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a b s t r a c t

The group contribution equation of state (GC-EoS) is extended to model gas solubilities in the homol-
ogous 1-alkyl-3-methylimidazolium bis(trifluoromethyl-sulfonyl) imide family. The gases considered in
this work are CO2, CO, H2, CH4, and C2H6. The model parameters were estimated on the basis of 1400
experimental data points in the temperature range of 278e460 K and pressures up to 160 bars. A cor-
relation is also presented to calculate the critical diameter, a characteristic parameter of the GC-EoS
repulsive term, as a function of the ionic liquid molar volume. Density data is most often available for
ionic liquids; hence, the correlation provides a predictive method for ionic liquids not included in the
parameterization process. The new parameters were then used to predict the phase behavior of binary
mixtures containing different solutes (including C3H8, C4H10, and C6H14) and ionic liquids with different
chain lengths than those used in the parameterization process.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

There are a number of industrial processes that call for an effi-
cient technology for CO2 recovery from gas streams: for example,
the removal of acid gases from natural gas or biogas, the purifica-
tion of the products of steam reforming, thewater gas shift reaction
and the integrated gasification cycle. Additionally, the growing
concern about global warming and environmental pollution, are
making governmental regulations on CO2 emissions more stringent
every day.
Pereda), raeissi@shirazu.ac.ir
ndreatta), cpeters@pi.ac.ae
Currently, the available commercial CO2 capture technologies
include chemical and physical absorption, physical adsorption,
membrane separation and cryogenic distillation. A number of au-
thors have proposed, as an alternative method, the use of ionic
liquid supported membranes for CO2 separation [1,2]. Room tem-
perature ionic liquids (RTILs or simply ILs) are liquid organic salts,
having negligible vapor pressure and high solvation power. These
characteristics make them good candidates to replace conventional
organic solvents. Moreover, many ILs have high thermal stability.
This property, together with the fact that they have almost no vapor
pressure, minimize solvent losses in the gas stream and help to
reduce the solvent make-up required in separation processes.

A thermodynamic model able to predict gas solubility in ionic
liquids is required for the proper design and optimization of such
processes. A literature review on the thermodynamic models
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Fig. 1. Group definition for [-mim][Tf2N].

S. Pereda et al. / Fluid Phase Equilibria 409 (2016) 408e416 409
applied to ionic liquid mixtures, shows that various approaches
have been investigated, mainly consisting of equations of state
[3e9] and excess Gibbs energy models such as NRTL [10e12],
UNIQUAC [12e14], and UNIFAC [15e17]. However, eachmethod has
its own advantages and shortcomings over the others. For example,
the excess Gibbs energy models are not suitable for high-pressure
conditions typical in gas processing, while the classic cubic equa-
tions of state face the limitation of the lack of experimental infor-
mation on the critical properties of ionic liquids. Considering such
shortcomings and the large variety of ionic liquids that may be
available, group contribution methods appear to be an interesting
alternative. The group contribution equation of state (GC-EoS) is an
attractive model, taking into account that the information on the
critical properties of pure compoundsmay not be required. Another
advantage of using the GC-EoS is its ability to model phase equi-
libria in size-asymmetric mixtures [18e20]. GC-EoS uses the
Carnahan-Starling [21] equation for hard spheres, which is a more
realistic model for the repulsive contribution than the simple van
derWaals repulsive term used by the majority of cubic equations of
state. The combination of this repulsive term with a group contri-
bution NRTL attractive term, makes the GC-EOS a promising tool to
model the phase behavior of mixtures of gases and ionic liquids.
Breure et al. [22] were the first to use the GC-EoS to model CO2

solubility in ionic liquids. Bubble points were predicted for mix-
tures of CO2 with the homologous families of 1-alkyl-3-
methylimidazolium hexafluorophosphate and tetrafluoroborate.
The agreement between experimental and predicted bubble points
were excellent for pressures up to 20 MPa, even for pressures up to
about 100 MPa. The results showed the capability of the GC-EOS to
describe phase equilibria of such systems. Later, Bermejo et al. [23]
used the GC-EoS to describe the phase behavior of different gases
with ionic liquids of the methylimidazolium bis[(trifluoromethyl)
sulfonyl]imide family. For most of the systems, the average de-
viations between experimental data and model predictions were
below 10%. However, since at the time that the article was pub-
lished, experimental data on the other members of the homologous
family were yet unavailable, the authors concluded that further
studies with the GC-EoS would be required to verify the applica-
bility of the model to other members of the family.

