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ABSTRACT

The development of efficient CO> separation techniques from post-combustion flue gases is a key area of
research to green-house gas control. However, COz capture is typically affected by the presence of other
acid impurities, such as traces of SO.. In that sense, this work assesses CO2 separation from a CO2/SO2
mixture with a set of phosphonium-based ILs. Two different modeling tools, soft-SAFT and COSMO-RS,
have been used cooperatively to study the CO2 gas separation on ILs. From one side, the soft-SAFT
equation of state, which has been employed for the first time in this family of ILs, has been used to
effectively reproduce the absorption properties of these promising CO> absorbents in a wide range of
pressures/temperatures. Additionally, COSMO-RS, employed to evaluate the charge distribution so as to
develop representative models for soft-SAFT, has been capable of reproducing the low-pressure absorption
region in a purely predictive way. In both cases, the enthalpy and entropy of dissolution and the selectivity
of the mixtures are predicted. Also, several ternary diagrams have been built to analyze different acid gas
compositions.

1. INTRODUCTION

Tonic liquids (ILs) are salts that remain liquid at a temperature below 100 °C. In general, ILs present good physicochemical
properties for industrial applications such as: low vapor pressure, high stability (i.e., both chemical and physical), low
corrosivity and non-flammability [1-3]. They are formed by a cation/anion pair and any member can be exchanged to
modify the properties of the fluid. This high tunability makes ILs a very interesting set of compounds to develop many
specific tasks. Among others, several studies were devoted in the recent years to find optimal cation/anion pairs for carbon
dioxide (COz) capture and separation for industrial applications [4—8], such as the flue gas of post-combustion processes.
These processes usually generate by-products (e.g., sulfur dioxide, SO.) that can affect the selectivity of the CO2 separation
technologies [9]. Specifically, SO tends to prevent regeneration of COz capture solvents or solid microporous materials

[9]. In this regard, the use of technologies than can be regenerated under the presence of SOz is mandatory.

To find the best cation/anion pair for this specific task, it is helpful to employ computational modeling to predict the
physicochemical properties of IL/gas mixtures in a large range of pressures and temperatures, which can overcome the
costs and difficulties of experimental measurements in these kinds of systems. Molecular-based equations of state (EoS)
such as the Statistical Associating Fluid Theory (SAFT) [10,11], and more specifically the soft-SAFT version [12], has
been able to successfully describe the phase equilibria of different ILs with several gas molecules. Specifically, in the last
years, the soft-SAFT EoS was used to study gas absorption in a wide variety of anions (e.g., [BF4], [NTf2], [DCAT, [SCNT
, [Ac], [MeSO4]") combined with imidazolium [13—15] and pyridinium [16,17] cations. Finally, CO2 and SOz absorption
have also been recently studied with tetraalkylammonium and choline chloride salts in deep eutectic solvents with COz and

SO, [18-20].

SAFT-based EoS success in the previous examples is not only due to an accurate fitting of thermophysical properties of
ILs, but also due to the coarse-grained molecular model used in the equation, which gives physical meaning to the
adjustable parameters of the EoS and allows further predictions when no data are available. The equation accounts for the
shape of the molecules, general dispersive interactions (i.e., which also depend on the molecular shape) and finally,
directional hydrogen bonding and/or polar interactions. The physical meaning of these parameters even allows, in some
situations, to transfer some of them from similar systems to reduce the number of parameters needed in the fitting of the

EoS.



An alternative tool to SAFT-based EoSs is COSMO-RS [21,22]. The method obtains the activity coefficients of different
species based on quantum chemical calculations combined with statistical thermodynamics, which means that it does not
need any previous experimental data for fitting. This feature turns COSMO-RS into a purely predictive method ideal for
liquid solvent screening, such as ILs. In fact, this technique was previously applied to many liquid-liquid equilibrium (LLE)
and vapor-liquid equilibrium (VLE) systems with good predictive results [23-25], specially reproducing Henry’s

coefficients.

In this work, the capability of the phosphonium cation-based ILs for gas absorption and separation will be explored using
both tools, soft-SAFT and COSMO-RS in a complementary manner. Currently, phosphonium-based ILs have been
characterized using different equations of state by several authors, although they have never been modeled with soft-SAFT.
Specifically, Mozaffari et al. [26,27] used a modified version of the Song-Mason EoS, while Ferreira et al. [28] employed
three different equations for the same purpose (i.e., the Goharshadi—-Morsali-Abbaspour and the Sanchez—Lacombe EoSs
to reproduce experimental densities and the Vogel-Fulcher-Tammann correlation for the viscosities). Similarly, Tomé et
al. [29] measured IL densities and then they fitted their data to a Sanchez-Lacombe model and to a modified cell model
EoS. Hosseini et al.,[30] used a perturbed hard-sphere EoS to predict volumetric properties of these ILs and their mixtures.
And finally, COSMO-RS was employed by Banerjee et al. [31] to model [Ps¢,,14][Br], [BF4] and [NTf:]. In addition to
these contributions, other groups specifically modeled gas absorption in phosphonium based ILs. Carvalho et al. [32] used
a Peng-Robinson EoS to evaluate the COz absorption capacity of [Pe ,6,14][Cl] and [NTf2]. Similarly, Manic et al.,[33] fitted
a Peng-Robinson and the Cubic-Plus-Association EoS to model COz solubility in the same ILs. Ramdin et al.,[34] also
used the Peng-Robinson EoS, but to evaluate the absorption capability of [Pee,,14][Br], [DCA] and [PO4]. In a different
approach, Camper et al. [35] and Scovazzo et al. [36] measured the solubility of CO: in several ILs (i.e., including
[Ps.6.6,14][C1]) and modeled their results with regular solution theory. Finally, the version of PC-SAFT was used by Canales
et al. [37] to model gas solubility in toluene + [P222,8][NTf2].

