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Room temperature ionic liquids (ILs) are currently receiving much attention due to their
interesting physico-chemical properties: negligible vapor pressure, extremely wide range of
compositions (which allows the tuning of physical properties through design), etc. For these
reasons, ILs are being postulated as promising alternative solvents for a number of
technological applications in the context of green processes.

A careful characterization of them is needed prior they are put into final use for a
specific application; this includes knowledge of the relationship between the structure and the
properties. This knowledge can be obtained by experimental techniques, simulations and/or
theoretical approaches. A main advantage of a theory or equation of state versus the other
techniques is the speed in which these calculations are performed, provided they are accurate
enough to reproduce the experimental data. This work deals with developing accurate
molecular models for ILs and gases in the context of a molecular-based equation of state, the
soft-SAFT equation, searching for predictive tools for these systems.

Introduction

ILs are usually defined as organic salts that are liquid below 100°C with a set of
physico-chemical properties which make them suitable for several applications. These salts
are typically composed by an asymmetric organic cation like imidazolium, ammonium,
pyrrolidinium, pyridinium, etc, and an organic or inorganic anion such as chloride, bromide,
hexafluorophosphate, tetrafluoroborate, bis(trifluoromethylsulfonyl)imide and others. Since
they are salts, they tend to have extremely low vapor pressure (limiting their volatility), good
thermal stability, low melting point, high ionic conductivity and large electrochemical
window. The main feature of ILs is that their properties can be easily tailored by the selection
of the anion and the cation. The number of potential ILs that can be synthesized is huge and
their properties can be tuned according to the desired applications. For this reason, a good
understanding about the dependence of their physico-chemical properties on their
microscopic structure and theoretical predictive tools is desired in order to enhance the design
of new ILs for selected applications.

Their tunable and unique properties make them a good alternative to traditional
solvents used in synthesis and extraction, offering the possibility to develop new processes.
Specifically, understanding CO; solubility in ionic liquids has become an important issue for
several applications, like supercritical fluid extraction and gas separations [1], [2].

As a first step for the modeling work we have focused on three of the most studied
families of ILs found in literature. These ILs are the [C,-mim][BF4] , the [C,-mim][PF¢] and
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the [C,-mim][Tf,N] families. The approach we followed in this work is the following: first of
all, a molecular model for the ILs was developed and parameters fitted to available
experimental data (density versus temperature), providing a correlation of the molecular
parameters with the molecular weight of the ILs. Before fitting any binary data, molecular
parameters from the pure compounds were used to check if the model was able to capture the
behavior of the mixture. Then, a unique energy binary is used as a temperature independent
fitting parameter in order to obtain quantitative agreement with experimental data of mixtures.

The soft-SAFT EoS

SAFT equations are usually written in terms of the residual Helmholtz free energy.
Each term in the equation represents different microscopic contributions to the total free
energy of the fluid. The equation is written as:
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where a"™ is the residual Helmholtz free energy density of the system. The superscripts ref,
chain, assoc and polar refer to the contributions from the reference term, the formation of the
chain, the association, and the polar interactions, respectively, depending on the system under
study.

In the soft-SAFT EoS, [3], [4], [5] the reference term is a Lennard-Jones (LJ)
spherical fluid, which accounts both for the repulsive and attractive interactions of the
monomers forming the chain. As in previous works the accurate EoS of Johnson et al. [6] is
used here. For the case of mixtures the same equation is used by applying the van der Waals
one-fluid theory, with generalized Lorentz-Berthelot mixing rules:
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here n and & are the size and energy binary adjustable parameters, respectively. The equation
is used in a purely predictive manner from the pure component parameters when n and & are
equal to unity, while values different from unity mean the use of one or two binary
parameters, taking into account the differences in size and/or energy of the segments forming
the two compounds in the mixture.

The chain and association terms come from Wertheim’s theory [7]:
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here p is the molecular density, T is the temperature, m is the chain length, x; is the molar
fraction of component i, kp the Boltzmann constant and gy, is the radial distribution function



of a fluid of LJ spheres at density p, = mp, evaluated at the bond length 6. M; the number

of associating sites of component i, and X;* the mole fraction of molecules of component i non
bonded at site o, which accounts for the contributions of all the associating sites in each
specie.

The leading multipolar term for fluids of linear symmetrical molecules, like carbon
dioxide, nitrogen, acetylene, etc., is the quadrupole-quadrupole potential. An expansion of the
Helmholtz free energy density in terms of the perturbed quadrupole-quadrupole potential with
the Padé approximation was proposed by Stell et al. [8]:
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Expressions for a, and a3, the second and third-order perturbation terms, were
derived for an arbitrary intermolecular reference potential [9], [10] and involve the state
variables, molecular parameters, and the integral for the reference fluid. A detailed derivation
of these expressions is given elsewhere [11]. This new term in the soft-SAFT EoS involves an
additional molecular parameter, O, the quadrupolar moment.