In the present work, the GC-EOS is applied to model gas solu-
bilities (H2, CO2, CO, CH4, C2H6) in the various members of the
homologous 1-alkyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide family (abbreviated as [Cnmim][Tf2N]). Further-
more, liquideliquid equilibria is also considered and modeled. The
predictive capability of the equation is of particular significance in
this work, since the critical diameter of the ionic liquid is not fitted
to experimental data. It is predicted with a general correlation
proposed in this work, as a function of the density of the pure ionic
liquid, a property which is most often readily known for ionic liq-
uids. In this way, our approach provides a predictive capacity,
which widens the applicability of the model to different conditions
and multiphase equilibria, as compared to the previous GC models
for gas solubility in ionic liquids.

2. Thermodynamic model

The group contribution equation of state was proposed by
Skjold-Jørgensen [24,25], for modeling particularly high-pressure
equilibria. The model is based on the generalized van der Waals
partition function, combined with the local composition principle
and a group contribution approach. Based on extensive testing, the
GC-EOS has proven to be a reliable method for phase equilibrium
calculations for mixtures containing widely differing components.

The GC-EoS can be written as the sum of two different contri-
butions to the residual Helmholtz energy:
Ares ¼ Arep þ Aatt [1]

The CarnahaneStarling repulsive term follows the expression
developed by Mansoori and Leland [26] for mixtures of hard
spheres. It is a function of the critical hard sphere diameter, char-
acteristic of the pure-compound molecular size, and has no binary
or higher-order parameters. This free-volume contribution makes
the model especially suited for predicting the effects of large mo-
lecular size differences on the excess properties of the mixture, as
shown in several publications on the subject of supercritical fluid
applications [27e31].

The attractive term is a group contribution version of the NRTL
expression, with density-dependent mixing rules. The attractive
energy between like groups is calculated from pure group param-
eters; binary parameters are introduced to quantify interactions
between unlike groups. Details of the model are given in the
Appendix.

When the GC-EOS model is applied to ILs, it is necessary to
determine the functional groups that conform the molecules.
Similar to UNIFAC, groups should be defined as neutral as possible.
For this reason, the ionic core (cation þ anion) is defined as the IL
group, while the hydrocarbon chain is divided into the paraffinic
groups CH3 and CH2 (see Fig. 1). This makes possible to describe the
complete members of the [Cnmim][Tf2N] family with only three
functional groups, leading to an important reduction in the number
of binary interaction parameters.

2.1. Parameterization of the repulsive term

The free volume term of the residual Helmholtz energy contains
only one characteristic parameter, which is the critical hard sphere
diameter (dc). There are three different ways to calculate dc for each
compound: (i) direct calculation from the critical temperature and
pressure (see Equation (A6) in the Appendix); (ii) optimization of dc
by fitting a given point of the pure-component vapor pressure
curve; (iii) computation of dc with a correlation for high molecular
weight compounds proposed by Bottini et al. [18], based on the van
der Waals molecular volume rvdWi :

logðdciÞ ¼ 0:4152þ 0:4128$log
�
rvdWi

�
[2]

In the case of permanent gases, the first proceduremust be used.
Ordinary solvents are generally modeled using method (ii), which
usually gives dc values within 5% of those given by method (i).
However, this difference is important, since pure component vapor
pressures are quite sensitive to dc [25]. High molecular weight
compounds present extremely low vapor pressures and their crit-
ical properties are usually unknown. For this reason, they require
the use of method (iii). Ionic liquids also have negligible vapor
pressures and unknown critical points. Bottini et al. [18] estimated
ri
vdW using the Bondi [32] group contribution method. However, the
latter method was developed for non-ionic organic compounds, so
its use for ionic liquids would be inappropriate. In addition, several
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Fig. 2. Correlation between the van der Waals volume and the molar volume at 298 K,
for 270 organic compounds; data taken from Ref. [34].

