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a b s t r a c t

ePC-SAFT was used to investigate the density and gas solubilities in imidazolium-based ionic liquids (ILs)
applying different modeling strategies. The ion-based strategy including a Debye–Hückel Helmholtz-
energy term to represent the ionic interactions describes the experimental data best. For this strategy,
the IL was considered to be completely dissociated into a cation and an anion. Each ion was modeled as
non-spherical species exerting repulsive, dispersive, and Coulomb forces. A set of ePC-SAFT parameters
for seven ions was obtained by fitting to reliable density data of pure ILs up to 1000 bar with a fitting
eywords:
quation of state
C-SAFT
as solubility

onic liquids
O2

error of 0.14% on average. The model can be used to quantitatively extrapolate the density of pure ILs at
temperatures from 283 to 473 K and pressures up to 3000 bar. Moreover, this strategy allows predicting
CO2 solubilities in ILs between 293 and 450 K and up to 950 bar. Applying the same set of IL parameters,
the much lower solubility of CH4 compared to CO2 can also be predicted with ePC-SAFT.

© 2012 Elsevier B.V. All rights reserved.

H4

. Introduction

Ionic liquids (ILs) are salts that are liquid at room temperature
nd have almost no vapor pressure. Thus, ILs are considered to be
nvironmentally benign solvents. Their properties mostly depend
n their chemical constitution, which makes it possible to design
particular IL to meet a specific application. ILs have shown great
otential to be used as liquid absorbents for CO2 separation because
f the high CO2 solubility compared to other common components,
uch as H2, N2, CO, O2, and CH4, and lower energy requirements for
egeneration [1,2].

The investigation of ILs for CO2 separation requires knowledge
f the solubility of CO2, CH4, N2, H2, CO, O2, and their mixtures in ILs
s well as understanding the dependence of thermodynamic prop-
rties (e.g. CO2 solubility) on microscopic structures (cation, anion,
nd the length of alkyl substituents). The solubility of pure gases
nd gas mixtures in ILs has been measured extensively [2–9]. Since
he experimental determination is often difficult, time-consuming,
nd expensive, it is highly desirable to develop theoretical models
or estimating the gas solubility in ILs over a wide range of condi-
ions. At the same time, modeling gives insight into fundamental
actors that control the solubility and selectivity of gases.
Different theoretical models have been proposed to repre-
ent the gas solubility in ILs [10]. Among these approaches,
tatistical associating fluid theory (SAFT)-based models were

∗ Corresponding author. Tel.: +49 231 755 2635; fax: +49 231 755 2572.
E-mail address: g.sadowski@bci.tu-dortmund.de (G. Sadowski).

378-3812/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.fluid.2012.05.029
recommended due to their physical background. Several SAFT-
based models have been developed. For example, the solubility
of CO2, CO, O2, and CHF3 in imidazolium-based ILs was repre-
sented with truncated Perturbed-Chain Polar SAFT (tPC-PSAFT)
[11,12]. In these works, the ILs were modeled as polar chain
molecules and CO2 was modeled as a quadrupolar molecule. Lewis
acid–base type of association was assigned between IL and CO2,
and temperature-dependent interaction parameters were used
to adjust the cross-dispersion energy between IL and gas. Using
soft-SAFT, the CO2 solubility in BF4-, PF6-, and Tf2N-imidazolium-
based ILs as well as H2 and Xe in Tf2N-imidazolium-based ILs
were studied [13,14]. These ILs were modeled as neutral chain
molecules with association sites describing the specific interac-
tions due to charges. CO2 was modeled as a quadrupolar molecule.
Cross-interaction parameters were used to adjust the dispersion
energy between IL and CO2; cross association between IL and CO2
molecules was not taken into account. Using heterosegmented
SAFT, the density of BF4-, PF6-, and Tf2N-imidazolium-based ILs,
the corresponding CO2 solubility, and the molar volumes of CO2–IL
systems were represented [15–17]. The IL was considered to consist
of a chain-like cation and a spherical anion with each one having
association sites to account for the electrostatic/polar interactions.
Cross association was assigned between CO2 and anion describing
the Lewis acid–base interactions, and cross-interaction parameters
were needed to adjust the dispersion energy between CO2 and IL.
To sum up, many SAFT-based models already exist in the lit-
erature, which all need binary fitting parameters. However, this
procedure does not allow for model predictions. Therefore, the goal
of this work is to develop a predictive model to represent the gas

dx.doi.org/10.1016/j.fluid.2012.05.029
http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
mailto:g.sadowski@bci.tu-dortmund.de
dx.doi.org/10.1016/j.fluid.2012.05.029
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Table 1
Strategies for modeling ILs.

Molecule Ions ahc adisp aassoc apolar aion

Strategy 1
√ √ √

Strategy 2
√ √ √ √

Strategy 3
√ √ √ √

Strategy 4
√ √ √
X. Ji et al. / Fluid Phase

olubility in ILs. This is specially required for CO2 as the CO2 solubil-
ty in ILs can vary from very low to more than 80% in mole fraction.
he Perturbed-Chain SAFT (PC-SAFT) model has been proposed [18]
nd widely used for systems containing non-polar as well as associ-
ting and polar substances including gases, solvents, biomolecules,
nd polymers [19–26]. The polar term has been included to consider
he multi-polar interactions [27–29].

