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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 CO,, CO, Hy, CH4, and CoHg. The model parameters were estimated on the basis of 1400
experimental data points in the temperature range of 278—460 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
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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 CsHg, C4H1g, and CgHy4) 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 CO, 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, the water gas shift reaction
and the integrated gasification cycle. Additionally, the growing
concern about global warming and environmental pollution, are
making governmental regulations on CO, emissions more stringent
every day.
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Currently, the available commercial CO, 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 CO, 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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applied to ionic liquid mixtures, shows that various approaches
have been investigated, mainly consisting of equations of state
[3—9] and excess Gibbs energy models such as NRTL [10—12],
UNIQUAC [12—14], and UNIFAC [ 15—17]. However, each method 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 compounds may not be required. Another
advantage of using the GC-EoS is its ability to model phase equi-
libria in size-asymmetric mixtures [18—20]. 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
der Waals 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 CO,
solubility in ionic liquids. Bubble points were predicted for mix-
tures of CO, 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 (Hp, CO,, CO, CH4, CoHs) in the various members of the
homologous 1-alkyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide family (abbreviated as [Cymim][Tf;N]). Further-
more, liquid—liquid 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 lig-
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-Jergensen [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:

ATeS — ATep +Aatt [1]

The Carnahan—Starling 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 [27—-31].

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 + anion) is defined as the IL
group, while the hydrocarbon chain is divided into the paraffinic
groups CH3 and CH;, (see Fig. 1). This makes possible to describe the
complete members of the [C,mim][Tf;N] 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 r,!’dW:

log(dc;) = 0.4152 + O.4128~10g(r]ydw> 2]

In the case of permanent gases, the first procedure must 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). lonic liquids also have negligible vapor
pressures and unknown critical points. Bottini et al. [ 18] estimated
/9% 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

Fig. 1. Group definition for [-mim][Tf,N].
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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].

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:

rW — 0.039- Vaggi (cc/mol) [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 W for jonic 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 "W reported in DIPPR [34] and that
calculated by Equation (3).

Organic family AARD (%)
n-Alkane 3.37
1-Alkene 413
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

Table 2
Molecular weight, molar volume at 298 K, van der Waals volume, and GC-EoS critical
diameter for the ionic liquids of the [C,mim][Tf,N] family.

Ionic liquid Mw/g mol~! V/cc mol~1? rvaw dc/cm mol 13
[CmIim][TEN] 39131 258.6 1035  6.825
[Csmim][TEN]  405.34 2754 1102 7.005
[Cemim|[TEN]  419.36 2923 1169 7.178
[Csmim][TEN] 43339 309.1 1237 7346
[Cemim][TEN]  447.42 3259 13.04  7.509
[Csmim|[TEN] 47548 359.6 1439 7.820

2 Molar volume calculated with the correlation of Gardas et al. [35].

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

Binary system T/K P/MPa ~*

[C;mim][Tf,N] 303-333 0.1
[Comim][Tf,N] 293-345 0.1
[Camim][TE;N] 293—355 0.1
[Cemim][TF;N] 298—343 0.1

Source N AAD% for y*

18.9-663  [52] 12 1.89
154-1512 [52,53]® 32 4.90
795-102.86 [52,54] 46 4.75
41-15.1 [5556] 36 7.36°

2 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].

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.

120
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Fig. 3. Activity coefficient at infinite dilution of n-alkanes in [C4mim][Tf,N]. GC-EoS
(—). Experimental data: O [52] and & [54].
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Fig. 4. Activity coefficient at infinite dilution of n-hexane in various ionic liquids. GC-
EoS (—)Experimental data: O [52], @ [53], W [54], + [55].

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

compound i can be calculated as the sum of the constituent group
area parameters, g;j:

aGi=> vig (4]
J

where v} 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][Tf;N] 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]:

_(z- 2)-rvdw +2~(1 1
z z

(5]

i

where r}’dW is the van der Waals volume, z the coordination number
(set equal to 10), and /; the bulk factor. The selection of [; = 0 results
in g; 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][Tf,N]) are fitted in this work to literature data
[37—51]. The parameters for the previously available groups were
taken from Skold-Jgrgensen [25].

3. Results and discussion

The first parameters to be fitted were the pure group [-mim]
[TfoN] surface energy parameter and the binary energy interactions