Table 3
Activity coefficient at infinity dilution of n-alkanes (C5 to C12) in various ILs:
Experimental data source and deviations.

Binary system T/K P/MPa g∞ Source N AAD% for g∞

[C1mim][Tf2N] 303e333 0.1 18.9e66.3 [52] 12 1.89
[C2mim][Tf2N] 293e345 0.1 15.4e151.2 [52,53] a 32 4.90
[C4mim][Tf2N] 293e355 0.1 7.95e102.86 [52,54] 46 4.75
[C6mim][Tf2N] 298e343 0.1 4.1e15.1 [55,56] 36 7.36b

a The data of [57] was not included in the parameter fitting because they are in
disagreement with the other two references available.

b Some experimental data points at the same temperature are in disagreement
among [55] and [56].

120
n-C12

Table 2
Molecular weight, molar volume at 298 K, van derWaals volume, and GC-EoS critical
diameter for the ionic liquids of the [Cnmim][Tf2N] family.

Ionic liquid Mw/g mol�1 V/cc mol�1a rvdW dc/cm mol�1/3

[C2mim][Tf2N] 391.31 258.6 10.35 6.825
[C3mim][Tf2N] 405.34 275.4 11.02 7.005
[C4mim][Tf2N] 419.36 292.3 11.69 7.178
[C5mim][Tf2N] 433.39 309.1 12.37 7.346
[C6mim][Tf2N] 447.42 325.9 13.04 7.509
[C8mim][Tf2N] 475.48 359.6 14.39 7.820

a Molar volume calculated with the correlation of Gardas et al. [35].
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of the groups required for describing ionic liquids are not available.
The molar volume of the pure compound is an alternative

source of information to estimate the van der Waals volume, as
shown by Vera et al. [33]. The close correlation between the van der
Waals volume and the molar volume at 298 K, is shown in Fig. 2 for
a variety of 270 organic compounds [34], including hydrocarbons,
alcohols, acids, amines, ethers, esters, aromatic and polyfunctional
compounds.

The linear regression of the data shown in Fig. 2 resulted in the
following equation:

rvdWi ¼ 0:039$V298Kðcc=molÞ [3]

Table 1 shows that the deviation of this correlation, per family of
organic compounds, is lower than 6% in every case, and 3.72% on
average. Domanska and Mazurowska [13] were the first to apply
Vera's approach to estimate rvdW for ionic liquids. These authors
modeled the solubility of 1,3-dialkylimidazolium chloride, hexa-
fluorophosphate, and methylsulfonate in organic solvents with
UNIQUAC and NRTL. They reported a value of 0.029281 for the
proportionality constant in Equation (3). The original value
Table 1
Average absolute relative deviation, per family of organic
compounds, between rvdW reported in DIPPR [34] and that
calculated by Equation (3).

Organic family AARD (%)

n-Alkane 3.37
1-Alkene 4.13
Cycloalkanes 2.55
Alkil-benzene 1.99
Polyaromatic 5.08
1-Alkanols 1.20
Aromatic alcohol 4.25
Amines 3.41
Aromatic amines 5.30
Carboxilic acids 0.86
Esters 5.13
Ethers 5.90
Ketones 4.00
Polyfunctional 4.90
All families 3.72
proposed by Vera for this constant was 0.036, based on molar
volumes at 293 K. The small difference with the proportionality
constant determined in this work is due to the slight temperature
difference in the molar volume.

Table 2 summarizes the dc values for all of the ionic liquids
investigated in this study, calculated with Equations (2) and (3).