Recently, this model was extended to solutions with electrolytes
ePC-SAFT) [30–32]. In this work, the gas solubility in BF4-, PF6-, and
f2N-imidazolium-based ILs and the density of these pure ILs will
e investigated with different strategies based on ePC-SAFT only.
he strategy providing the best results will be presented in detail.

. Theory

.1. ePC-SAFT

In ePC-SAFT, the dimensionless residual Helmholtz energy is
efined as:

res = ahc + adisp + aassoc + aion + apolar (1)

here the superscripts refer to terms accounting for the residual,
ard-chain, dispersive, associative, ionic, and polar interactions,
espectively. The terms for ahc, adisp, aassoc, and apolar were
escribed elsewhere [18,27–29]. The term aion (Coulomb forces)
as represented with the Debye–Hückel theory [33], i.e.

ion = − �

12� · ε
·
∑

j

xjq
2
j �j (2)

here xj and qj are the mole fraction and the charge of ion j, respec-
ively, ε is the dielectric constant of the medium, and � is the inverse
ebye screening length. The quantities � and �j are defined in the
riginal ePC-SAFT publication [33].

ePC-SAFT models a pure substance i with a maximum of five
arameters: the segment number mseg,i, the segment diameter
i, the van der Waals-interaction (dispersion) energy parameter
etween two segments ui/kB in which kB is the Boltzmann constant.
or molecules with association interactions, N association sites
er molecule are characterized by the association-energy parame-
er εAiBi/kB and the association-volume parameter �AiBi. Generally,
hese parameters are determined by fitting to liquid-density and/or
apor-pressure data of a pure component. In case of ILs that are
ardly volatile, only density data was used for the parameter fitting

n this work.
Lorenz–Berthelot – combining rules are used for mixtures:

ij = 1
2

(�i + �j) (3)

ij =
√

uiuj(1 − kij) (4)

here kij is a binary parameter between two components i and j and
an be used to correct the cross-dispersion energy. This parameter
if required) is usually determined by fitting to binary data, e.g. to
he gas solubility in ILs.

.2. Gas solubility

In this work the phi–phi approach is applied to describe the
quilibrium condition between the vapor and liquid phases. The
undamental relations are:

iϕ
V
i (T, vV , yi) = xiϕ

L
i (T, vL, xi) for all componentsi (5)
here yi and xi are vapor and liquid mole fractions, respectively,
nd T is the temperature. Molar volumes (vV and vL) and fugacity
oefficients (ϕV

i
and ϕL

i
of the vapor and liquid) were calculated

ith the equation of state.
Strategy 5
√ √ √ √

Strategy 6
√ √ √ √

As the vapor pressure of ILs is extremely low at temperatures
up to 450 K, it was assumed that the IL will not vaporize into the
gas-rich phase. That is, the phase-equilibrium relations for single
gas solubility in IL can be reduced to:

ϕV
j (T, vV ) = xjϕ

L
j (T, vL, xi) (j is a component other than IL) (6)

yielding the gas solubility xCO2 or xCH4 in ILs.
Henry’s constant is calculated with:

Hj,IL = lim
xj→0

(
PϕV

j

xj

)
(7)

3. Strategies and assumptions for modeling ILs

In this work, six strategies were considered to model densi-
ties of pure ILs and – based on this – to predict the gas solubility
(Table 1). In all these strategies the hard-chain and dispersive forces
between ions/ILs were taken into account. In strategies 1–3, ILs
were modeled as non-dissociated, non-spherical molecules. The
first strategy 1 was to model ILs without any specific interac-
tions other than repulsive (hard-chain) and dispersion forces. In
strategy 2, each IL was assigned two association sites, and associa-
tion interaction was allowed between two different sites of two IL
molecules. In strategy 3, ILs were modeled as non-associating but
polar molecules, in which the polar interactions were represented
as proposed by Gross et al. [27–29].

In contrast, in strategies 4–6 the ILs were treated as strong elec-
trolytes which completely dissociate into cation and anion. Here,
the simplest strategy 4 considers only dispersive attractions among
the non-spherical ions. In strategy 5, the association term was used
to account for attractive interactions between the ions. Each ion was
assigned one association site only. That is, only cross-association
between anion and cation is allowed (no association among cations
or among anions). In strategy 6, the Debye–Hückel (DH) theory was
used to describe Coulomb forces among ions. The DH theory applied
in this work is theoretically valid only for point charges (spherical
species). As this work considers the ions as non-spherical, this leads
to a theoretical inconsistency at a first glance. In order to apply the
DH theory also to non-spherical molecules as in our work, one pos-
sibility is to neglect this inconsistency and to put the point charge
on each molecule instead of each segment. Another possibility is to
apply the model in a segmental approach where only one segment
is charged whereas the others are not. In our work, based on the
results (see Section 4), the first option was chosen. Further, it should
be mentioned that the original DH theory was developed for dilute
electrolyte solutions only. However, this theory applies also in the
model for strategy 6 although the systems considered in this work
are highly concentrated. The reason for this is that the DH term is
used as only one contribution to the total Helmholtz energy of the
system. That is, the system’s energy is not totally determined by
Debye–Hückel even not for the pure-IL state. Combined with other

contributions, this is indeed an appropriate model as it partly cap-
tures the interionic forces due to charge. Note, that this model has
been successfully applied so far to electrolyte solutions up to their
solubility limit (not dilute at all).
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Table 2
The sources of pure-IL density data used for parameter fitting (pressure
p ≤ 1000 bar).

