-
tal density data available in literature were limited to a
narrow temperature range; therefore, their density is ex-
trapolated using PC-SAFT EOS.

The densities of C2mimNTf2 and C4mimNTf2 at high
pressures are shown in Figures 5 and 6, respectively.
At these pressures, strategy 2 provides a slightly better
fit to the experimental density of the ILs; the AARD
of [C2mim][NTf2] density at 500 bar is 0.48% for strat-
egy 1 and 0.45% for strategy 2. For [C4mim][NTf2], the
AARD for the density at 298.15 K and pressures rang-
ing from 0–1500 bar is 0.59% for strategy 1 and 0.27%
for strategy 2. Without association, the PC-SAFT pre-
dictions for the density of C2mimNTf2 at high pressure
was better represented using strategy 1 with the AARD
ranging from 0.3% at 51 bar to 0.5% at 900 bar. How-
ever, strategy 2 performs better when association is in-
cluded, as compared to the non-associating scheme; the
AARD ranges from 0.40% at 51 bar to 0.56% at 900
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Figure 4: Density variation of the studied ILs with temperature at low
pressure: (i) [C2mim][NTf2] (red), (ii) [C4mim][NTf2] (green), (iii)
[C6mim][NTf2] (blue), and (iv) [C8mim][NTf2] (black). The symbols
represent experimental data [67, 68, 69]. The lines are the calculations
of PC-SAFT using strategy 1 with the 4-site association scheme.

Figure 5: Density of [C2mim][NTf2] at high pressures. The symbols
represent experimental data [71]. The lines are the calculations of
PC-SAFT using strategy 1 with the 4-site association scheme.

bar). For C4mimNTf2 at high pressure, including asso-
ciation improves the results for both strategies, with the
AARD ranging from 0.2% to 0.9% for pressures up to
2500 bar.

4. Solubility of acid gases in ionic liquids

The PC-SAFT EOS is used to represent the solubil-
ity of CO2 and H2S in four imidazolium based ILs. As
described earlier, two strategies are examined in mod-
elling the ILs; for both strategies, four different associa-
tion schemes are tested. Phase equilibrium calculations

Figure 6: Density of [C4mim][NTf2] at high pressure and at different
temperatures. The symbols represent experimental data [72]. The
dashed lines are the calculations of PC-SAFT using strategy 2 with
the 4-site association scheme. The solid lines are calculations using
strategy 2 with the non-associating scheme.

were carried out by equating the fugacities of the acid
gas in the vapor and liquid phases. The vapor pressure
of the ILs was considered negligible due to their low
volatility.

The optimized pure component parameters for PC-
SAFT obtained by fitting the experimental density are
used to determine the solubility of acid gases in the ILs
and adjusted to minimize the AARD of their solubility.
The optimum values are those that produce the mini-
mum AARD for both the pure IL density and binary
solubility of both acid gases in the IL. Note, however, no
cross association between the acid gas and the ILs was
included, and no binary interaction parameters were in-
troduced. The optimum PC-SAFT pure component pa-
rameters obtained for the studied ILs for the first strat-
egy with different association schemes are reported in
Table 2 and in Table 3 for the second strategy.

A summary of the solubility results of both acid gases
in the four studied ILs for both strategies with the best
association scheme (4-site scheme) and at low pressure
(up to 15 bar) is provided in Figure 7. Table 4 summa-
rizes the AARD of all of the investigated systems in this
study using both strategies with the 4(2:2) association
scheme and the reference of experimental data.

Similar studies were carried out for these same sys-
tems by Chen and co-workers [80] and by Li and co-
workers [64, 81]. The first strategy is the same as that
used by Chen et al. [80] and [64]; however, in their
study, only one association scheme was considered for
the IL (the 2-site scheme), and despite of using bi-
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Table 2: Optimized PC-SAFT Parameters of the studied ILs with Different Association Schemes (ILs as neutral molecules: Strat-
egy 1).