In particular, three different phosphonium-based ILs are modeled in this work (i.e., formed by the
trihexyl(tetradecyl)phosphonium  cation [Psss,14]" and three different anions: the chlorine [Cl], the
bis(trifluorosulfonyl)imide [NTf2]" and the dicyanamide [DCAY"). Since these ILs are modeled for the first time using soft-
SAFT EoS, COSMO-RS is used a complementary tool to obtain the best molecular parameters for the model. Also, the
solubility of CO2 and SO will be analyzed with both methods, as well as the selectivity of CO2 vs SOz in the three ILs.
Additionally, a comparison of both methods in predicting the absorption isotherms, Henry’s coefficients, enthalpies and
entropies of absorption is performed. To that end, the work is organized as follows: (1) The molecular soft-SAFT models
and further parametrizations are proposed based on COSMO-RS information and previous results found for other cations
and are validated comparing with the available experimental data; (2) pure ILs thermophysical data is obtained with soft-
SAFT EoS; (3) binary absorption isotherms of CO2 and SOz are calculated with soft-SAFT and COSMO-RS along with
the Henry’s coefficients, selectivities from Henry’s coefficients and enthalpies and entropies of absorption; and (4) ternary
absorption diagrams (i.e., IL + CO2 + SOz) are predicted with soft-SAFT EoS to determine gas selectivity including the

effect of pressure and gas competition towards the different ILs.



2. THEORY

SAFT is a molecular-based equation of state rooted in statistical mechanics concepts, proposed by Chapman et al. [10,11],
and based on the thermodynamic perturbation theory of Wertheim et al.[38—41] SAFT theory has become a very valuable
tool because it is capable to describe the thermodynamic properties of complex fluids and its mixtures with highly
directional interactions, such as hydrogen bonds. Due to its success, many versions from the original SAFT equation have
been developed (e.g., soft-SAFT [12,42], PC-SAFT [43], SAFT-VR [44] or SAFT-y [45], among others). In this work, we
have used the soft-SAFT EoS, which modifies the reference term of the original SAFT theory by a Lennard-Jones (LJ)
dispersion term. The soft-SAFT equation has already been proved to successfully reproduce the thermophysical properties
and gas capture capabilities of many ILs [14,16,17,46], even if coarse-grained models are used. In this approach, the EoS
of a fluid is modeled by a chain of homonuclear segments with the possibility of having association sites. It is typically

written in terms of the different microscopic contributions to the molar Helmholtz free energies according to Eq. (1),
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where A4 js the ideal gas Helmholtz function. The A"/ term includes the intermolecular attractive and repulsive
contributions to the energy between each pair of segments using a spherical LJ potential. The term A*%" arises from the
presence of covalent bonds between the different segments, forming chains. A**°¢ gives the contribution to the free energy
according to the statistical association of the different segments through some defined association sites. Finally, AP°!4"

accounts for the polar interactions between different segments.

The LJ reference term for pure fluids includes two adjustable molecular parameters: the segment diameter (o;;) and the
dispersive energy (g;;/kg) between two segments (i.e., the subscript i refers to the fluid species). This contribution is
calculated using the Johnson et al. equation fitted to LJ monomers simulation data [47]. If soft-SAFT is extended to
mixtures, the van der Waals one-fluid theory is applied with the modified Lorentz-Berthelot mixing rules (Eq. (2) and Eq.
(3)). Here, n;; and &;; (i.e., i and j are different species) are the size and energy binary parameters, respectively. If both
values are equal to one, the original Lorentz-Berthelot mixing rules are recovered, and the LJ reference term for mixtures
is calculated without any additional fitting.

0;; + 0;;
Oy = Nyj (%) ()

&j = Sijy/ €t " &) 3)
The chain and association terms come from Wertheim’s theory and are formally equivalent in the different versions of
SAFT. The former term (Eq. (4)) depends on the radial distribution function (giLj] ) of the fluid and the chain length

adjustable parameter for each component in the mixture (m;). On the other hand, the latter term (Eq. (5)) depends on the
total number of association sites of each component (M;), and the fraction of molecules not bonded to the site & (X,). Both

expressions are indistinctly used for pure fluids and mixtures, where each component has a molar fraction of x;.

Achain

Nk,T

x(1—m)Ing; (4)

l



AaSSOC Xa’i Ml
NkgT Z Xi Z (ln Xai = T) T ®)
L a

To calculate X, ; in Eq. (5) one needs to adjust two parameters for each association interaction: the site-site bonding-
volume of association KaB ;i and the site-site association energy eaﬁ ;i- These parameters are related to X, ; through a
mass action balance (see Eq. (6) and Eq. (7)).

1
X . =
L+ p X X Xy X Bapij

(6)
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a and £ in Egs. (6) and (7) refer to different association bonding sites, and p is the total density. The cross-association
interaction for the site-bonding volume of association and site-site association energy can be obtained by means of the
common Lorentz-Berthelot mixing rules, without the addition of binary parameters. However, it must be noted that, as the

site-bonding volume of association is a volumetric magnitude (K(Zgi J (A3)) , the arithmetic mixing rules are performed

taking the cubic root of K, ﬁ ;; and K28 «p,jj» averaging them, and then cubing to revert back to volume.
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The polar term accounts for the quadrupolar interactions of linear symmetrical molecules (e.g., CO2, N2, etc.), and it is
calculated from the extension of the theory of Gubbins and Twu [48] to chain fluids from Jog et al. [49]. This term includes
the quadrupole moment of the molecule (Q) as a new parameter to the model. Additionally, Jog’s theory assumes that the
polar moments are localized upon certain segments of the chain and so it defines x,,, which is the fraction of segments in

a chain that contains the quadrupole.