ILs Temperature range (K) Ref.

[C2mim][BF4] 283–472 [34,35]
[C4mim][BF4] 283–413 [34,36–42]
[C6mim][BF4] 283–472 [34,35,43]
[C8mim][BF4] 283–393 [34,40,44]
[C2mim][PF6] 352–472 [35]
[C4mim][PF6] 293–415 [36,39,45,46]
[C6mim][PF6] 293–393 [40,45,47]
[C8mim][PF6] 293–472 [35,40,45,47]
[C2mim][Tf2N] 283–393 [48,49]
[C4mim][Tf2N] 293–473 [36,50,51]
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Table 4
PC-SAFT parameters for CO2 and CH4 [18] used in this work.

mseg,i � i (Å) ui/kB

CO2 2.0727 2.7852 169.21

T
e

[C6mim][Tf2N] 293–423 [52,53]
[C8mim][Tf2N] 293–393 [48]

A parameter study for strategy 2 has shown that the best results
or modeling the densities of some selected ILs were obtained by
etting the association parameters at εAiBi/kB = 5000 and �AiBi = 0.1.
o make this comparable to literature work [11–14], this value was
ssumed to be constant for all the considered ILs. Similarly, the
ipole moment for strategy 3 was set at 1.7 D for all ILs as sug-
ested, e.g. by Economou et al. [11,12]. To reduce the number of
djustable parameters in strategy 5, we assumed that the asso-
iation parameters between all pairs of cations and anions were
he same as for methanol, which has also been used by Vega et al.
13,14]. Strategy 6 has not been investigated in the literature so
ar. Applying a Coulomb Helmholtz-energy term requires the rel-
tive dielectric constant of the respective medium accounting for
hielding effects of the solvent. The absence of solvents in the pure
Ls causes unperturbed and unshielded interionic forces; that is, the
elative dielectric constant was set at unity (i.e. vacuum value) for
ll ILs.

. Results and discussion

.1. Performance of the modeling strategies

.1.1. Density modeling
To obtain the ePC-SAFT parameters of ILs, the density data of

ure ILs from the sources listed in Table 2 was used for fitting by all
odeling strategies. The experimental data from the sources listed

n Table 2 was measured at pressures lower than 1000 bar.
The fitting errors of the pure-IL density for different strategies

re listed in Table 3 in which ARD is calculated by:

RD = 100
1

NP

NP∑
i=1

∣∣∣∣1 − �calc
i

�exp
i

∣∣∣∣ (8)

here NP is the number of experimental data points, and the super-
cripts “calc” and “exp” are the calculation results and experimental
ata, respectively.

The results of strategy 6 will be discussed in detail, and the pure-
on parameters obtained for strategy 6 are given in Section 4.2.1. For
ompleteness, the parameters obtained for strategies 1, 2, 4, and 5

re listed in Tables S1–S4, respectively, as supplementary material.
or strategy 3 (molecule-based model with polar interaction with-
ut association), the parameters are almost the same as those in
trategy 1 which is therefore omitted in the parameter listing.

able 3
PC-SAFT fitting errors in density (�) for the pure ILs listed in Table 2 according to Eq. (8)

Strategy 1 Strategy 2 Strategy

(ARD)� (%) 0.19 0.15 0.19
CH4 1 3.7039 150.03

The ARD results listed in Table 3 show that the fitting error in IL
density of the ion-based strategies 4–6 is comparable, but slightly
less than that of the molecule-based ones 1–3. For example, mod-
eling ILs with hard-chain repulsion and dispersion attraction forces
only (molecular approach: strategy 1, ion approach: strategy 4)
leads to a deviation (ARD) from the experimental density of pure
ILs of about 0.19% and 0.13%, respectively. Interestingly, the consid-
eration of additional interactions (associative or Coulomb forces)
does not increase the model performance remarkably. Moreover,
including polar interactions does not increase the model perfor-
mance of the density description at all. This is due to the fact that
the relatively high values of the segment diameter, segment num-
ber, and dispersion-energy parameter of the ILs induce a very small
reduced dipolar moment making the polar term negligible com-
pared to the other PC-SAFT energy contributions. Therefore, in the
following part, the further investigation of strategy 3 was excluded.