IL T range Association σi εi/kB mi εAiBi/kB KAiBi AARD ρ
exp
i

K Scheme Å K K % Ref.
Non 3.700 380 7.850 0.16

[C2mim][NTf2] 293.49 – 414.92 2(1:1) 3.580 378 8.694 1350 0.00225 0.18 [67]
3(2:1) 3.556 378 8.880 1170 0.00225 0.18
4(2:2) 3.520 378 9.170 1020 0.00225 0.19
Non 3.780 383 8.360 0.15

[C4mim][NTf2] 293.49 – 414.92 2(1:1) 3.660 383 9.260 1350 0.00225 0.18 [67]
3(2:1) 3.640 382 9.410 1170 0.00225 0.18
4(2:2) 3.600 382 9.740 1020 0.00225 0.18
Non 3.830 385 9.069 0.08

[C6mim][NTf2] 290.95 – 307.05 2(1:1) 3.700 383 10.100 1350 0.00225 0.09 [68]
3(2:1) 3.680 382 10.262 1170 0.00225 0.09
4(2:2) 3.635 381 10.660 1020 0.00225 0.09
Non 3.930 387 9.290 0.07

[C8mim][NTf2] 293.15 – 323.15 2(1:1) 3.790 385 10.400 1350 0.00225 0.07 [69]
3(2:1) 3.760 384 10.655 1170 0.00225 0.07
4(2:2) 3.721 383 11.000 1020 0.00225 0.07

Table 3: Optimized PC-SAFT Parameters of the studied ILs as dissociated ions with the electrolyte term included (ILs as charged
ions: Strategy 2).

IL ion MW valency T range Association σi εi/kB mi εAiBi/kB KAiBi AARD ρ
exp
i

g mol−1 K Å K K % Ref.
Non 3.070 220.00 2.330 0.30

C2mim+ 111.168 +1 293.49 – 414.92 2(1:1) 2.900 220.00 2.800 1480 0.00225 0.36 [67]
3(2:1) 2.795 220.00 3.170 1420 0.00225 0.36
4(2:2) 2.664 220.00 3.785 1360 0.00225 0.36
Non 3.400 227.00 2.920 0.36

C4mim+ 139.221 +1 293.49 – 414.92 2(1:1) 3.220 227.00 3.470 1480 0.00225 0.38 [67]
3(2:1) 3.120 227.00 3.850 1420 0.00225 0.37
4(2:2) 2.970 227.00 4.520 1360 0.00225 0.37
Non 3.530 230.00 3.794 0.07

C6mim+ 167.215 +1 290.95 – 307.05 2(1:1) 3.325 230.00 4.580 1480 0.00225 0.08 [68]
3(2:1) 3.230 230.00 5.025 1420 0.00225 0.08
4(2:2) 3.080 230.00 5.850 1360 0.00225 0.09
Non 3.830 242.00 3.860 0.07

C8mim+ 195.335 +1 293.15 – 323.15 2(1:1) 3.620 242.00 4.600 1480 0.00225 0.07 [69]
3(2:1) 3.500 242.00 5.110 1420 0.00225 0.07
4(2:2) 3.340 242.00 5.920 1360 0.00225 0.07

NTf−2 280.145 −1 3.720 375.65 5.960
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Figure 7: Solubility of acid gases in the studied ILs: (i) [C2mim][NTf2] (red), CO2 at 298.15 K (solid) and H2S at 303.15 K (dashed) (ii)
[C4mim][NTf2] (blue), CO2 at 298.15 K (solid) and H2S at 303.15 K (dashed), (iii) [C6mim][NTf2] (green), CO2 at 297.30 K (solid) and H2S
at 303.15 K (dashed) and (iv) [C8mim][NTf2] (black), CO2 at 303.15 K (solid) and H2S at 303.15 K (dashed). Symbols represent experimental
data. Lines represent the predictions of PC-SAFT with the 4-site association scheme for (a) strategy 1 and (b) strategy 2 for CO2 (solid) and H2S
(dashed).
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Table 4: Solubility AARD for systems investigated in this study with the 4(2:2) association scheme and both strategies.