The critical diameter is used to calculate the temperature-
dependent hard sphere diameter, which is also a function of the
critical temperature (see Equation (A5) in the Appendix). This
temperature dependence was empirically determined by fitting
vapor pressures of pure organic compounds to the Carnahan-
Starling equation, combined with the attractive term of the
Soave-Redlich-Kwong (SRK) equation [24]. In this work, a constant
value of critical temperature (1000 K) is used for all ionic liquids.
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2.2. Parameterization of the attractive term

The attractive term of the GC-EoS considers that energy in-
teractions take place through the surfaces of characteristic groups,
rather than through the surfaces of the parent molecules [25]. Each
functional group is characterized by a surface area q (analogous to
the one used in the UNIFAC model) and a reference temperature T*
(set equal to 600 K for most functional groups). Following a group-
contribution approach, the normalized van der Waals area of a
Table 4
Binary equilibrium database and GC-EoS correlation. Dx% and DT% are the percent avera

Binary system Mole fraction T/K P/MPa

CO2 þ
[C2mim][Tf2N] 0.085e0.585 313e450 0.422e
[C4mim][Tf2N] 0.123e0.593 312e450 0.626e
[C4mim][Tf2N] 0.092e0.512 279e340 0.29e
[C4mim][Tf2N] 0.176e0.752 298e333 1.13e
[C6mim][Tf2N] 0.142e0.648 278e369 0.422e
[C6mim][Tf2N] 0.199e0.758 298e333 1.31e
[C6mim][Tf2N] 0.099e0.676 293e413 0.60e
[C8mim][Tf2N] 0.246e0.791 298e333 1.36e
CO þ
[C4mim][Tf2N] 0.051e0.099 310e458 4.79e
[C6mim][Tf2N] 0.052e0.125 300e438 4.05e
H2 þ
[C2mim][Tf2N] 0.037e0.066 313e453 5.68e
[C4mim][Tf2N] 0.021e0.108 313e450 2.69e
[C6mim][Tf2N] 0.033e0.061 300e369 4.58e
[C6mim][Tf2N] 0.007e0.074 293e413 1.47e
CH4 þ
[C4mim][Tf2N] 0.030e0.225 300e450 1.51e
[C6mim][Tf2N] 0.089e0.093 293e413 0.06e
C2H6 þ
[C6mim][Tf2N] 0.05e0.40 293e369 0.39e
C3H8 þ
[C6mim][Tf2N] 0.016e0.19 280e340 0.87e
C4H10 þ
[C6mim][Tf2N] 0.025e0.14 280e340 0.33e
C6H14

[C2mim][Tf2N] 0.008e0.08 353.15 0.18e
[C6mim][Tf2N] 0.011e0.19 353.15 0.094e
[C8mim][Tf2N] 0.015e0.30 353.15 0.093e

a Isothermal data.
b DZ% ¼ 1

N
PN

i

�����Zexp;i�Zcalc;i
Zexp;i

�����
compound i can be calculated as the sum of the constituent group
area parameters, qj:

qi ¼
X
j

nij$qj [4]

where nij is the number of groups j in molecule i.
The group surface area in the GC-EoS is normally calculated

using the Bondi [32] group contribution method. Similarly to vol-
ume, this method is not readily applicable to ionic liquids. Never-
theless, the surface area of the ionic core [-mim][Tf2N] can be
computed by subtracting the area of the paraffinic chain, which is
well known, from the area of the parent IL molecule. The surface
area of the IL molecule can be calculated through Equation (5) [36]:

qi ¼
ðz� 2Þ$rvdWi

z
þ 2$ð1� liÞ

z
[5]

where rvdWi is the van derWaals volume, z the coordination number
(set equal to 10), and li the bulk factor. The selection of li ¼ 0 results
in qi values for ionic liquids comparable to those computed by
Banerjee et al. [14] via the Polarizable Continuum Model.