4.1.2. CO2 solubility prediction
In addition to modeling pure ILs, the different strategies were

applied for describing gas–IL mixtures. Based on the parameters
obtained from fitting to pure-IL densities (Section 4.1.1) the CO2 sol-
ubility was then predicted for all strategies without any additional
adjustable parameters. CO2 was modeled without quadruple inter-
actions, and the model parameters were taken directly from the
literature [18] (see Table 4). For the strategies 2 and 5, association
sites were assigned to the IL-molecule or the IL–ions, respectively.
Thus, self-association among ILs or ions is accounted for. For strat-
egy 6, the effect of CO2 on the dielectric constant of an IL solution
was neglected, as the dielectric constant of pure CO2 is roughly
unity.

To illustrate the CO2 solubility prediction in ILs with the dif-
ferent strategies, the results of [C6mim][BF4] at 313 K and those of
[C8mim][Tf2N] at 345 K are shown in Fig. 1. The model performance
varies strongly for the different strategies. Generally, the prediction
of the ion-based models is better than that of the molecule-based
ones. Further, including the association or Debye–Hückel inter-
action greatly improves the CO2-solubility prediction. Obviously,
the ion-based model including the Debye–Hückel term (strategy 6)
presents the most quantitative approach, as it allows for a reliable
prediction (no binary interaction parameter kij) of the CO2 solubility
in ILs.

To improve the modeling results, usually the binary interaction
parameter kij in Eq. (4) is used to adjust cross-dispersion ener-
gies between IL-molecule and CO2 or IL–ion and CO2, respectively.
Although correlating the data is not the focus of this work, investi-
gations have shown that for the molecule-based models, IL-specific
kij values have to be used between CO2 and different ILs to achieve
a quantitative description of CO solubility. Moreover, these k s
2 ij
depend on temperature. For the ion-based models, ion-specific
temperature-independent kijs should be used for CO2/cation and
CO2/anion, respectively.

.

3 Strategy 4 Strategy 5 Strategy 6

0.13 0.11 0.14
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dicts the density in very good agreement (ARD less than 0.31%) for
[C2mim][BF4], [C4mim][BF4], and [C6mim][BF4]. The comparison
ig. 1. CO2 solubility in (a) [C6mim][BF4] at 313 K and (b) [C8mim][Tf2N] at 345 K. �:
n Table 1. �, strategy 1; . . ., strategy 2; �, strategy 4; �, strategy 5; —, strategy 6.

In contrast, the use of any binary interaction parameter between
on and CO2 is not required for strategy 6. That is, pure predic-
ions are possible by accounting for Coulomb interactions among
he IL–ions. Prediction in this context means that the ion parame-
ers are fitted to pure-IL density data only and are not trained to any

ixture (CO2/IL) properties. Thus, modeling ILs with accounting for
oulomb forces is highly recommended.

.2. Ion-based modeling accounting for Coulomb interactions

As shown in the previous section, modeling ILs with an
on-based strategy including a Debye–Hückel term allows for quan-
itatively predicting (no kij) CO2 solubility in the considered ILs. The
etailed results are presented in this section.

.2.1. IL parameters
Ion parameters (segment number mseg,i, segment diame-

er �i, and dispersion-energy parameter ui/kB of [C2mim]+,
C4mim]+, [C6mim]+, [C8mim]+, [BF4]−, [PF6]−, and [Tf2N]−) were
btained from fitting simultaneously to reliable density data of
Cnmim][BF4], [Cnmim][PF6], [Cnmim][Tf2N], n = 2, 4, 6, 8 measured
t temperatures from 283 to 473 K and at pressures up to 1000 bar
Refs. given in Table 2). These parameters are listed in Table 5. The
tting error in density for all ILs is only 0.14% on average.

For cations, the segment number, segment diameter, and
ispersion-energy parameter increase with increasing molecular
eight. They can also be correlated linearly as shown in Fig. 2.

or anions, the segment number and segment diameter increase
ith increasing molecular weight. However, at the same time the
ispersion-energy parameter decreases and does not depend lin-
arly on the molecular weight. In general, the dispersion-energy
arameter of anions is much bigger than that of cations; for [Tf2N]−

he value of ui/kB is much smaller than those of [BF4]− and [PF6]−.
Using these parameters for the ions allows calculating the

elmholtz energy contributions of each term. These energy con-
ributions (hard chain, dispersion, and ionic) are – absolutely – in

he same order of magnitude. This is very different compared to

odels (e.g. ePC-SAFT, SAFT1) describing “usual” electrolyte sys-
ems (e.g. 1 m NaCl/water) where the ionic term is usually much
ower than the other contributions.
imental data [54,63]; curves: model predictions for different strategies as described

4.2.2. IL-density prediction up to 3000 bar
Density is an important property of a substance. Knowledge of it

is needed for example in design problems, sizing of storage vessels,
and in liquid metering calculations. Recently, new applications of
ILs as lubricants have been proposed, in which the viscosity at very
high pressures is one of the important factors. As viscosity directly
depends on density, a reliable model for the prediction of density
up to high pressures is required.

