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ARTICLE INFO ABSTRACT

KEYWORDS: The potential to decrease the negative environmental impact of greenhouse gases in terms of global warming
Fluorinated Deep Eutectic Solvents potential (GWP) is a current challenge. Apart from COj, fluorinated greenhouse gases (F-gases), which are
Hydrofluorocarbons human-made chemicals used in refrigeration and other industrial applications, have a huge environmental
:2&3\1}: impact due to their high GWPs. In this regard, the design of units to capture and recover these gases would

contribute to their reuse, avoiding the negative impact of their final emission or incineration. Fluorinated Deep
Eutectic Solvents (FDESs) have been considered as promising solvents for the absorption and the selective
separation of F-gases. However, the complex and expensive experimental labour to fully characterize FDESs
delays its study and development. In this work, a computational approach is applied to develop accurate ther-
modynamic models of the gas solubility of several F-refrigerants in DESs. The molecular-based equation of state
(EoS) soft-SAFT is used to assess the absorption of three F-gases (1,1,1,2-tetrafluoroethane (R-134a), difluoro-
methane (R-32), and pentafluoroethane (R-125)) at different temperatures in five DESs derived from fluorinated
salts and perfluorinated acids. New molecular models are developed through the soft-SAFT approach for FDESs in
good agreement with experimental data, and the solubility of F-gases is also calculated at varying temperatures
with high accuracy. Then, an in-depth analysis of the characteristics of the refrigerants, and of the FDESs
affecting the F-gases absorption is performed, and the enthalpy and entropy of absorption and the selectivity are
calculated. It has been encountered that the best FDESs for each particular F-gas separation can be obtained by
modifying the composition of DES and the operating temperature. Finally, an assessment based on the selectivity
obtained from the soft-SAFT model is carried out to choose the most adequate solvent to separate the studied F-
gases.

selectivity

1. Introduction

Global warming and shifts in weather patterns are driving climate
change on Earth, marked by an increase in the average global temper-
ature [1] and the occurrence of extreme weather events, such as wild-
fires, droughts, and other natural disasters. Increased levels of
greenhouse gases (GHGs) in the atmosphere are considered the main
cause for global warming, and these gases are primarily originated by
human activities, such as the burning of fossil fuels, intensive refriger-
ation, or agriculture. Although GHGs are typically identified with car-
bon dioxide (COy), there are other relevant substances with significant
impact that also deserve attention.

GHG emissions in 2021 in the European Union were 79.1% carbon
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dioxide, 12.8 % methane, 5.7% nitrogen oxide, and 2.4 % fluorinated
gases (F-gases) [2]. While the emissions of these F-gases make up a
relatively small percentage of total emissions, their impact on global
warming potential (GWP) can be up to four orders of magnitude times
greater than that of COx. It is anticipated that their effect could lead to a
0.5°C increase in the Earth’s global temperature by 2050 if no actions
are taken [3]. In this regard, it is worth to mention the efforts of the
European Union which, since 2017, is reducing F-gases interannual
emissions, with a remarkable 5% reduction in comparison to 2020 [2].

F-gases are synthetic GHGs, including hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs) and sulfur hexafluoride (SFe), mostly used in
air conditioning, refrigeration, insulation, and energy sector applica-
tions [4]. While the Montreal Protocol [5] encouraged the phase-out of
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earlier ozone-depleting (ODP) substances in refrigeration devices, such
as chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs),
this action consequently led to the exponential increase in the use of
HFCs for this purpose. The HFCs substitutes, even without damaging the
ozone layer, have elevated GWPs that contribute to climate change,
posing a new challenge for the planet’s sustainability [6]. Indeed, as
cooling services needs are estimated to continue increasing, the HFC
emissions will consequently augment if mitigation actions are not taken,
particularly in emerging countries [7].

In order to regulate HFC consumption, the Kigali Amendment to the
Montreal Protocol was signed in 2016 and came into effect in 2019,
establishing an international framework for that end [6]. The European
Union (EU) regulation (EU No. 517/2014) is also in force, aiming for a
60% reduction of F-gases emissions by 2030 [3], based on the baseline
year 2005. In this regard, two different paths are currently being
explored. From one side, several studies are focused on the replacement
of current refrigerant mixtures by new systems with similar technical
properties but lower environmental impact. From the other side, a
mid-term solution is to increase the recyclability of these compounds,
avoiding the current linear economy model, where F-gases are not
reused, being sent to incineration after the end-of-life of the equipment.
To accomplish this goal, adequate separation technologies need to be
designed, as most gases are found in blends, where only one of the
compounds can be recycled. Separation technologies have been studied
in the literature, either using adsorption with activated carbons [8-11],
membrane separation processes [12] or proposing absorption through
Ionic Liquids (ILs) [13-22].