With the previous formalism, one can build a model within the soft-SAFT environment. If all the adjustable parameters
are correctly fitted to reliable and extensive experimental VLE data, providing a set of values with physical sense according
to the features of the molecule, thermophysical properties of mixture fluids can be predicted. To ensure the validity of the
parameters it is interesting to test them against derivative properties, which provide a stringent test for any EoS [50,51]. In
this work, the isothermal compressibility (i.e., variation of the fluid density, p, with pressure, P, according to Eq. (10)),
and the thermal expansion coefficient (i.e., variation of the fluid density, p, with temperature, 7, according to Eq. (11)) are

predicted with soft-SAFT EoS.
1.0 Jd1In
k=555, = (5%) 10
p\dP/; daP Jr
ap dlnp
= "<aT> ( aT >P an

Finally, the surface tension of these systems is calculated applying the density gradient theory (DGT) [52—54] coupled to

the soft-SAFT EoS. This theory obtains the Helmholtz energy of an inhomogeneous fluid from the calculation of the



Helmholtz energy density a,(p) at local composition and a corrective term coming from a Taylor expansion around the
local ao. This corrective term depends on the local density of component i and the so-called influence parameter (c;;).
Using this approach, assuming a planar interface perpendicular to the z-direction and neglecting the temperature

dependence in c;;, the surface tension can be written as a function of the equilibrium pressure and chemical potential of

JE

the system:
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As a complementary predicting tool, we have used the conductor-like screening model for realistic solvents implemented
in ADF (ADF/COSMO-RS) [55,56] to obtain the absorption isotherms, which can be compared with the results obtained
with soft-SAFT and the previous equations. COSMO-RS has recently become a very interesting tool because is capable of
estimating chemical potentials almost solely from molecular geometries and Density Functional Theory (DFT) data [S57—
62]. This ability, in principle, permits COSMO-RS to be used in screening to find the best cation/anion combination for a
specific task without needing previous experimental information. We refer the reader to the original articles of COSMO-
RS [21,22] for a more complete explanation of its theoretical background. Otherwise, we will detail a few of the main ideas

behind COSMO-RS and the main equations used to obtain equilibrium properties from DFT data.

In the COSMO scheme, the first step is to perform DFT calculations to optimize the geometry of a molecule in a continuum
solvent that resembles a perfect/ideal conductor. During the optimization, the conductor affects the electronic density of
the molecule as well as the electronic density of the molecule affects the conductor. In this process, COSMO builds a cavity
around the molecule and calculates the screening charge density (o) at the surface of the cavity. The value of —o coincides
with the molecular charge density, so positive o implies negative charge densities and vice versa. Then, COSMO-RS treats
the screening charge density at the surface of the cavity and splits it onto segments distributed along this surface. At this
step, the distribution of segments with a screening charge of o can be plotted. This property is known as the o-profile and

can be connected to the chemical potential of a segment, with surface charge density o, through Eq. (13).

_Eint(‘fﬂ’)—#s(gl)
us(o) = —kBTlnjps(a)e kpT do’ (13)
This equation depends on the sigma-profile and on an interaction energy that is parameterized with a general set of
parameters already fitted by Klamt et al. [63] to reproduce free energies of hydration, partition coefficients and vapor
pressures of several molecules. These parameters are: i) a.rf, the effective contact area between two segments, ii) &', the
interaction parameter, iii) ¢y, the hydrogen bond strength, iv) gy, the distance threshold to form hydrogen bonds and v)
Tyaw» an element specific parameter to account for the van der Waals interactions, and are all compiled in the interaction
energy between two different segments (E;,,; (0, 6")). As previously stated, these are general parameters and do not need
to be parameterized specifically for each system. The chemical potential of a solute (x) in a solvent (S) can be obtained

integrating p5(0) along o and considering the combinatorial term pi7 ¢, as it can be seen in Eq. (14).

W= ko f P*(0) s (0)do (14)

From the chemical potential obtained through Eq. (14), any other phase equilibrium property of a solute-solvent mixture
can be calculated (e.g., absorption isotherms). In addition to solubility predictions, the qualitative information of the o-

profiles was used to build realistic coarse-grained models for the ILs modeled with soft-SAFT EoS.



Finally, the Clausius-Clapeyron expression [64] is used to obtain the enthalpy (Eq. (15)) and entropy (Eq. (16)) of
dissolution of the mixtures using the data obtained from soft-SAFT and COSMO-RS. Henry’s coefficients are calculated

from the slope of the absorption isotherm at very low pressures.

AHge = R[ARE
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3. MOLECULAR MODELS

The accurate description of thermophysical properties with soft-SAFT EoS depends on the correct selection of a reliable
coarse-grained model. In this work, we have modeled three compounds of the trihexyl(tetradecyl)phosphonium family:
[Ps.6.6,14][Cl], [Pe,6,6,14][NTf2] and [Pe 6,6,14][DCA]. All these compounds have a large cation with a long aliphatic chain (Ci4)
and three shorter aliphatic chains (Cs), all connected to a central phosphonium cation interacting with a small anion. For
simplicity, we have represented all tetralkylphosphonium ILs with a single non-ramified bead chain with the necessary
association sites to reproduce the appropriate polar interactions. This approximation was successfully used in a previous

work with tetraalkylammonium ILs [18].

A dual associative site, representing the cation/anion pair, has been considered in the three ILs, in consistency with previous
soft-SAFT models [65]. This site can interact either with positively charged or negatively charged associative sites due to
its dual nature. Additional sites were added according to the information obtained from the COSMO-RS o-profiles, based
on the charge distribution along the molecule. These profiles allow locating the molecular regions with high electrostatic
potential. Then, these regions can be assumed to work as associative sites in the soft-SAFT modeling. Fig. 1a shows the
COSMO-RS optimized structures of the [Pee.6,14]" cation and the three anions, and Fig. 1b contains the abovementioned o-
profiles. From the whole figure it is worth noting that the cation has a spherically localized charge around the P atom,
similarly to [CI]". The dual site for [Pe,,,14][Cl] has been modeled as the P-Cl associative interaction. The o-profiles do
not show any extra charged regions, so no additional sites have been added to these species. [NTf2]" and [DCA] are both
symmetrical ions with a negative charge delocalized between the central N atom and two electronegative adjacent groups
(i.e., SOz for [NTf2]" and CN for [DCAYJ). Aside from the dual interaction represented by the cation-anion associative
interaction, two additional sites are included to represent the groups where the negative charge is delocalized. To forbid
associative interactions between the two negatively charged regions, these sites have been modeled to interact only with

positive or dual sites but not with other negative charges.
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Fig. 1. (a) Electrostatic potential distribution for the [Ps,,6,14]" cation with a single positively charged region (blue). The
[CI] anion shows a single negatively charged region (red). [NTf:]" and [DCA] show very similar electrostatic pattern,
with a weak negative region in the central atom and two negatively charged groups symmetrically distributed around
the central N. (b) a-profiles of all species modeled in this work.