System T P Strategy 1 AARD Strategy 2 AARD Ref.
K bar % %

CO2–[C2mim][NTf2] 298.15 – 450.5 2.00 – 337.29 7.20 5.00 [73], [74]
H2S–[C2mim][NTf2] 303.15 1.08 – 14.44 3.73 5.66 [75]
CO2–[C4mim][NTf2] 298.15 2.50 – 13.00 4.98 6.51 [76]

333.3 18.12 – 130.19 9.80 6.70 [9]
H2S–[C4mim][NTf2] 303.15 0.94 – 8.26 6.62 7.48 [77]
CO2–[C6mim][NTf2] 297.30 3.94 – 14.83 1.54 1.82 [78]
H2S–[C6mim][NTf2] 303.15 0.68 – 15.04 2.76 3.13 [6]
CO2–[C8mim][NTf2] 303.15 1.12 – 9.40 1.77 1.45 [6]

345 16.00 – 231.00 7.80 6.65 [79]
H2S–[C8mim][NTf2] 303.15 – 323.15 0.93 – 17.39 5.05 14.56 [6]

303.15 1.72 – 9.60 H2S: 6.24 H2S:11.63 [6]
CO2: 7.99 CO2:9.10

CO2–H2S–[C8mim][NTf2] 323.15 2.04 – 10.90 H2S: 12.57 H2S: 31.69 [6]
CO2: 2.56 CO2: 20.59

343.15 2.24 – 12.08 H2S: 15.37 H2S: 34.69 [6]
CO2: 6.67 CO2: 25.48

nary interaction parameters to improve the solubility fit,
high values of AARD for CO2-IL system were reported
(5.845%–14.825%).

The second strategy treats the IL as two charged ions:
a cation and an anion; therefore, the electrolyte contri-
bution is also taken into consideration in this strategy.
The same model was used by Ji et al. [64], referred to as
strategy 6 in their work; however, they did not account
for the association in this strategy and did not consider
H2S solubility in their study. Ji et al. studied H2S solu-
bility in Ref. 81 and only by introducing binary interac-
tion parameters was the e-PC-SAFT able to reliably de-
scribe the H2S solubility. The results of both strategies
are plotted and compared to the experimental solubility
data reported in literature (see Figures 8 and 9).

The solubility of CO2 in [C2mim][NTf2] and
[C8mim][NTf2] at high pressure is also represented us-
ing the same set of parameters given in Table 2 and Ta-
ble 3 for the 4-site scheme and for both strategies. The
experimental data was reproduced with reasonable ac-
curacy. No additional binary interaction parameters are
needed. The results are shown in Figures 10, 11 and 12
and are detailed later.

PC-SAFT provides a better fit to the solubility of
acid gases in ILs at low pressures than at high pres-
sures. For the non-associating scheme, PC-SAFT over-
estimates the solubility at high pressures. This might be
attributed to the fact that the association contribution be-
comes more important at high pressure. Moreover, H2S

is about twice more soluble in the ILs than CO2. The
solubility of both acid gases in [C8mim][NTf2] is higher
than that in [C6mim][NTf2] than in [C4mim][NTf2] than
in [C2mim][NTf2], which is in agreement with conclu-
sions obtained in previous studies [9, 6]; the solubil-
ity of the acid gases in the IL increases with increasing
alkyl chain length of the methylimidazolium cation.

The solubility fit improves by accounting for the as-
sociation contribution which can be noticed in Figures 8
and 9. In most cases, the 4-sites association scheme
provides the most accurate predictions for the solubility
of both acid gases in the studied ILs without the need
for any binary interaction parameters for fitting with
an AARD of 2.76%–6.62% for H2S-ILs systems and
1.54%–4.98% for CO2-IL systems. By adding associ-
ation sites, the segment diameter σi of the IL decreases
and the number of segments decreases accordingly to
keep the density of the IL fixed (see Tables 2 and 3).
Consequently, the density of the IL increases leaving
no space for the acid gas to penetrate into the IL caus-
ing the solubility of the acid gas to decrease. This can
be seen in Figures 8 and 9. For this reason accounting
for the association helped to improve the over estimated
solubility of the non-associating scheme.