Table 4

Binary equilibrium database and GC-EoS correlation. Ax% and AT% are the percent average relative deviation” in composition and temperature, respectively.
Binary system Mole fraction T/K P/MPa Source N AX% AT%
CO, +
[Comim][Tf,N] 0.085—-0.585 313-450 0.422—-14.10 [37] 98 2.52 1.33
[Camim][Tf2N] 0.123—-0.593 312—450 0.626—14.40 [40] 86 224 1.26
[C4mim][Tf,N] 0.092—-0.512 279-340 0.29—-4.80 [38] 16 430 @
[C4mim][Tf,N] 0.176—0.752 298-333 1.13-13.24 [39] 55 2.99 B
[Cemim][Tf,N] 0.142—0.648 278-369 0.422—13.82 [42] 75 2.56 1.44
[Cemim][Tf2N] 0.199-0.758 298-333 1.31-11.56 [39] 28 297 @
[Cemim][Tf,N] 0.099-0.676 293-413 0.60—9.91 [41] 25 425 B
[Csmim][TfN] 0.246—0.791 298-333 1.36—11.47 [39] 22 341 B
CO +
[C4mim][Tf2N] 0.051-0.099 310—458 4.79-10.34 [43] 46 2.63 4.07
[Cemim][Tf2N] 0.052—0.125 300438 4.05-11.67 [44] 45 2.25 337
Hz +
[Comim][TfN] 0.037—-0.066 313—453 5.68-14.33 [45] 53 1.56 1.04
[C4mim][Tf,N] 0.021-0.108 313-450 2.69-15.43 [46] 57 2.99 2.08
[Cemim][Tf2N] 0.033—0.061 300—-369 4.58—-11.85 [48] 67 4.52 3.18
[Cemim][Tf,N] 0.007—0.074 293-413 1.47-9.82 [47] 25 7.05 @
CH4 +
[C4mim][TfN] 0.030—0.225 300—450 1.51-16.10 [49] 39 4.02 5.04
[Cemim][Tf2N] 0.089—0.093 293-413 0.06—0.51 [50] 24 1.60 4
CoHe +
[Cemim][Tf,N] 0.05—0.40 293-369 0.39-13.07 [51] 70 0.83 0.48
C3Hg +
[Cemim][Tf,N] 0.016—0.19 280—-340 0.87-10.5 [38] 14 6.78 @
C4Hqo +
[Cemim][Tf2N] 0.025—-0.14 280—340 0.33-3.00 [38] 16 9.13 N
CeH1g
[Comim][Tf2N] 0.008—0.08 353.15 0.18-1.4 [5] 10 2.63 B
[Cemim][Tf2N] 0.011-0.19 353.15 0.094—1.13 [17] 12 2.08 B
[Csmim][Tf2N] 0.015—-0.30 353.15 0.093-1.38 [17] 13 2.06 ¢

b A7y — %Z{V Zexpzﬁzcam

exp.i

2 Isothermal Tita.
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Table 5
GC-EoS pure group parameters.

Group gii*/atm cm® mol 2 gii' gi” T*/K q Reference

CH3 316910 —-0.9274 0 600 0.848 [25]

CH, 316910 -0.9274 0 600 0.54 [25]

[-mim][Tf,N] 501325 —0.9006 0 600 7.098 This work

H, 179460 —0.0843 0.1351 33.20 0.5710 [25]

€O, 531890 -0.5780 0 304.2 1.261 [25]

co 309610 -0.1288 -0.1074 1329 1.060 [25]

CHy4 402440 -0.2762 0.0221 190.6 1.160 [25]

CHe 452560 -0.3758 0 305.32 1.696 [25]
Table6 ) ‘ example, the GC-EoS correlation of activity coefficients at infinite
GC-EoS binary energy interaction parameters. dilution for various members of the n-alkane family in [C4mim]

i j kij kij’ aij aji Reference [TfyN], while Fig. 4 presents the correlated infinite dilution activity

cH, cH, 10 0 0 0 [25] cogfﬁaents of n—he).(ane m-th.e different ionic liquids investigated in

H, 1.0630 0 10 1.0 [25] this work. The relative deviations between the results of the GC-EoS

€O, 0892 0 3369 3369 [25] calculations and the experimental activity coefficients, also given in

co 0958  -0252 -2.889 -2.890 [25] Table 3, indicate that a good correlation was achieved.

EH:[ 8'233 60'06] g g gg} In the next step, the experimental data on the solubilities of the
26 8 . . .

[-mim][TEN] 0.7238 O 17185 4050 This work d¥fferent gases gnder st.udy, as given in Table 4, were used to fit the

CH, H, 1216 0 -1 -1. [25] binary energy interaction parameters between each gas and the

€0, 0814 0 3369 3369 [25] new IL group. During this procedure, the predictive capacity of the
co 0958  -0.252 -2.889 -2.890 [25] model was also checked by adjusting only several isopleths of a
CHy4 0940 0056 0 0 [25] i e .
CHe 0987 0 0 0 [25] certain binary (gas + IL), and predicting not only the remaining
[-mim][TEN] 0.7656 0 17185 4.050 This work isopleths of that binary, but also the solubility of the same gas in
[-mim][Tf,N] Hy 1.0300 0.200 0 0 This work other ILs with different alkyl chain lengths. This test is a challenge
€O, 0.8839 0 5729 4400  This work for the free-volume contribution term, because the model should
o 0.749 ~0.163 08504 08504 This work be able to predict the behavior of components of different sizes,
CH,4 0800 -0200 O 0 This work . . .
GoHs 07579 _0.186 0 0 This work using the same unique set of parameters of the attractive term. In

between the [-mim][Tf,N] group and the paraffinic groups, CH; and
CHs. 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

P/MPa

T/K 400 450

250 300 350

(@

Fig. 5. Carbon dioxide solubility in: (a) [C;mim][Tf,N]. Experimental data [37]: (b) [C4mim][Tf,N]. Experimental data: [40].