Within the context of absorption techniques, Deep Eutectic Solvents
(DESs) have recently emerged as potential solvents for sharing many
common properties with the ILs. DESs are mixtures of two or more
substances, typically a salt and a neutral complexing agent, whose solid-
liquid transition temperature decreases considerably compared to that
of the corresponding ideal mixture. This feature arises from the strong
hydrogen bond network formed between the components: a hydrogen
bond donor (HBD) and a hydrogen bond acceptor (HBA). DESs are non-
volatile and very tuneable, offering a wide range of options for multiple
applications, including separation processes for gas capture [23,24],
among others. However, while most studies are related to CO,, their
application to F-gases absorption remains limited [25,26].

Codera et al. [25] have studied the solubility of refrigerants R-32,
R-125, R-134a, and R-143a in several Choline Chloride-based DESs,
including ethylene glycol and glycerol as HBDs. The results showed low
solubility in these DESs, even though there were remarkable differences
between the HFCs, providing a promising selectivity for separation. One
possible way to improve the solubility of DESs consists on adding fluo-
rine atoms, either to the HBA or the HBD. This assumption is based on
previous contributions on the use of fluorinated ionic liquids (FILs),
which have been shown to present three nano-segregated domains
(fluorinated, nonpolar, and polar), providing these fluids with unique
properties and increasing their solubility power [27]. In particular, FILs
have demonstrated promising results in terms of F-gas solubility [13,28,
29].

Based on these results, it is interesting to explore the potential of
using DESs derived from FILs and combined with perfluorinated acids.
In a preliminary study performed by Castro et al. [26], some new DESs
were formed using salts composed of cations with various structures
(imidazolium, cholinium, tetrabutylammonium) combined with
different perfluorinated anions of varying chain lengths (4-carbon or
8-carbon chains), and molecular structures (including sulfonate or
carboxylate functional groups), mixed with fluorinated carboxylic acids.
A thermophysical characterization was carried out in terms of density of
tetrabutylammonium perfluorobutanesulfonate [N4444]1[C4F9SO3], 1-
Ethyl-3-methylimidazolium perfluorooctanesulfonate [C2CiIm][CgF17
SOs] (2-Hydroxyethyltrimethylammonium perfluorobutanesulfonate
[N111200m)] [C4F9SO3], (2-HydroxyethyDtrimethylammonium perfluoro
pentanoate [N1112001)] [C4F9CO2], and (2-Hydroxyethyl)
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trimethylammonium perfluorooctanesulfonate [N1112(0m)] [CsF17S03]
salts combined with n-perfluoropentanoic acid (C4F9CO2H) and n-per-
fluorobutanesulfonate acid (C4F9SO3sH). Then, the absorption of three
common F-gases used in refrigeration, 1,1,1,2-tetrafluoroethane
(R-134a), difluoromethane (R-32), and pentafluoroethane (R-125),
was experimentally studied in a range of temperatures between 303.15
and 323.15 K. The results showed that it was possible to achieve
elevated solubility at low-pressure conditions. However, the depen-
dence on the appropriate cation-anion choice in the salt and the fluo-
rinated acid, including the proportion between both compounds, have a
strong impact on the final capacity of each solvent, affecting the selec-
tion of the most proper DESs for a particular separation. Hence,
computational tools are of great help to screen and select new FDESs,
reducing the experimental effort required in the characterisation of
these compounds. In this work, new accurate thermodynamic models
are developed to characterise the absorption of F-refrigerants in these
FDESs through the molecular-based soft-SAFT equation of state (EoS), a
mature version of the original SAFT [30,31]. The successful soft-SAFT
variant [32] has been used in this study, based on the excellent results
obtained for systems with ILs [20,33-40] and DESs [41-45]. As far as
hydrogen bonding and association interactions are specifically treated in
one term of the equation, a more realistic description of DESs, compared
to classical cubic EoSs, is obtained.

After proposing a suitable molecular model for different FDESs using
the soft-SAFT approach, a complete thermodynamic characterisation is
performed using an individual-component approach, where each com-
pound in the DESs has its own molecular parameters. Then, the solu-
bility of R-134a, R-32, and R-125 refrigerants is assessed for two selected
DESs at 303.15, 313.15, and 323.15 K, and pressures up to 1 MPa. A
discussion on the effect of HBA:HBD ratio, the temperature, type of F-
gas, and type of salt is carried out. Finally, the soft-SAFT is used to
predict the enthalpy and entropy of absorption and to evaluate the
selectivity, allowing to identify the best DESs for each particular F-gas
separation.