In strategy 2, the difference between different associ-
ation schemes is found to be smaller compared to that of
strategy 1 which can be noticed by comparing Figures 8
and 9. This indicates that the electrolyte term plays a
similar role to the association term in improving the sol-
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Figure 8: Binary solubility of CO2 (red) and H2S (blue) in the ILs (a) C2mimNTf2, CO2 at 298.15 K and H2S at 303.15 K, (b) C4mimNTf2, CO2 at
298.15 K and H2S at 303.15 K, (c) C6mimNTf2, CO2 at 297.30 K and H2S at 303.15 K and (d) C8mimNTf2, CO2 at 303.15 K and H2S at 303.15 K.
The symbols represent experimental data. The lines represent the calculated solubilities using PC-SAFT with the ILs modelled in strategy 1 with
(i) no association (dotted lines), (ii) 2-site association scheme (dashed-dotted lines), (iii) 3-site association scheme (dashed lines), and (iv) 4-site
association scheme (solid lines).
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Figure 9: Binary solubility of CO2 (red) and H2S (blue) in the ILs (a) C2mimNTf2, CO2 at 298.15 K and H2S at 303.15 K, (b) C4mimNTf2,
CO2 at 298.15 K and H2S at 303.15 K, (c) C6mimNTf2, CO2 at 297.30 K and H2S at 303.15 K and (d) C8mimNTf2, CO2 at 303.15 K and H2S
at 303.15 K. The symbols represent experimental data. The lines represent the calculated solubilities using PC-SAFT with the ILs modelled in
strategy 2 with (i) no association (dotted lines), (ii) 2-site association scheme (dashed-dotted lines), (iii) 3-site association scheme (dashed lines)
(iv) 4-site association scheme (solid lines).
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Figure 10: Solubility of CO2 in [C2mim][NTf2] at different temper-
atures and high pressures. The symbols represent experimental data
[73] and [74]. The lines are the calculations of PC-SAFT using strat-
egy 1 with the 4-site association scheme.

ubility fit. At low pressures no significant improvement
has been achieved by treating the IL as electrolytes in
strategy 2. However, at high pressures the both the den-
sity and solubility fits are improved when strategy 2 is
used. The model predictive capability is also enhanced
by allowing to examine different ILs anion-cation com-
binations.

The solubility of CO2 in ILs at high pressure is calcu-
lated using the same set of parameters without any addi-
tional binary parameters for both strategies. The exper-
imental data are reproduced with reasonable accuracy.
The results of CO2 solubility in [C2mim][NTf2] for both
strategies are shown in Figures 10 and 11 and Table 4.
In the temperature range 298.15–450.5 K and pressure
range 2–337.29 bar, strategy 2 (AARD 5.0%) provides
a better description than strategy 1 (AARD 7.2%) of the
measured CO2 solubility in [C2mim][NTf2].

The high pressure solubility of CO2 in
[C8mim][NTf2] at 345 K is represented using both
strategies. It can be noticed from Figure 12 that the low
pressure solubility is more accurately represented using
strategy 1, while strategy 2 slightly underestimates it.
However, at pressures above 50 bar the solubility is
more accurately represented using strategy 2.

The solubility of H2S in [C8mim][NTf2] is also rep-
resented using the same set of parameters given in Ta-
ble 2 for the 4-site scheme using strategy 1 at differ-
ent temperatures. The experimental data from Jalili et
al. [6] were reproduced with reasonable accuracy with
AARD of 3.74% at 303.15 K, 5.1% at 313.5 K and 6.3%
at 323.15 K (see Figure 13). No additional binary inter-

Figure 11: Solubility of CO2 in [C2mim][NTf2] at different temper-
atures and high pressures: The symbols represent experimental data
[73] and [74]. The lines are the calculations of PC-SAFT using strat-
egy 2 with the 4-site association scheme.