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. 5—-9.

Fig. 10 shows the solubility of each studied gas in [Cgmim][Tf;N]

0 : ; ; ,
250 300 350 T/K 400 450

(b)
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Fig. 6. Carbon monoxide solubility in: (a) [Csmim][Tf,N]. Experimental data: [43]; (b) [Cemim][Tf,N]. Experimental data [44].

at 293—353 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 liquid—liquid 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
[Chmim][Tf,N] 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. 5—10. 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

20
15 -
o3
[aW)
S10 1
A~ ® 212
O 2,83
A 35
X 5,16
51 0735
® 852
A 937
+ 10,81
—— GC-EoS
0 : :
200 300 T/K 400 500
(a)

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
daP/dT = AH/T-AV, where 4H is the enthalpy change of gas disso-
lution and 4V 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

12
10 1 N
8 -
<
[aW
= 6 A
~
® 203K
4 1 O 333K
A 373K
2 1 X 413K
—— GC-FoS
0 : : :
0 2 4 mol%H, 6 8

(b)

Fig. 7. Hydrogen solubility in (a) [C4mim][Tf,N]. Experimental data: [46]; (b) [Csmim]|[Tf,N]. Experimental data [47].
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Fig. 8. Methane solubility in: (a) [C4qmim][Tf,N]. Experimental data: [49]; and (b) [Csmim][Tf,N]. Experimental data [50].

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. 5—10,
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][Tf,N] 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.

16

12 1

SCed>pPOe

P/ MPa
oo

(a)

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][Tf,N] group. The
former are optimized to experimental data, while g is computed
from the molecular critical diameter. The resulting parameters give
accurate phase equilibrium predictions with the GC-EoS. Not only

1,20

1,00 A

0,20 A

0,00 T T T
0 5 10 15 20
xC3mol%

(b)

Fig. 9. (a) Ethane solubility in [Cemim][Tf,N]. Experimental data [51]; (b) Propane solubility in [Csmim][Tf,N]. Experimental data [38].
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CH, C,Hg

60 70 80 90 100

Gas / mol fraction%

Fig. 10. Pressure-composition phase diagram for H,, CO, CHy4, C;Hg and CO, with [Cemim][Tf,N] at 293 K (), 313 K([J), 333 K(x) and 353 K( A ). GC-EoS (— and —). Experimental

data: CO, [39,41,42], CO [44], H, [47,48], CH4 [50],and C,Hs [51].

vapor—liquid equilibrium calculations were performed success-
fully, but the extension of the method to predict liquid—liquid
phase boundaries was also successful. Therefore, the equation is
suitable for modeling such highly non-ideal systems.
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Appendix

There are two contributions to the residual Helmholtz function
(A™) in the GC-EoS model: the free volume (A”) and the attractive
(A% terms.

ATes — Afv +Aatt (A])

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

(A/RTYY = 3(2120/23)(Y — 1) + (xg/ag) ( ~Y+Y2 - In y)

+nlnY
(A2)
with:
y_(1_™s - (A3)
- 6V
and
NC
M= mdf (A4)
i

n; 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 d; the hard-sphere diameter per mol of species i.
The following generalized expression gives the temperature
dependence of the hard-sphere diameter:

d; = 1.065655 d{1 — 0.12 exp[ — 2T;/(3T)]} (A5)
where d.; and T are, respectively, the critical hard-sphere diameter
and critical temperature of component i. The value of d.; can be
determined from the critical properties:

dei = (0.08943RT,;/Py)'/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 T, and P, are unknown and vapor pressure data is un-
available) the d; 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]:

e 7 NC NG NG B NG
(A/RT)™ = 23" m > vig; > (6ugigmy /RTV) / > oy
i j k I
(A7)
with:
N NG
a=>_my vgq (A8)
i j
NC

0]' = (Cb/a) Z niv]'- (Ag)

i
Agjj = &ij — 8j (A11)

z being the coordination number (set equal to 10), v]l: the number
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of groups of type j in molecule i, g; the number of surface segments
assigned to group j, q the total number of surface segments, 6y the
surface fraction of group k, g the attractive energy between seg-
ments of groups i and j, and «;j the non-randomness parameter.
The attractive energy, gj;, is calculated from the energy between
like-group segments through the following combination rule:

1/2
8ij = ki (giigjj) (A12)
where the binary interaction parameter k;; is symmetrical (k;; = k;;).
Both, the attractive energy between like segments and the binary
interaction parameter are temperature-dependent:

8- 55(0+8(1/7 1) -5y n(1/1) )
kj = ki{1+KyIn[21 /(17 + 1) |} (A14)

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

i; g]’; g]fj and gy are pure-group energy parameters, and klf} and kgj are
binary group interaction parameters.
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