To reduce the number of adjustable parameters we have performed DFT calculations to determine a reasonable value for
the strength (45 ;;/kg) and volume (K;5;;) of the associative interactions. To that end, we have calculated the relative
cation-anion interaction energies and equilibrium distances for the three [Pess,6,14][X] ILs, as well as those of other

compounds previously modeled and validated with soft-SAFT EoS [14,19,46]. Then, the different values of 255_ ij/kp and

K;’Ei ; of these compounds have been scaled to obtain the [Ps.6.14][X] parameters. The scaling was done according to the
calculated relative difference of cation-anion DFT interaction energies and equilibrium distances. Both, the dual-site and
the negatively charged sites were assumed to have the same parameters because the electronic density is delocalized along
all the sites. For more details about the DFT calculations, the reader is referred to Section S1 of the Supplementary
Information. The rest of the soft-SAFT adjustable parameters (i.e., m, g, €/kg) were fitted to experimental densities at
different P and T conditions. To ensure that the proposed models for the different ILs and the fitted soft-SAFT parameters
are able to capture the physics behind all the different interactions, we have compared liquid phase densities, isobaric

compressibilities (x), thermal expansion coefficients () and vapor-liquid surface tensions (y), with their experimental

counterparts at different pressures and temperatures based on the available experimental data in the bibliography.

The molecular model and parameters for CO2 and SOz were obtained from previous works [66,67]. CO2 does not bear any
associative site, but its quadrupole is considered with an x,, = 1/3. On the other hand, the dipole of SO2 is modeled with
two associative sites representing the partially positively and partially negatively charged regions of the molecule.
Moreover, any associative site of SOz can interact with the dual sites of all ILs, whereas the negative site of ILs can only

interact with the positive site of SOa.

4. RESULTS AND DISCUSSION

4.1 Soft-SAFT parameter fitting and pure IL thermophysical data: Providing that ILs have a very low vapor pressure,

the adjustable parameters of soft-SAFT EoS were fitted to single-phase liquid density data in a wide range of temperatures

and pressures (i.e., T =303 K —333 K, and P = 0.2 MPa — 65 MPa). This is the common approach followed in previous



contributions when dealing with ILs [13-20,46,67—69]. Measured densities (p) for the fitting of the ILs with [CI] and
[NTf2]" were obtained from the work of Esperanca et al.[70] and the data for the IL with [DCA] were taken from Tomé et
al.[29] The fitted parameters for all the species used in this work are compiled in Table 1. A comparison of the chain length
(m) for all studied members of the family reveals that the order of values agrees with the order of molecular volumes
[NTF2] > [DCA] > [CI]. On the other hand, the anion had no significant effect to the segment diameter (o), so they were
fixed at a constant value of 4.323 A. Finally, the dispersive energies are very similar among the three ILs ranged as [CI] >
[DCAT > [NTF2]. These results show that the cation is dominant in determining the segment diameter and dispersive
energy soft-SAFT parameters due to its structure and presence of long aliphatic chains, whereas the anions have more
impact on the chain length and association schemes. On the other hand, if the non-associative values fitted here (i.e., m, o
and &/kg) are compared with other parameters obtained in previous works for other ILs [14,16—-18,46], results that m is
significantly larger, o is slightly larger and &/kj is slightly lower. m is larger because of the significant difference in the
molecular weight (i.e., from 519 g/mol for [CI] to 764 g/mol for [NTf2]") and the chain length (i.e., a ramified Ci4 chain)
of this family of compounds in contrast to other ILs (e.g., 200-400 g/mol for imidazolium-based and pyridinium-based
ILs). The effect of [Pee6,14]" ramification was captured with an increase of the chain-segment molecular diameter (o). This
feature was also seen in the previously mentioned tetraalkylammonium salts work [19]. Finally, €/kg is lower because, as

mentioned, the cation has very long aliphatic chains that can only interact weakly with other species.

With respect the associative schemes, two types of sites have been considered: the dual site, which can interact with any
site, and the negative sites, which are located in some anions. The associative pattern allows only dual-dual, dual-negative,

dual-positive and negative-positive associative interactions, and their parameters can be found in Table 1.

Table 1
Soft-SAFT molecular parameters for ILs and gases used in this work. ILs parameters were obtained from fitting to
experimental single-phase density data, while gas molecules were taken from previous contributions [66,67].

o &ii/kg sg;;,ij/ kg Kg;'?,z,- Qexp N of
m Ci]'

A) (K) (K) (A% (C/m?)  sites®
[Ps.6,6,14][Cl] 11.231 4.323 386.25 3500 2000 - 1+0 8.998E-18
[Ps.6,6,14][NTf2] 13.773 4.323 369.39 3300 2700 - 1+2 1.275E-17
[Ps,6.6,14][DCA] 11.836 4.323 379.86 3600 3000 - 1+2 1.000E-17
CO2 1.571 3.184 160.2 - - 4 4e-40@ - -
SOz 2.444 2.861 228.3 1130 601 - 2 -

! the number of sites for ILs is separated into dual sites + negative sites. For example [NTf2] is modeled with three sites,
one of them is dual and the other two are negative (1+2). On the other hand, [CI] is modeled only with a dual site,
without negative sites (1+0).

2 xplcoz = 1/3

After fitting the parameters for all the compounds, their validity against four pure IL properties have been tested: i) density,
ii) isothermal compressibility, iii) thermal expansion coefficient and iv) surface tension. The results for these comparisons

are plotted in Fig. 2, Fig. 3 and Fig. 4, respectively. The density at different pressures and temperatures for the three ILs is



accurately reproduced with soft-SAFT EoS. The average absolute deviation (AAD%) in all the reproduced densities was
less than 0.05%. For some few cases, as no data were available at the shown range of pressures and temperatures, the

values were predicted with soft-SAFT.