2. Theory

The Statistical Associating Fluid Theory (SAFT) [30,31], and its
different incarnations, are a group of EoSs based on Wertheim’s
first-order thermodynamic perturbation theory (TPT1) [46-48], that
explicitly account for the effect of hydrogen bonding. Their mathemat-
ical expression is set in terms of the residual Helmholtz energy, A™, of
the system, calculated as a sum of contributions [Eq. (1)]:

AlS— A*Aid — Aref +Achain 4 ABssoc (1)

where A is the ideal gas term, and A™ is the reference contribution to
the Helmholtz energy, which describes the monomer-monomer in-
teractions according to an intermolecular potential. In this work, the
soft-SAFT variant developed by Blas and Vega [32], and Pamies and
Vega [49] is used, hence a Lennard-Jones (LJ) fluid is taken for the
reference term of the equation. The LJ potential is defined by a char-
acteristic segment diameter, o, and dispersive energy, e. A™ term is
calculated through the correlation of Johnson [50] fitted to LJ simula-
tion data. As far as there is not an equivalent expression for mixtures, the
van der Waals one-fluid theory is used [51]. For this purpose, it is
necessary to extend the molecular parameters using the so-called
modified Lorentz-Berthelot (LB) combining rules:

o5 = ny (W) )
Ej = 5;‘,‘(31'1'6@/)]/2 3

where 77; and &; are size and energy binary parameters, typically fitted to
mixture data. When no mixture data is used, these values are set to one
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(or transferred from a similar molecule). Note that & = (- ki) in clas-
sical cubic EoSs.

In addition, Wertheim’s TPT1 theory comprises and
terms, which account for chain connectivity and association interactions
(hydrogen bonding), respectively. The A" and A% terms are
formally identical in all SAFT equations, as shown in Eqs (4) and (5):

Achain Adssoc

Achain — RT Zx,(l — m;) In giLjJ 4)

N X ! Mi
Adssoc —  RT inz (ln Xoi — ; ) + 7 5)
i a

It is important to note that g~ refers to the radial distribution func-
tion of the monomer-monomer interactions, while X, refers to the
fraction of molecules not bonded at a site. A detailed description of the
equation can be found in [32]. In summary, a total of five molecular
parameters characterize an associating molecule: m, the chain length; o,
the segment diameter; ¢/kg, the dispersive energy between segments
defined following the LJ potential; and the sitesite association energy,
"B /kp, and bonding volume, Ky, used to mimic hydrogen bonding and
other directional short-range forces by including square-well spheres
embedded into the core of the LJ segment.

3. Molecular Models

A proper description of the thermodynamic properties of a system
requires the selection of a representative model for each molecule. In
this work, hydrofluorocarbons (HFCs) are defined as homonuclear
chainlike molecules with two association sites representing the polar
interactions caused by the fluorine electronegativity. This model has
been successfully used for determining the refrigerants’ thermodynamic
properties [52], as well as its behaviour with ILs and DESs [20,33,40,
53], by means of the soft-SAFT approach, and has been adopted in this
work for consistency with previous ones. Thus, the molecular parame-
ters for R-32, R-134a and R-125 were directly transferred from
Asensio-Delgado et al. [33] and Alba et al. [54] without any refinement.

Concerning the DESs studied in this work, both compounds forming
the eutectic mixture are treated as independent entities. Consequently,
the salt and the acid-forming DES have an individual model for each one.
The “individual-component approach” has proven to be a robust and
transferable framework for modelling DESs, being applied to different
versions of SAFT, such as PC-SAFT [55] or soft-SAFT [42]. It provides a
realistic and physically consistent method for keeping the molecular
nature of each constituent of the DES. As a consequence, an independent
set of molecular parameters for each component is fitted to experimental
data, with the possibility of adding binary interaction parameters to
account for any deviations in size or energy between both molecules.
Additionally, when modelling gas solubility in DES, binary interaction
parameters between each component and the gas may be required to
accurately represent this solubility.