Due to the limited availability of experimental density data at
pressures higher than 1000 bar, the ePC-SAFT parameters were fit-
ted to the experimental density data from sources in which the
densities were measured at pressures not higher than 1000 bar. For
some imidazolium-based ILs, density data up to 3000 bar are also
available from sources listed in Table 6. These high-pressure data
were excluded from the parameter fitting.

To investigate the model performance, the model prediction was
compared with the available experimental data up to high pres-
sures (>1000 bar). For BF4-imidazolium-based ILs, the model pre-
Fig. 2. ePC-SAFT parameters for the cations [C2mim]+, [C4mim]+, [C6mim]+, and
[C8mim]+ for strategy 6 (ion-based model with Coulomb interactions) as function of
molecular weight. �, segment diameter � i; ©, segment number mseg,i; �, dispersion-
energy parameter 0.01ui/kB; lines are linear parameter correlations.
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Table 5
Parameters for IL–ions in strategy 6 (ion-based model with Coulomb interactions).

Ion [C2mim]+ [C4mim]+ [C6mim]+ [C8mim]+ [BF4]− [PF6]− [Tf2N]−

mseg,i 1.4872 2.4805 3.4131 4.2977 3.8227 4.2771 6.0103
� i (Å) 3.5926 3.6371 3.6781 3.7187 3.5088 3.5889 3.7469
ui/kB (K) 206.49 218.144 230.00 242.00 496.12 492.28 375.65

F bar. S
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ig. 3. Density of (a) [C2mim][BF4] up to 2000 bar and (b) [C8mim][BF4] up to 2500
b) �, 298.15 K; ©, 323.15 K; �, 348.15 K. Curves: model prediction with parameter

or [C2mim][BF4] is shown in Fig. 3a as a typical illustration of the
odel performance.
For [C8mim][BF4], the experimental data was measured by the

esearch group of Harris between 298 and 348 K [44]. At pres-
ures up to 1500 bar, the model prediction agrees very well with
xperimental data as shown in Fig. 3b. At higher pressures, the
odel over-predicts the experimental data at 348 K but is in good

greement at 323 K. Since the model predictions agree with exper-
mental data for [C2mim][BF4], [C4mim][BF4], and [C6mim][BF4] in
he whole temperature and pressure range, the experimental data
f Harris [44] for [C8mim][BF4] at 348 K and at pressures higher
han 1500 bar may not be as accurate as the other data points.

For PF6-imidazolium-based ILs, the model prediction agrees
ell with the experimental data determined by the research group

f Smith at pressures up to 2000 bar [35,57]. However, at high
ressures the data from other sources is lower than the model
rediction as well as the experimental data of Smith [35,57]. For
xample, for [C4mim][PF6] experimental data exists from three

ources, namely Gu and Brennecke [58], Smith’s group [57], and
arris et al. [59]. As shown in Fig. 4a, discrepancies between model
rediction and the experimental data of Gu and Brennecke [58] and
arris et al. [59] are observed at pressures higher than 1000 bar for

able 6
RDs of the ePC-SAFT predicted pure-IL densities with respect to the experimental
ata up to 3000 bar.

T (K) pmax (bar) Ref. (ARD)� (%)

[C2mim][BF4] 313–472 2000 [35] 0.31
[C4mim][BF4] 283–472 3000 [55–57] 0.26
[C6mim][BF4] 298–473 2000 [35,43] 0.13
[C8mim][BF4] 298.2–348.15 2242 [44] 0.42
[C2mim][PF6] 373–473 2000 [35] 0.12
[C4mim][PF6] 298.2–472.3 2493 [57–59] 0.24
[C6mim][PF6] 298.15–472.3 2385 [35,60] 0.19
[C8mim][PF6] 298.15–472.3 2042 [35,44,58] 0.22
[C2mim][Tf2N] 283.19–373.14 1000 [49] 0.18
[C4mim][Tf2N] 283.15–348.15 3000 [60] 0.39
ymbols: experimental data (Refs. in Table 6); (a) �, 313.2 K; ©, 392.9 K; �, 472.4 K;
d in Table 5.

[C4mim][PF6]. A similar observation is also found for [C6mim][PF6]
at 313 K (Fig. 4b). For [C8mim][PF6], the experimental data from
different sources is consistent, and the model prediction agrees
well with all the experimental data, and the deviation is 0.22% on
average.

For [C2mim][Tf2N], the model prediction agrees with the exper-
imental data that was determined by the research group of Safarov
[49], the error is 0.18% on average. In the case of [C4mim][Tf2N], it
is slightly higher (0.39%). It was found that at pressures higher than
2250 bar and at 323.15 K, the experimental densities determined by
the research group of Harris [60] are lower than those at 348.15 K,
which is obviously wrong. In Fig. 3b it is shown that at high pres-
sures the experimental data of Harris [44] for [C8mim][BF4] is not
accurate. All this implies that the accuracy of the experimental data
of Harris [60] at high pressures is questionable. For [C6mim][Tf2N]
and [C8mim][Tf2N], no experimental data at pressures higher than
1000 bar is available.