Isothermal compressibilities (k;) at temperatures between 303 K and 333 K show a reasonably good agreement with the
experimental information for all the ILs studied in this work [29,70]. Specifically, soft-SAFT EoS predicts very similar
isothermal compressibilities for the three ILs, being [Ps ,6,14][NTf2] the one with higher values of k followed by [CI]  and
[DCAT, respectively. This result is in qualitative agreement with the experimental data reported [29,70], which follows the
same trend for this family of ILs. On the other hand, soft-SAFT EoS predicts low temperature dependencies on the ap
values for all the studied ILs. [Ps,,14][NTf2] is the species with the highest a, values according to soft-SAFT followed by
the other two ILs (i.e., [Cl] > [DCAJ). The values of the latter ILs show very good agreement with the temperature
independent experimental values reported by Esperanga et al.,[70] and Tomé et al.,[29] for [Pse.s,14][Cl] and [DCA],
respectively. On the other hand, ap values obtained for [Psee,14][NTf2] exhibit a higher deviation with respect the
experimental data of Esperanca et al.[70] In this case, soft-SAFT EoS is only capturing a ap value larger than the other
ILs, which is in agreement with the experimental information, but not its temperature dependent behavior. Additionally,
higher values of @, are predicted at higher temperatures, whereas the experimental trend is the opposite. This behavior was
also seen in previous modeling works with soft-SAFT EoS with associative fluids, where the temperature dependence in
the ap shows an inversion point [71]. This inversion is very sensitive to the chosen molecular parameters and normally, it
can only be qualitatively represented, as shown by Crespo et al.[71]. Finally, the influence parameter (¢;;) of the DGT (Eq.
(12)) was fitted and the results were compared to the experimental values of Kilaru et al.[72] The experimental surface
tension values lie close to each other around 33-35 mN/m and decrease with temperature. The soft-SAFT + DGT provides
good agreement in all cases. Even though the slope of the calculated surface tension is slightly lower than the trend observed
in the experimental work, the adequate pattern is captured. In summary, the overall description is good for all properties,

validating the coarse-grained model proposed for all ILs.
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Fig. 2. soft-SAFT predicted density (lines) at different pressures and temperatures compared to experimental data (dots)

[29,70].

! Regarding the isobars for [C1]~ and [NTF:]", the black and blue dots correspond to reported experimental values at 0.2
and 7.5 MPa respectively. However, in the case of [DCA] the exact points were not reported, so the black and blue
isobars correspond to the closest reported values (i.e., 0.1 and 5 MPa, respectively).
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Fig. 3. Predicted isothermal compressibility (k;) and thermal expansion coefficient (ap) of the three pure ILs at
different pressures and temperatures (lines), showing a reasonable agreement with experimental data (dots) [29,70].
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Fig. 4. Soft-SAFT predicted (lines) surface tension of [Cl]", [NTf2] and [DCA]" at different temperatures in comparison
with experimental data (dots) from Kilaru et al [72].

4.2 Gas absorption in ILs with soft-SAFT EoS and COSMO-RS: After the definition of the pure ILs molecular models

and the characterization of some of their basic thermodynamic properties, this section is focused on the analysis of CO2
and SO absorption in the three studied ILs for application in carbon capture and gas separation. To improve the
representability of the results and obtain more insight on these systems, two different methods were employed to determine
the absorption isotherms: (i) soft-SAFT EoS, whose energy binary parameter, & was fitted to reproduce properties of I1Ls
from moderate to high pressures (i.e., 0.2 MPa — 65 MPa), and (ii)) COSMO-RS, which uses a general purpose set of
parameters, the geometry and electron density of the molecules (i.e., that can be calculated from a DFT calculation) as
input for phase equilibria calculations. The former requires experimental data, not only to fit and validate pure IL
parameters, but also to adjust the gas/IL energy binary interaction parameter in equation (3), whereas the latter uses as

input the screening charge density obtained via a DFT calculation and a set of pre-adjusted parameters.

Experimental data of COz absorbed onto [Pse,,14][Cl] and [NTf2] from Ramdin et. al. [34] and [Pss,,14][DCA] from
Carvalho et al. [32] were available to fit the soft-SAFT gas/IL binary parameters. Typically, an intermediate isotherm is
used to fit the binary parameter and the value is transferred to other temperatures. In this work, the gas/IL binary interaction
parameter (;;) for COz in [Pse.6.14][Cl], [NTf2] and [DCA] is fitted to 0.940, 0.932 and 0.917, respectively, to reproduce
the experimental information. These three values are comparable to other similar ILs already modeled by the soft-SAFT
EoS (Ojeda et al.,[18] who used a §;; = 0.947 value for tetrabutylammonium chloride, or Pereira et al.,[14] who fitted a
value of §;; = 0.972 for [Csmim][NTf2]). In any case, values lower than unity mean that the Lorentz rule would slightly

overestimate the gas/IL interactions and the solubility of COs.

SO2/IL binary interaction parameters are also required to study SO absorption in phosphonium based ILs, but the
experimental information in this kind of systems is scarce due to the high affinity of SOz for associative solvents. For this

reason, binary interaction parameters for the three ILs had to be derived from similar systems. Specifically, Ojeda et al.
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[18] studied the absorption of CO2 and SO in tetraalkylammonium based ILs and proposed values of &;; = 0.947 and &;;
= 0.880 for both gases, respectively. Then, the relationship between the two &;; values is supposed to be similar in both
tetraalkylammonium and tetralkylphosphonium ILs due to their similar geometry and electrostatic interactions, as seen in
the previous DFT calculations. To that end, the SO2/IL binary parameters were approximated through rescaling the CO/IL
values in [Pe,6,6,14][X] by the same scaling factor than in tetraalkylammonium ILs. Finally, binary interaction parameters
between CO2 and SOz to calculate solubility in ternary mixtures were obtained from Llovell et al. [17]. All these parameters

are compiled in Table 2.