The attractive term also requires information on binary inter-
action parameters between unlike functional groups. It is impor-
tant to highlight that only the interaction parameters involving the
new group ([-mim][Tf2N]) are fitted in this work to literature data
[37e51]. The parameters for the previously available groups were
taken from Skold-Jørgensen [25].
3. Results and discussion

The first parameters to be fitted were the pure group [-mim]
[Tf2N] surface energy parameter and the binary energy interactions
ge relative deviationb in composition and temperature, respectively.

Source N Dx% DT%

14.10 [37] 98 2.52 1.33
14.40 [40] 86 2.24 1.26

4.80 [38] 16 4.30 a

13.24 [39] 55 2.99 a

13.82 [42] 75 2.56 1.44
11.56 [39] 28 2.97 a

9.91 [41] 25 4.25 a

11.47 [39] 22 3.41 a

10.34 [43] 46 2.63 4.07
11.67 [44] 45 2.25 3.37

14.33 [45] 53 1.56 1.04
15.43 [46] 57 2.99 2.08
11.85 [48] 67 4.52 3.18
9.82 [47] 25 7.05 a

16.10 [49] 39 4.02 5.04
0.51 [50] 24 1.60 a

13.07 [51] 70 0.83 0.48

10.5 [38] 14 6.78 a

3.00 [38] 16 9.13 a

1.4 [5] 10 2.63 a

1.13 [17] 12 2.08 a

1.38 [17] 13 2.06 a



Table 5
GC-EoS pure group parameters.

Group gii*/atm cm6 mol�2 gii' gii” T*/K q Reference

CH3 316910 �0.9274 0 600 0.848 [25]
CH2 316910 �0.9274 0 600 0.54 [25]
[-mim][Tf2N] 501325 �0.9006 0 600 7.098 This work
H2 179460 �0.0843 0.1351 33.20 0.5710 [25]
CO2 531890 �0.5780 0 304.2 1.261 [25]
CO 309610 �0.1288 �0.1074 132.9 1.060 [25]
CH4 402440 �0.2762 0.0221 190.6 1.160 [25]
C2H6 452560 �0.3758 0 305.32 1.696 [25]

Table 6
GC-EoS binary energy interaction parameters.

i j kij kij’ aij aji Reference

CH3 CH2 1.0 0 0 0 [25]
H2 1.0630 0 �1.0 �1.0 [25]
CO2 0.892 0 3.369 3.369 [25]
CO 0.958 �0.252 �2.889 �2.890 [25]
CH4 0.998 �0.061 0 0 [25]
C2H6 0.987 0 0 0 [25]
[-mim][Tf2N] 0.7238 0 1.7185 4.050 This work

CH2 H2 1.216 0 �1. �1. [25]
CO2 0.814 0 3.369 3.369 [25]
CO 0.958 �0.252 �2.889 �2.890 [25]
CH4 0.940 0.056 0 0 [25]
C2H6 0.987 0 0 0 [25]
[-mim][Tf2N] 0.7656 0 1.7185 4.050 This work

[-mim][Tf2N] H2 1.0300 0.200 0 0 This work
CO2 0.8839 0 5.729 4.400 This work
CO 0.7496 �0.163 0.8504 0.8504 This work
CH4 0.800 �0.200 0 0 This work
C2H6 0.7579 �0.186 0 0 This work
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between the [-mim][Tf2N] group and the paraffinic groups, CH2 and
CH3. For this purpose, experimental data on infinite dilution ac-
tivity coefficients of n-alkanes in different ionic liquids was used, as
given in Table 3. This correlation process allowed fitting the IL pa-
rameters, without having to introduce new functional groups other
than those present in the ionic liquid molecule. Fig. 3 shows, for
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dilution for various members of the n-alkane family in [C4mim]
[Tf2N], while Fig. 4 presents the correlated infinite dilution activity
coefficients of n-hexane in the different ionic liquids investigated in
this work. The relative deviations between the results of the GC-EoS
calculations and the experimental activity coefficients, also given in
Table 3, indicate that a good correlation was achieved.