To summarize the model prediction for the density of pure ILs up
to high pressure (3000 bar), the ARDs between the available exper-
imental data and model predictions are listed in Table 6 for all ILs.
As a result it can be concluded that ePC-SAFT can be used to extrap-
olate the density to the high-pressure regions for all the studied ILs,
and some of the experimental data of the research group of Harris
[44,60] may not be as accurate as others.

4.2.3. CO2 solubility prediction
Applying the ion-based ePC-SAFT including a Debye–Hückel

term with parameters listed in Tables 4, 5 and 7 also allows pre-
dicting the CO2 solubility in ILs. To evaluate the model performance,
available experimental data was used to verify the model predic-
tion.
4.2.3.1. Solubility at low pressures. First, the evaluation was per-
formed for pressures lower than 20 bar. At pressures below
20 bar, the CO2 solubility was measured in [C2mim][Tf2N] [61,62],
[C4mim][BF4] [62–64], [C4mim][PF6] [61,63–66], [C4mim][Tf2N]
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Fig. 4. Density up to high pressure for (a) [C4mim][PF6] at 298.15, 332.6, 372.7, and 472.3 K and (b) [C6mim][PF6] at 312.9, 393, and 472.3 K. Symbols: experimental data. (a)
�, Ref. [59] at 298.15 and 333.15 K; ©, Ref. [57] at 332.6, 372.7 and 472.3 K; �, Ref. [58] at 298.15 K; (b) ©, Ref. [35] at 312.9, 393, and 472.3 K; �, Ref. [60] at 313.15 K. Curves:
model prediction with parameters listed in Table 5.

Table 7
Binary interaction parameters kij between gas and ion.

[C2mim]+ [C4mim]+ [C6mim]+ [C8mim]+ [BF4]− [PF6]− [Tf2N]−

[
[
t
C
w
c
w
i
C
s
a
a
p

F
E

CO2 0 0 0
CH4 0 0 0

63], [C6mim][BF4] [61], [C6mim][PF6] [61], and [C6mim][Tf2N]
2,8,61,67] at temperatures in the range of 283–348 K. Fig. 5a illus-
rates the comparison of the model prediction and the experimental
O2 solubility in [C4mim][PF6]. The model prediction agrees very
ell with the CO2 solubility data from different sources. Henry

onstants of CO2 in [C4mim][PF6] were calculated and compared
ith available experimental data [3,62,65,66,68,69]. This is shown

n Fig. 5b. The uncertainty of experimental Henry constants of
O2/IL can be estimated at ±10% at maximum [66], and the model
hows a reliable prediction. The comparison of model prediction

nd experimental CO2 solubility in [C4mim][BF4], [C6mim][BF4],
nd [C6mim][PF6] is similar to that in [C4mim][PF6], i.e. the model
rediction also agrees well with all the experimental data.

ig. 5. (a) CO2 solubility in [C4mim][PF6] at pressures to 20 bar at 283, 298, 323 and 348 K. E
xperimental data from Refs. [3,62,65,66,68,69]. Symbols are experimental data; curves a
0 0 0 0
0 0 0 −0.09

For Tf2N-based ILs at pressures lower than 20 bar, the model
slightly overestimates the CO2 solubility, and the predicted
Henry constants for CO2/[Cnmim][Tf2N] are lower than the
experimental results. The adjustment of kij can improve the
model results at pressures lower than 20 bar. Setting kCO2–Tf2N =
−0.01, the model can represent the CO2 solubility at low pres-
sures with good accuracy for all Tf2N-based ILs ([C2mim][Tf2N],
[C4mim][Tf2N], and [C6mim][Tf2N]). However, in this strategy
it slightly underestimates the CO2 solubility at high pressures
(�20 bar, for results, see next section and Fig. 6b). The results

of CO2 solubility in [C2mim][Tf2N] are shown in Fig. 6 to illus-
trate the model performance with or without using an adjustable
kij. For the sake of completeness, the kij values applied in

xperimental data from Refs. [61,63–66]. (b) Henry constants of CO2 in [C4mim][PF6].
re model predictions with parameters listed in Tables 4, 5 and 7.
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Fig. 6. CO2 solubility in [C2mim][Tf2N] (a) at pressures up to 20 bar at 283.15, 298.15, and 323.15 K, experimental data from Refs. [61,62] and (b) at pressures up to 400 bar
and 323.15 K with experimental data from Refs. [54,70,71]. Symbols are experimental data; solid curves are model predictions with parameters listed in Tables 4, 5 and 7.
D Tf2N =

t
c

4
C
t
p
I
i
s
w
s
c
s
l

d
t
i
w

F
w
R

ashed curves are model results with parameters listed in Tables 4 and 5 and kCO2–

his work are given in Table 7 for all considered IL/solvent
ombinations.