Table 2
All gas/IL binary interaction parameters used in this work for Eq. (3).
i $ico, $iso,
[Ps,6,6,14][Cl] 0.940 0.873
[Ps,6,6,14][NT12] 0.932 0.866
[Ps.6.6,14][DCA] 0.917 0.852
CO2 - 1.065
SOz 1.065 -

The absorption isotherms from 303K to 363K for CO2, with both soft-SAFT and COSMO-RS are drawn in Fig. 5.
According to soft-SAFT EoS, higher absorption uptakes are achieved with [Pe6,14][NTf2] at high pressures, followed by
[CI] and [DCA]. These results agree with the common trend observed among other ILs that propose [NTf2]" as a good
anion for CO. absorption [73]. Additionally, soft-SAFT is capable of reproducing the overall shape of the available IL
experimental absorption isotherms in a long range of pressures and temperatures with a single temperature independent
binary interaction parameter. On the other hand, the isotherms predicted with COSMO-RS are all very similar among each
other, regardless of the IL modeled. COSMO-RS seems to significantly overestimate the high-pressure CO: solubility and
saturation points in all ILs according to experimental data, except for [Pse6,14][NTf2], whereas soft-SAFT gives a better

representation of these magnitudes.

Fig. 5 also contains a magnification of the low-pressure/composition region of the isotherms at the top left of each plot. In
this region, one can see that soft-SAFT EoS is not capturing the temperature dependence of the isotherm in all cases. In
this work, soft-SAFT EoS was fitted to reproduce the properties of ILs in a relatively large range of pressures and
temperatures, so it is capable to capture the overall shape of the isotherms at a cost of a poorer description of the low-
pressure range. On the other hand, COSMO-RS is better capturing the shape and temperature dependence of this region
only slightly underestimating the absorption isotherms. Obviously, soft-SAFT could be fitted to reproduce low-pressure
absorption isotherms and outperform COSMO-RS, but the latter is able to reasonably capture the gas/IL solubility without
needing to fit any system specific parameter (i.e., it only needs the sigma profile from a DFT calculation, and the general

purpose fitted parameters already included in the model).

The absorption of SOz is also analyzed in Fig. 6. Both methods predict a high SO: solubility in all ILs. Soft-SAFT EoS
predicts the highest SOz absorption with [Pss6,14][NTf2] and [Cl], whereas [Pee6,14][DCA] exhibits the lowest affinity
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among these species. On the other hand, COSMO-RS results suggest that SO interacts more strongly with [Pe¢,6,14][Cl]
and [DCA] than [Psee,14][NTf2]. Again, COSMO-RS is predicting larger CO2 and SO: high-pressure solubility and
saturation points than soft-SAFT EoS. It is important to remark that, in both cases, the information given in Fig. 6 has been

derived in an entirely predictive way due to the lack of experimental information.

Table 3

COy/IL and SO2/IL Henry’s coefficients along with the SO selectivity towards COz in the three studied ILs. Experimental
values at 303 K have an experimental error of + 0.2 MPa, + 0.8 MPa and + 0.4 MPa for [Ps,,,14][Cl], [NTf2] and [DCA],
respectively.

H{g /| MPa H¢o, / MPa Hso, / MPa 550,/c0,
303K 33K 333K 363K 303K 333K 363K 303K 333K 363K

= [PossnlCl 3.04[35] 271 381 536 010 025 049 271 152 109
5 [PeesulNTR]  3.34[74] 206 308 417 008 021 042 258 147 99
S [Peceu][DCA]  297[74] 273 411 553 012 030 059 228 137 94
©  [PescullCll 3.04[35] 254 405 644 000 020 035 254 203 184
g [Pooeia[NTH]  3.34[74] 281 441 695 017 037 062 165 119 112
§ [Pocoi[DCA]  297[74] 278 442 630 012 027 048 232 164 13

From the slope of the absorption isotherms at x, P — 0 the Henry’s coefficients of CO2 and SOz have been calculated in
the three ILs. As far as the absorption results have shown a higher capacity to absorb SO», the selectivity of these ILs
towards SO2 with respect COz can be calculated from the ratio of Henry’s coefficients (i.., Sso,/c0, = Hco,/Hso,)- This
selectivity does not consider the effect of competition among species when calculated from the binary system, but it is a
good approximation to determine gas/IL affinity. The results of Henry’s coefficients and selectivity calculated with both,
soft-SAFT EoS and COSMO-RS are listed in Table 3. In general, all ILs exhibit larger Henry’s coefficients (i.e., lower
affinity) for COz than for SO2, which is related to a significantly bad IL selectivity for COz related to SOz (i.e., and a high
selectivity for SOz with respect COz). This result shows that the three ILs studied would be easily saturated by SOz,
capturing only a small portion of COx. For this reason, if a mixed flue gas containing both gases is treated with any of the

studied ILs, it is preferable to separate CO2 by capturing SO: instead.

When comparing to the available experimental Henry’s coefficients [35,74], both soft-SAFT and COSMO-RS are capable
of giving similar and reasonable estimate values at 303 K for [Ps,6,6,14][Cl] and [DCA]. However, soft-SAFT underestimates
the Henry’s coefficient of [Ps,6,6,14][NTf2] by approximately 40%, whereas COSMO-RS only deviates a 15%. Additionally,
the qualitative temperature dependence of Henry’s coefficients is better reproduced by COSMO-RS because, as it was
already seen in Fig. 5, the shape of the absorption isotherm at different temperatures in the low-pressure/composition region
is generally well reproduced by this method. It is worth noting that the obtained Henry’s coefficients are lower than other
widely used imidazolium based ILs. Some examples at similar temperatures are [Csmim][PFs] with a Henry’s coefficient
of 5.71 MPa [75], [Camim][BF4] with a value of 6.25 MPa [76] or [Comim][DCA] with 9.60 MPa [77]. Some of the ILs
with the lowest Henry’s coefficients are the family of [Comim][NTf2], with values very similar to the phosphonium based
ILs here modeled (i.e., 4.01, 3.46 and 3.44 for n =2, 4 and 6 respectively [78—80]). This means that all phosphonium based

ILs have very good gas affinity, comparable to some of the most suitable imidazolium absorbents.
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Table 4

Enthalpies and entropies of dissolution at low (x,4s = 107, diluted) and high (x;4s =
0.75, concentrated) molar fractions of CO2 and SO: obtained from the temperature
dependence of the absorption isotherms for both methods.