Figure 12: Solubility of CO2 in [C8mim][NTf2] at 345 K and high
pressures with the 4-site association scheme: The symbols represent
experimental data [79].The dashed red line represents the calculations
of PC-SAFT using strategy 1 and the solid blue line represents strat-
egy 2.
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Figure 13: Solubility of H2S in [C8mim][NTf2] at different temper-
atures: (i) 303.15 K (blue), (ii) 313.15 K (red) and (iii) 323.15 K
(green). The symbols represent experimental data [6]. The dashed
lines are the calculations of PC-SAFT using strategy 1 with the 4-site
association scheme.

action parameters were used. At this range of low pres-
sures (0.935 bar – 17.395 bar), strategy 1 results in a sig-
nificantly more accurate representation (AARD 5.0%)
of this system than strategy 2 (AARD 14.59%). This
leads to conclusion that the molecule-based strategy 1
is preferable at low pressures in representing the solu-
bility of acid gases in ILs, while at high pressure the
ion-based strategy 2 is preferable.

5. Ternary mixture CO2-H2S-C8mimNTf2

The optimum parameters obtained from the experi-
mental density and binary solubility fit for the 4-sites
association scheme of strategy 1 are also used to pre-
dict the solubility of the ternary system CO2-H2S-
C8mimNTf2 at three different temperatures. The results
are shown in Figures 14, 15, and 16. The experimen-
tal data from Ref. 6 are reproduced with an AARD of
6.24% for CO2 and 7.99% for H2S at 303.15 K, 2.59%
for CO2 and 12.57% for H2S at 323.15 K and 6.67% for
CO2 and 15.37 % for H2S at 343.15 K without the need
for binary interaction parameters. Strategy 1 with the 4-
site scheme parameters provided the best results for the
ternary system. For example, the AARD of strategy 2
was found to be 9.1% for CO2 and 11.63% for H2S for
the 4-site scheme at 303.15 K. Furthermore, the asso-
ciating schemes provides better results than the non-
associating schemes for both strategies. For instance,
the AARD of the non-associating scheme of strategy 1
was found to be 14.6% for CO2 and 8.90% for H2S at

Figure 14: Ternary mixtures of CO2-H2S-C8mimNTf2 at 303.15 K
with the 4-site association scheme (strategy 1). Open triangles repre-
sent the predicted CO2 solubility using PC-SAFT, open circles repre-
sent the predicted H2S solubility, and filled symbols represent experi-
mental data [6].

303.15 K. This was also the case for strategy 2 (see
Table 4). For the ternary system, only low pressure
data were available (1.72–12.08 bar) and at this range
of pressures, strategy 1 provided significantly better re-
sults than strategy 2. This is consistent with the binary
system results obtained in Section 4.

Figure 15: Ternary mixtures of CO2-H2S-C8mimNTf2 at 323.15 K
with the 4-site association scheme (strategy 1). Open triangles repre-
sent the predicted CO2 solubility using PC-SAFT, open circles repre-
sent the predicted H2S solubility, and filled symbols represent experi-
mental data [6].
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Figure 16: Ternary mixtures of CO2-H2S-C8mimNTf2 at 343.15 K
with the 4-site association scheme (strategy 1). Open triangles repre-
sent the predicted CO2 solubility using PC-SAFT, open circles repre-
sent the predicted H2S solubility, and filled symbols represent experi-
mental data [6].

6. Conclusion

ILs have the potential to significantly improve the
safety, economics, and environmental sustainability of
acid gas removal processes. In this work, we ex-
plored the use of PC-SAFT to quantitatively describe
the thermodynamics of acid-gases in several methylim-
idazolium bis (trifluoromethylsulfonyl) imide ionic liq-
uids. Firstly, we examined the use of treating the IL
as either a system of neutral molecules or as separate
cations and anions, where an electrolyte term is added to
the free energy model. The inclusion of the electrolyte
term improves the high pressure density and solubility
fit, whereas its effect is insignificant at low pressures.
The predictive capability is enhanced by allowing the
description of different ILs anion-cation combinations
without the need for additional experimental data.

In addition, we examined the effect of using different
self-association schemes for the ILs. By selecting the
proper association scheme, the solubility of acid gases
in ILs can be accurately described using PC-SAFT with
AARD ranging from 1.54% to 6.62%. This yields a sig-
nificant improvement to the accuracy of PC-SAFT for
these systems without the need to include empirical bi-
nary interaction parameters, as was required in previous
studies.
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