.2.3.2. Solubility at high pressures. As shown in the last section, the
O2 solubility depends almost linearly on the system pressure in
he low-pressure region. Thus, modeling the CO2 solubility at low
ressures is not a real benchmark for a thermodynamic approach.

n contrast, modeling the CO2 solubility in a wide pressure range
s more challenging as the mole fraction of CO2 can vary from very
mall values up to more than 0.8 in mole fraction. As the focus of this
ork is to represent the CO2 solubility in a large pressure range, this

ection shows modeling results for pressures up to 1000 bar. The
onsidered systems, the temperature range, the maximum pres-
ure, as well as the respective sources of experimental data are
isted in Table 8.

Fig. 7 exemplifies the comparison between ePC-SAFT pre-

icted and experimental CO2 solubility data in [C8mim][BF4] at
wo temperatures and at pressures up to 600 bar. With increas-
ng temperature, the CO2 solubility decreases at low pressure,

hereas this difference diminishes at higher pressures. At constant

ig. 7. CO2 solubility in [C8mim][BF4] at 313 K and 363 K. Curves: model prediction
ith the parameters listed in Tables 4, 5 and 7; symbols: experimental data (see
efs. in Table 8), � at 313 K; © at 363 K.
−0.01.

temperature and with increasing pressure, the CO2 solubility
increases strongly, while further pressurization (>300 bar for
[C8mim][BF4]) only slightly affects the solubility. This is due to
the properties of the gas-rich phase (pure CO2): at high pressures,
the CO2 phase is very dense, and the effect of pressure on dense
fluids is known to be much less pronounced than on low-density
gases. Without using any adjustable parameters, i.e. setting kij at
zero, the model can be used to predict quantitatively the effects of
temperature and pressure on the CO2 solubility.

Fig. 8a illustrates the prediction of the CO2 solubility in
[Cnmim][PF6] compared to the experimental data at pressures up to
800 bar. The effects of temperature and pressure on the CO2 solubil-
ity are similar to those in [Cnmim][BF4] systems. As shown in Fig. 8a,
the CO2 solubility increases with increasing length of alkyl sub-
stituents, especially at high pressures. Obviously, their influence is
much more significant than the effects of temperature and pres-
sure. Without any adjustable parameters (kij = 0) the model again
captures the effect of temperature, pressure, and the length of alkyls
in ILs on the CO2 solubility quantitatively.

Fig. 8b shows the modeling results of the CO2/[C2mim][Tf2N]
system up to 400 bar. Compared to BF4- and PF6-based ILs, the
CO2 solubility in Tf2N-based ILs is much higher at elevated pres-
sures. As shown in Table 5, the dispersion-energy parameter of
[Tf2N]− is comparatively low, thereby reducing the attractive
interaction between this anion and the cations. Thus, CO2 can
more easily break the cation/anion forces. Again, the model pre-
diction agrees well with the experimental data and represents
the effect of temperature, pressure, and anions on CO2 solubility
reliably.

As mentioned before, many SAFT-based models have been
applied to describe the CO2 solubility in ILs up to elevated pressures.
The model of Economou’s group was used for BF4- and PF6-based
ILs, the models of Vega’s group and of Ji and Adidharma for BF4- and
PF6- and Tf2N-based ILs. In all these approaches, binary parame-
ters were used to correct the cross-dispersion energy between CO2
and IL. In this work, without any additional parameters, the model
predicts the CO2 solubility in all ILs quantitatively in a wide tem-

perature and pressure range, and the model’s accuracy is within
the experimental uncertainty. This can be seen also from Table 8,
which summarizes the ARD values of the ePC-SAFT predicted CO2
solubilities in ILs.
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Table 8
Experimental data sources for CO2 solubility in [Cnmim][BF4], [Cnmim][PF6], and [Cnmim][Tf2N] and ePC-SAFT prediction deviations in CO2 solubility.

Temperature range (K) pmax (bar) Ref. (ARD)xCO2

[C2mim][BF4] 298.15–313.2 41 [61,72] 7.7
[C4mim][BF4] 278.47–383.15 677 [64,73–75] 5.5
[C6mim][BF4] 293.18–368.16 866 [61,76,77] 5.1
[C8mim][BF4] 307.79–363.29 858 [78] 5.6
[C2mim][PF6] 313.01–366.03 971 [79] 3.6
[C4mim][PF6] 293.55–395.05 735 [80–84] 6.1
[C6mim][PF6] 298.31–363.58 946 [85] 6.1
[C2mim][Tf2N] 292.16–450.49 479 [54,70,71] 7.6
[C4mim][Tf2N] 279.98–449.41 500 [54,75,86–89] 8.1
[C6mim][Tf2N] 293.15–413.2 390 [54,90,91] 7.7
[C8mim][Tf2N] 298.25–344.55 348 [54] 4.3

F ressu
p ble 8).
3

4

[
I
u

F
[
m

ig. 8. CO2 solubility in (a) [Cnmim][PF6] and (b) [C2mim][Tf2N] up to elevated p
arameters listed in Tables 4, 5 and 7; symbols: experimental data (see Refs. in Ta
23.15 K. (b) �, 293 K; ©, 323.15 K; �, 363 K; �, 450.5 K.