AH 4;; / kJ-mol™! AS ;s / J-(mol-K)!

CO: SO: CO; SO,

[Pos.6.14][CI] Diluted -11.5 244 -34.6 -73.6

= o Concentrated ~ -13.1 -23.0 -39.6 -69.4
3) [Pe6.6,14][NTf2] Diluted -106 -23.9 -31.6 -71.0
€ o Concentrated ~ -12.1 -23.0 36.2 68.4
’ [Ps6.6,14][DCA] Diluted -10.7 -24.1 -32.2 -72.6
- Concentrated ~ -12.5 22.9 -37.6 -69.0
[Po.s.6.14][CI] Diluted 141 18.6 427 756.0

2 o Concentrated ~ -12.7 227 -38.3 -68.6
g [Ps,6.6.14][NT£2] Diluted -13.9 -19.7 -42.0 -59.4
z ’ Concentrated ~ -12.5 -22.1 -37.8 -66.6
8 [Ps6.6,14][DCA] Diluted -11.5 -20.5 -34.8 -61.7
- Concentrated ~ -12.6 -22.6 -37.9 -68.1

Enthalpies and entropies of dissolution at different gas compositions have also been calculated from the results obtained
for both soft-SAFT EoS and COSMO-RS for all the studied ILs, using Egs. (15) and (16), respectively. These properties
provide information about the solute-solvent interaction strength and stability of the solution. As it can be seen in Table 4,
the AHg;s values for COz are significantly lower than for SO.. This result shows again that all ILs have higher affinity for
SOz than for CO.. Notice that the enthalpies of dissolution have only a slight dependency on the amount of gas dissolved
in the IL, being the difference between the infinitely diluted values and the AHy;s at gas molar fraction of x; = 0.75 less
than 1 kcal/mol. Additionally, both soft-SAFT EoS and COSMO-RS have AHy;s at high concentrations in very good
agreement among each other, whereas the infinite dilution values exhibit larger deviations. Specifically, the infinitely
diluted COz has higher values of AH 4 with COSMO-RS than soft-SAFT, whereas with SO2 the opposite trend is observed.
The calculation of entropies of dissolution shows very similar results with both methods at high gas concentration, with
larger deviations in the low-pressure region. The results reveal that entropy is lost upon gas absorption and the difference

between low and high gas concentrations is around 1 cal/mol-K in all cases.

In summary, the performance of both methods suggests that, for the studied systems, COSMO-RS is a suitable tool to
obtain absorption properties at low-pressure regions, giving Henry’s coefficients in good agreement with experimental
information. However, the high-pressure region presents larger deviations from experiments. In these situations, it is more
suitable to use the soft-SAFT EoS providing that a minimum amount of experimental data (i.e., at least one isotherm) is
available to fit the required gas/IL binary interaction parameters. On the other hand, absorption enthalpies and entropies
show very similar behavior with both methods at high gas concentration, whereas the values at the low-pressure regime
have higher deviations. It is worth seeing that COSMO-RS is capable of reproducing the correct temperature dependence

of the absorption isotherms without needing to fit any parameter, while soft-SAFT EoS fitted a single temperature-
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independent parameter to reproduce a correct overall behavior at the cost of increasing the error at the specific low-pressure
region. In any case, both approaches offer consistent, coherent and transferable results and can be used as complementary

tools.

From a more applied perspective, and according to the obtained results, it is suggested that all ILs will become selectively
saturated by SO2 when mixed in a flue gas containing CO2. However, from the pure absorption isotherms of SO, it can be
concluded that the separation could be performed by capturing the contaminant at low pressures (e.g., 0.1-0.3 MPa) and

low temperatures (e.g., 303 K), and then, it can be regenerated by heating the IL at atmospheric pressure and high

temperatures (e.g, 363 K).
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Fig. 5. CO: absorption isotherms in all studied ILs of this work using both, soft-SAFT (left) and COSMO-RS (right).
Experimental data [29,70] is depicted with dots and a zoom of the low pressure/composition region is shown within
each plot (i.e., from x5 = 0 to X445 = 0.35).

[P6,6,6,14] [X] SO, Absorption Isoterms

soft-SAFT COSMO-RS
Xgas Xgas
0.0 0.1 0.2 0.3 04 0.5 0.6 0.70.0 0.1 0.2 0.3 04 0.5 0.6 0.7

1 .8 [ T T T T T T T T T T T T T T 1 T T T T T T T T T T T T T T ] 1.8

16[ XI=ICl] i 11e

1.4F + {1.4
s 12 112
o : av!
S 1.0 {1.0 =
o 08 {8 3

0.6

0.4

0.2

1.8F T

1.6 B [X] = [NTf2] A4

1.4f

1.2
e f o
S 1.0 E
o 08 T

0.6

0.4

0.2

1.8

16k [X] = [DCA] I 116

1.4} —41.4

12f {12
©

-

% 1.0 41.0 -
o 08 Ho.8 n%

0.6 0.6

0.4} 0.4

02f 0.2

1 1

0.0 o1 062 03 04 05 06 0700 0.1 02 03 04 05 06 07
Xgas Xgas

—— 303K — 313K — 323K 333K 343 K —— 353K —— 363K

Fig. 6. SO absorption isotherms in all studied ILs of this work using both, soft-SAFT (left) and COSMO-RS (right).
Experimental data are not available for these systems, so purely predictive data are provided here.
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4.3 CO2/SO; Competition Assessed from Ternary Mixtures: The selectivity obtained from Henry’s coefficients is an

approximation based on infinite dilution behavior (i.e., P — 0) and lack of absorption competition. To account for these
factors, ternary mixtures containing both gases plus the IL have been modeled in this section. The temperature of 333 K
and different pressures (i.e., from 0.1 MPa to 4.0 MPa) were selected as representative conditions of post-combustion flue
gas mixtures. However, previously to the evaluation of the ternary gas mixtures, Llovell et al.,[17] computed with soft-
SAFT EoS the CO2/SO: binary VLE. In that work, they were capable of successfully reproducing the experimental
equilibrium data of the mixture at different temperatures, validating the model to describe the CO2/SO2 VLE region at
pressures higher than 1.0 MPa at 333K. In the ternary mixtures absorption isotherms shown in Fig. 7, the VLE lines for
[Ps.6.6,14][NTf2] are located at a composition with higher CO2 content, which implies that the absorption capacity for CO2
of this IL is higher compared to the other two ILs, as already seen when studying the binary systems. Overall, the

equilibrium uptake of [Ps,,14][Cl] and [DCA] is similar and slightly lower than [Pe,6,14][NTf2].