In the next step, the experimental data on the solubilities of the
different gases under study, as given in Table 4, were used to fit the
binary energy interaction parameters between each gas and the
new IL group. During this procedure, the predictive capacity of the
model was also checked by adjusting only several isopleths of a
certain binary (gas þ IL), and predicting not only the remaining
isopleths of that binary, but also the solubility of the same gas in
other ILs with different alkyl chain lengths. This test is a challenge
for the free-volume contribution term, because the model should
be able to predict the behavior of components of different sizes,
using the same unique set of parameters of the attractive term. In
general, solubilities were predicted with errors below 5%. It is
important to highlight that the size of the IL was not fitted to
experimental data, but computed via density information alone. At
the end of the parameterization process, all consistent data avail-
able were included in the optimization, in order to get the best final
set of parameters. The resulting parameters are reported in Tables 5
and 6. The model performance is shown for each gas in Figs. 5e9.

Fig. 10 shows the solubility of each studied gas in [C6mim][Tf2N]
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at 293e353 K, in a pressure-composition diagram. As can be seen,
GC-EoS predicts with high accuracy not only the solubility of each
gas, but also the liquideliquid split shown by ethane at the lower
temperature. Actually, GC-EoS is able to predict the LLE of higher
molecular weight paraffins, as can be inferred by the model accu-
racy to correlate the activity coefficients of these compounds in the
[Cnmim][Tf2N] homologous family.

The results of the phase boundary calculations using these pa-
rameters are also summarized in Table 4 in the form of average
relative deviations in concentration and temperature, and graphi-
cally in Figs. 5e10. The temperature dependence of the solubility of
the various gases shows different behavior. The carbon dioxide and
ethane solubility decreases with temperature, hydrogen increases,
carbon monoxide stays more or less constant, while methane is
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Fig. 7. Hydrogen solubility in (a) [C4mim][Tf2N]. Experimenta
constant at low pressures and decreases at higher pressures. In
monovariant equilibria (one degree of freedom), the slope of the
pressure vs. temperature curve is given by the Clapeyron equation
[58]. In the case of the bubble point curve, this slope is given by
vP=vT ¼ DH=T$DV , where DH is the enthalpy change of gas disso-
lution and DV is the volume change of gas dissolution. Therefore, at
a given temperature, the slope of the pressure vs. temperature
curve depends on the ratio between enthalpy and volume change
of dissolution. This slope can have positive or negative values
depending on the system components and the operating condi-
tions. The thermodynamic basis and reasoning of the differing P-T
solubility slopes of the various gases in ionic liquids has been
explained in detail earlier [46] from several different perspectives,
including the Scott-van Konynenburg phase transitions, Le
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Chatelier's principle, the Joule-Thompson effect, and the Lennard-
Jones potential.

The errors in the calculated equilibrium concentrations and
temperatures, as well as the closely matching trends in Figs. 5e10,
indicate that the GC-EoS, with the group parameters obtained in
this study, is accurate and capable of predicting the phase behavior
of mixtures of gases with the [-mim][Tf2N] ionic liquid family.

4. Conclusions

The group contribution equation of state has been extended
for modeling gas solubility in the homologous 1-alkyl-3-
methylimidazolium bis(trifluoro-methyl-sulfonyl)imide family.
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Fig. 9. (a) Ethane solubility in [C6mim][Tf2N]. Experimental data [51];
The free-volume or repulsive contribution to the GC-EoS Helmholtz
energy is a function of the molecular critical diameter. A new
procedure for computing this parameter for ionic liquids is pro-
posed, which does not involve fitting experimental data. Therefore,
it provides a global predictive approach. This procedure was
demonstrated to work well, in each case where the model predic-
tive capability was tested.