.2.4. CH4 solubility prediction

The CH4 solubility in [C4mim][Tf2N], [C6mim][Tf2N] and

C4mim][PF6] is also accessible from the open literature [65,92,93].
n general, the CH4 solubility in ILs is much lower than the CO2 sol-
bility. This is shown exemplarily for [C4mim][PF6] in Fig. 9a. As

ig. 9. CO2 and CH4 solubility (a) in [C4mim][PF6] at 283 K and (b) in [C4mim][Tf2N] a
61,63–66]; ©, CH4 solubility [65]. (b) �, CO2 solubility in [C4mim][Tf2N] [75]; �, CH4 so

odeling results with parameters listed in Tables 4, 5 and 7.
res in a wide temperature range (293–451 K). Curves: model prediction with the
(a) � in [C6mim][PF6] at 313 K; © in [C6mim][PF6] at 363 K; � in [C2mim][PF6] at

the PC-SAFT parameters for CH4 are already known [18] (Table 4),

the ion parameters determined in this work (Table 5) can directly
be used to predict the CH4 solubility in ILs. In accordance with
the modeling of CO2 solubilities, the effect of CH4 on the dielectric
constant of an IL solution was neglected.

nd [C6mim][Tf2N] at 333 K. Symbols are experimental data. (a) �, CO2 solubility
lubility in [C4mim][Tf2N] [93]; ©, CH4 solubility in [C6mim][Tf2N] [92]. Curves are
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Without any adjustable parameter (kij = 0), the model captures
he pronounced difference of CO2 and CH4 solubility in ILs. Applying
PC-SAFT to the CH4/[C4mim][PF6] system, the gas solubility can be
redicted quantitatively as shown in Fig. 9a. Replacing the [PF6]−

nion by [Tf2N]−, the solubility of both CO2 and CH4 increases
remendously. The CH4 solubility is remarkable but still much
ower than that of CO2. Applying the model allows for predicting the
H4 solubility in [C4mim][Tf2N] and [C6mim][Tf2N] qualitatively.
o obtain quantitative results, a kij had to be assigned between CH4
nd [Tf2N]−. Setting kCH4–Tf2N = −0.09, the CH4 solubility in both,
C4mim][Tf2N] and [C6mim][Tf2N], could be modeled accurately as
hown in Fig. 9b.

After all, using the parameters fitted from the density of pure ILs
p to 1000 bar and without any additional adjustable parameters,
PC-SAFT is able to (1) reliably extrapolate/predict the density of
ure ILs to higher pressures (>1000 bar), (2) quantitatively predict
he CO2 solubility, and (3) quantitatively predict the CH4 solubility
n [C4mim][PF6]. It can also be used (4) to qualitatively predict the
H4 solubility in both [C4mim][Tf2N] and [C6mim][Tf2N] and (5) to
uantitatively model them with kCH4–Tf2N = −0.09.

. Conclusion

In this work, ePC-SAFT was applied with six strategies to model
he density of imidazolium-based ILs and the solubility of CO2 and
H4 in these ILs. It was shown that all strategies can be used to
ccurately represent the density of pure ILs, but only the ion-based
odel accounting for Coulomb interactions provides reliable pre-

iction results with respect to the CO2 solubility in ILs.
In the ion-based model accounting for Coulomb interactions, ILs

ere considered to be completely dissociated into cation and anion.
oth ions were modeled as being non-spherical. The Debye–Hückel
ontribution was used without any additional parameters to
escribe the Coulomb interactions between charged cation and
nion. A set of ion-specific parameters was obtained from fitting
o reliable density data measured at pressures up to 1000 bar with
fitting error of 0.14% on average.

Without any additional adjustable parameters, this model can
e used to reliably extrapolate the density of pure ILs at pressures
p to 3000 bar from 283 to 473 K. Moreover, the CO2 solubility
t temperatures from 293 to 450 K and pressures up to 950 bar
an also be predicted quantitatively based on the comparison to
he available experimental data of 11 CO2–IL systems. In addi-
ion, ePC-SAFT can also be used to represent the CH4 solubility, i.e.
he CH4 solubility in [C4mim][PF6] can be predicted quantitatively,
nd the CH4 solubility in both [C4mim][Tf2N] and [C6mim][Tf2N]
an be predicted qualitatively and represented quantitatively with
CH4–Tf2N = −0.09.

ist of symbols

dimensionless Helmholtz energy
RD average relative deviation

Henry’s constant
B Boltzmann constant
ij binary parameter between two components i and j

seg,i segment number
molecular weight (g/mol)
association sites per molecule

P number of experimental data points
pressure (bar)

charge of ion
temperature (K)

i/kB van der Waals-interaction (dispersion) energy parameter
between two segments

[

[

[

bria 335 (2012) 64–73

v molar volumes
x mole fraction of each component in the liquid phase
y mole fraction of each component in the vapor phase

Greek letters
� abbreviation for an expression
ε dielectric constant of a medium
εAiBi/kB association-energy parameter (K)
ϕi fugacity coefficient
�AiBi association-volume parameter
� inverse Debye screening length
� density (kg/m3)
�i segment diameter
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