CO2/S02/[P6,6,6,14] [X] Ternary Diagrams

SO2
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Fig. 7. CO2/SO2/IL ternary absorption isotherms for all studied ILs of this work at 333 K predicted by soft-SAFT EoS.
Solid lines correspond to the isobaric frontiers between the liquid phase (left of the line) and the VLE region (right of
the line) at pressures from 0.1 MPa up to 4 MPa. The frontier between the VLE and vapor phase almost corresponds to
the binary CO2/SO: axis of the diagram due to the negligible the vapor pressure of all ILs. The connected dots correspond
to the liquid and vapor phases at equilibrium with a flue gas composition (i.e., molar percentages) of 99.9% COz and
0.1% SO2, 90% CO2 and 10% SOz and 50% CO2 and 50% SOx.

We have selected three different CO2/SO:2 gas mixtures with different composition: the first is COz rich flue gas containing
2 99.9% COz and 0.1% SO2; the second is an intermediate mixture, which is still rich in COz but with a higher SO content
(i.e., 90% COz2 and 10% SO2); and finally, an equimolar mixture with 50% CO2 and 50% SOz. Flue gas mixtures usually
contain higher amounts of COz than SO, so the former composition is used to evaluate the capacity of the ILs to separate

COz and SO in this situation. On the other hand, the latter composition compares the absorption capacity of ILs at equal
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conditions, which would be similar to the Henry’s coefficients previously calculated. The selectivity values calculated from

these flue gas mixtures are obtained throughout Eq. (17) and are shown in Fig. 8.

Xco, Yso,

(17

Scoz/soz = X
50, Yco,

where x is the molar fraction of each component at the absorbed phase and y is the molar fraction of each component at
the gas phase. The selectivity values calculated from ternary mixtures at low pressures (i.e., 0.1 MPa) are comparable to
the previously calculated values for binary mixtures. Although all ILs show higher selectivity towards SOz than for COz,
the increase of the pressure from 0.1 MPa to 4 MPa reduces the SO2/COz selectivity approximately a 25-30%. This fact
implies that an effective COz separation throughout SOz capture would be carried out preferably at low pressures to increase
the selectivity of these ILs towards SO.. Even though [Ps 6,6,14][NTf2] is the IL with higher absorption capacity, [Pe,6,6,14][Cl]
shows the highest selectivity towards SOz capture followed by [Ps6.6,14][NTf2] and [DCA]. Finally, the differences in
selectivity in all gas compositions are not significant, but the equimolar mixture seems to be slightly less SO selective

than the lower SOz content gas mixtures.
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Fig. 8. CO2/IL and SO2/IL selectivity in the ILs studied for the ternary mixtures modeled with soft-SAFT EoS at 333K.
The equilibrium concentrations used to calculate the selectivity values from Eq. (17) are a) 99.9%/0.1%, b) 90%/10% and
¢) 50%/50%, respectively.

5. CONCLUSIONS

In this work, we have used the soft-SAFT molecular-based equation of state to assess gas separation using phosphonium
based ILs. The associative scheme of the coarse-grained models can be successfully constructed with the help of techniques
based on DFT calculations (i.e., ADF/COSMO-RS), which allows identifying the molecular regions with a higher
electrostatic potential and assign the associative sites for their accurate modeling. The resulting soft-SAFT models were
validated through an adequate reproduction of many pure IL properties, such as density, isothermal compressibility,

thermal expansion coefficient and surface tension.

COSMO-RS, which does not need to fit any system specific parameter to be used, and the soft-SAFT EoS were used to
predict binary absorption isotherms. The results of the soft-SAFT EoS highlight the capacity of the approach to reproduce
the equilibrium uptakes at several pressures and temperatures by fitting a single temperature independent binary interaction
parameter, although this overall good description is at the cost of having some slight deviations at the low-pressure region
in comparison with the experimental data. On the other hand, COSMO-RS was able to reasonably capture the shape of the

absorption isotherms at low-pressure by an entirely predictive way, although this method significantly overestimated gas
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absorption at higher pressures, obtaining a worse description of the whole isotherm. The results here compiled suggest that
COSMO-RS is a good method to predict absorption properties at low pressures without needing to fit any parameters,
whereas soft-SAFT can provide a better description at widespread conditions if a minimum amount of data are available

to fit a binary interaction parameter.

The studied ILs have significantly high affinity for both CO2 and SO2 absorption, as it can be seen by the calculated Henry’s
coefficients. These values are comparable to some of the better ILs for CO: absorption such as [Cxmim][NT£f].
Additionally, all ILs absorb SOz preferentially in a flue gas mixture containing both CO2 and SOx. For this reason, it could
be more efficient to separate the CO2 by capturing SOz with these ILs. Even though [Ps66,14][NTf2] is the IL with the
highest absorption capacity, the most efficient IL to perform this separation seems to be [Ps,,6,14][Cl]. The reason is that
[Ps.6.6,14][Cl] is the most SOz selective IL, according to the selectivity values derived either from the Henry’s coefficients,
(i.e., using both COSMO-RS and soft-SAFT) or from the ternary mixtures. This IL also has higher equilibrium uptakes
than [Ps,6,14][DCA], while it is overcome by [Ps,6,14][NTf2]. The optimal gas separation conditions are an absorption stage
of the flue gas with the contaminant at low pressures (e.g., 0.1-0.3 MPa) and low temperatures (e.g., 303 K), followed by

a regeneration stage by heating the IL at atmospheric pressure and 363 K.
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