Regarding the attractive contribution of the Helmholtz energy,
the model requires binary energy interaction parameters and the
van der Waals surface (q) of the new [-mim][Tf2N] group. The
former are optimized to experimental data, while q is computed
from the molecular critical diameter. The resulting parameters give
accurate phase equilibrium predictions with the GC-EoS. Not only
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(b) Propane solubility in [C6mim][Tf2N]. Experimental data [38].
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vaporeliquid equilibrium calculations were performed success-
fully, but the extension of the method to predict liquideliquid
phase boundaries was also successful. Therefore, the equation is
suitable for modeling such highly non-ideal systems.
Acknowledgments

S. Pereda, A. Andreatta and S.B. Bottini acknowledge the finan-
cial support granted by the Consejo Nacional de Investigaciones
Científicas y T�ecnicas (CONICET) and Universidad Nacional del Sur
(UNS). S. Raeissi is grateful to Shiraz University and Technical
University of Eindhoven for facilitating this collaboration.
Appendix

There are two contributions to the residual Helmholtz function
(Ares) in the GC-EoS model: the free volume (Afv) and the attractive
(Aatt) terms.

Ares ¼ Af v þ Aatt (A1)

The free volume contribution is represented by the extended
Carnahan-Starling equation for mixtures of hard spheres developed
by Mansoori and Leland [26].

ðA=RTÞf v ¼ 3ðl1l2=l3ÞðY� 1Þ þ
�
l32

.
l23

��
� Y þ Y2 � ln Y

�
þ n ln Y

(A2)

with:

Y ¼
�
1� pl3

6V

��1

(A3)

and

lk ¼
XNC
i

nid
k
i (A4)

ni being the number of moles of component i, NC the number of
components in the mixture, n the total number of moles, V the total
volume and di the hard-sphere diameter per mol of species i.
The following generalized expression gives the temperature

dependence of the hard-sphere diameter:

di ¼ 1:065655 dcif1� 0:12 exp½ � 2Tci=ð3TÞ�g (A5)

where dci and Tci are, respectively, the critical hard-sphere diameter
and critical temperature of component i. The value of dci can be
determined from the critical properties:

dci ¼ ð0:08943RTci=PciÞ1=3 (A6)

Alternatively, it can be calculated by fitting to data on the vapor
pressure of species i [24]. For high molecular weight compounds
(for which Tc and Pc are unknown and vapor pressure data is un-
available) the dci value can be determined by fitting to experimental
data on infinite dilution activity coefficients of mixtures of alkanes
in the ionic liquid i [18].

The attractive contribution to the Helmholtz energy accounts for
dispersive forces between functional groups through a density-
dependent, local-composition expression based on the NRTL
model [59]:

A=RTð Þatt ¼ �z
2

XNC
i

ni
XNG
j

vijqj
XNG
k

qkgkjeqtkj.RTV
� �,XNG

l

qltlj

(A7)

with:

eq ¼
XNC
i

ni
XNG
j

vijqj (A8)

qj ¼
�
qj
.eq�XNC

i

niv
i
j (A9)

tij ¼ exp
�
aijDijeq�RTV	 (A10)

Dgij ¼ gij � gjj (A11)

z being the coordination number (set equal to 10), nij the number



S. Pereda et al. / Fluid Phase Equilibria 409 (2016) 408e416416
of groups of type j in molecule i, qj the number of surface segments
assigned to group j, eq the total number of surface segments, qk the
surface fraction of group k, gij the attractive energy between seg-
ments of groups i and j, and aij the non-randomness parameter.

The attractive energy, gij, is calculated from the energy between
like-group segments through the following combination rule:

gij ¼ kij
�
giigjj

�1=2
(A12)

where the binary interaction parameter kij is symmetrical (kij ¼ kji).
Both, the attractive energy between like segments and the binary
interaction parameter are temperature-dependent:

gjj ¼ g*jj
�
1þ g0jj

�
T
.
T*j � 1

�
þ g

00
jj ln

�
T
.
T*j

��
(A13)

kij ¼ k*ij
n
1þ k0ij ln

h
2T

.�
T*i þ T*j

�io
(A14)

where T*
i is an arbitrary, but fixed, reference temperature for group

i; g*jj, g
0
jj and g

00
jj are pure-group energy parameters, and k*ij and k0ij are

binary group interaction parameters.
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