The molecular model

In order to use soft-SAFT for a particular system, a molecular model of each
compound should be chosen. The carbon dioxide molecule was modeled as a LJ chain in
which explicit quadrupolar interactions were taken into account. In this case, the molecule
was represented by five molecular parameters: m, the chain length, o, the segment size, ¢, the
energy parameter of the segments making the chain and those related to the quadrupolar
interactions: the quadrupolar moment Q and x,, defined as the fraction of segments in the
chain that contain the quadrupole. The value for the quadrupole moment Q for this molecule
obtained from the fitting is in agreement with the ones present in literature [12], [13].
Regarding the molecular parameter x,, it was fixed to 1/3 for carbon dioxide, thus mimicking
the molecule as three segments with a quadrupole in one of them. Therefore, with x, and O
fixed, only the usual m, o and ¢ parameters need to be adjusted.

Based on results obtained from molecular dynamics simulations [14], [15], [16]
showing the ion pairing of these systems, we have modeled these ILs as LJ chains with one
associating site in each molecule [17]. This model mimics the neutral pairs (anion plus cation)
as a single chain molecule with this association site describing the specific interactions
because of the charges and the asymmetry.

Following a similar approach, a model for the [C,-mim][Tf,N] family of ILs have
been developed leading also a good agreement with the experimental results present in
literature.

Results



A needed step before applying the equation to mixtures is to obtain the molecular
parameters of the pure compounds. We have used the molecular parameters for CO, obtained
in a previous work [18]. Regarding the ILs, the chain length, size and energy parameters were
obtained by fitting to available density-temperature data. In order to keep the minimum
number of fitted parameters, we have decided, as a first approximation, to use the association
parameters previously used for the alkanols, thus avoiding further fitting.

[C,-mim][Tf2N]
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Following previous works [19], we were able to correlate the molecular parameters
of the ILs with their molecular weight. These correlations enable the equation with predictive
power, as they provide the possibility to predict the behavior of heavier members of the
series, not included in the fitting procedure. This is particularly useful for the case of ILs, as it
has been demonstrated than the toxicity of the ILs increases as the alkyl chain length
increases, making experimental measurements more dangerous [20].

Mixtures: solubility of CO; in ionic liquids

We present and discuss here calculations performed with the aforementioned models
within the soft-SAFT approach as applied to those families of ILs with CO,, compared with
available experimental data.

We first studied the mixture [C,-mim][BF4] + CO; at low pressures at four different
temperatures, between T=283K and T=348K. Figure 2a depicts the solubility isotherms
obtained for these mixtures as compared to available experimental data [21]. Soft-SAFT
calculations presented here were done with pure component parameters, and hence they are
pure predictions. It is striking to see the accuracy of these calculations as compared to the
experimental data, indicating that the simple model presented in the previous section is able to
capture the solubility of these mixtures in quantitative agreement with experimental data.

Within the same family, predictive results for [C,-mim][BF4] + CO,, [C,-mim][BF4]
+ CO; and [Cs-mim][BF4] + CO, mixtures at high pressures are obtained within that model.
The model is able to capture the sharp increase in pressure at a given CO, composition,
without any fitting. However, quantitative predictions with experimental data are not obtained
in this case. Soft-SAFT is able to quantitatively reproduce the behavior of these mixtures at
high pressures with a single temperature independent binary parameter £=0.985 (very close to
unity) for all members of the family.
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Figure 2. @) Solubility of CO, in the [C,-mim][BF,4] at four different temperatures: T=283K
(circles), T=298K (squares), T=323K (diamonds) and T=348K (triangles). Solid lines are
predictions with soft-SAFT model without fitting. b) Solubility of CO; in the [C,-mim][PF]
at low pressures. Symbols as in figure la. In that case, the use of a binary parameter
independent of temperature is needed to fit the experimental data (£=0.970).

As in the previous case, the same methodology was applied to the systems [C,-
mim|[PF¢] + CO; and [C,-mim][Tf;N]. Soft-SAFT results concerning CO, solubility
isotherms in [C,-mim][PF¢] up to 2MPa and at four different temperatures are shown in
Figure 2b. Contrary to what happens to the [C,~-mim][BF4] family, the solubility of CO,
estimated from the pure compounds parameters at low pressures is overestimated, as well as
the solubility isotherms at high pressures. Again, these deviations respect to the experimental
data [22], [23], [24] were corrected by using a single binary parameter (§=0.970 in this case)
for all isotherms and for all compounds of the family, showing excellent agreement with
experimental data.

Finally, taken advantage of the fact that the parameters of the equation are
independent of the thermodynamic conditions we present a comparison of the solubility of
CO; in the three families at the same conditions, for the same cation. As shown in Figure 3
the solubility increase is [BF4]<[PF¢]<[Tf;N].
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We have shown the capability of soft-SAFT to reproduce the solubility of CO; in
different families of ILs in a wide range of temperatures and pressures with a simple model
for the IL. The key of the model is to mimic the strong pair interaction between the anion and
the cation as a specific associating site in an end of the LJ chain which represents the IL. Only
five parameters were needed to model the ILs. The model was able to capture the sharp rise in
pressure as the solubility of CO, increases from pure component parameters, without the need
of any specific assumption regarding the interaction of the ILs with CO,. Further more, the
equation can be used for comparative purposes of different compounds, searching for trends
within different families.
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