Then, an additional computational tool, Avogadro software [56], is
used in this work to analyse the charge distribution and set the proper
association sites of the molecules, as shown in Figure S1 in the Sup-
plementary Information.The modelling of the fluorinated salts is done
based on the assumption that the cation and the anion are considered as
an associating single-chain molecule, using the so-called ion pair
assumption, based on previously successful results obtained for ILs with
this approximation within the soft-SAFT framework [20,33,40,53].
However, it is important to account for the electric charge delocalisation
in the anion due to the presence of fluorine atoms. In order to represent
this delocalisation, [N4444][C4F9SO3], [C2C1Im][CgF17S03] [N1112(0H)]
[C4F9SO3], [N111200m)1[C4F9CO2] and [Ni11200m)]1[CgF17S03] are
modelled with a three-site association scheme: one main site called A to
describe the main atom interaction of the cation with the anion, and two
sites B to represent the delocalised charge because of the enclosing
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fluorine and oxygen atoms of the anion. Following the same strategy as
done for previous contributions [38,53], only AB interactions are
allowed in these models, i.e., when considering the interaction between
two salt molecules. The structural differences between the salts will be
effectively taken into account in the parametrisation of soft-SAFT mo-
lecular parameters. The sketch of interaction used to model the salts
within the soft-SAFT is shown in Figure S2 in the Supplementary
Information.

Concerning [HC4FgSO3] and [HC4F9CO;], their carboxylic acid na-
ture suggests the possibility of modelling them with only one associating
site to mimic the formation of dimers, which is typical of these fluids.
However, other authors [57] have noticed that, in aqueous solutions of
carboxylic acids, a large number of water molecules are expected to
bond to (solvate) the carboxylic acid group (COOH). Consequently, a
higher number of sites were incorporated to reflect the formation of
these clusters, using a three-sites approach (one A site for the doubly
bonded oxygen and two sites A and B for the hydroxyl group). Thus, the
soft-SAFT coarse-grain models of the carboxylic acids that were already
available from the previous contribution of Jovell et al. [53] are used
here in a transferable manner.

The parametrisation strategy of the proposed DESs is based on fitting
the molecular parameters to DESs density experimental data at different
temperatures at atmospheric pressure [26], using all HBA:HBD ratios
simultaneously to obtain a composition-independent set of parameters.
Given the fact that the parameters of the HBDs are known, only the
parameters of the HBAs are obtained. This is done here for the first time
for the fluorinated salts [N4444][C4F9SO3], [C2C1Im][CgF17S03], [N1112
(om1[C4F9S03], [N1112(0m)]1[C4F9CO2], and [Ni112(0m)]1[CsF17S03]. A
summary of the fitting procedure carried out is shown in Fig. 1.

The final list of soft-SAFT molecular parameters for all compounds
involved in this work can be found in Table 1.

4. Results and Discussion
4.1. Density

The temperature-density description for [N4444][C4F9SOs]:
[HC4F9C02] (named DES A) and [C2C11rn] [C8F17503]5[HC4F9C02]
(named DES B) at different compositions are plotted in Fig. 2a and 2b,
respectively. As it can be seen, no parameter degeneracy is observed
when changing the proportion in the eutectic mixture, allowing a
description of a different ratio using a single set of parameters without
binary adjustments. Results of similar accuracy are displayed in Fig. 2c
for a single (1:1) proportion for [Ni112(0m)][C4F9SO3]:[HC4F9CO2] =
DES C, [Ni1112(0m)][C4F9CO2]:[HC4F9SO3] = DES D, and [Ni112(0m)]
[C8F17SO3]I[HC4F9C02] = DES E.

4.2. Solubility of F-Gases in DESs

After validating appropriate molecular models for the new DESs, we
proceed to describe the solubility of R-134a, R-32, and R-125 re-
frigerants in them. It is noteworthy that, among the five considered
FDESs, [N4444] [C4F9503] . [HC4F9C02] and [Czcllm] [C3F17503]I
[HC4F9CO2] are the only ones with available experimental solubilities at
different HBA:HBD ratios. For DES C, D, and E, solubility data are
exclusively available at a 1:1 ratio. It is crucial to emphasize that, given
the individual-component approach adopted for modelling FDESs, the
refrigerant’s solubility is treated within the context of a ternary mixture.
This approach necessitates knowledge of all possible binary interactions
occurring in the system. Although soft-SAFT can qualitatively explain
the behaviour of these mixtures, quantitative agreement with the binary
systems’ accessible data is required to fully assess the validity of these
DESs for separation purposes. As a result, two binary temperature-
independent parameters, ¢ and 7 (see Egs. 2 and 3) are utilised to
characterize the interaction between the HBA (salt) part of the DES and
the refrigerant (R-32, R-125, and R-134a). This approach aims to



M.G. Demirbek et al.

Parameters C,F,CO,H available

Mixture Density ]

g Parameters [N 4] [CFoSO;]

g Parameters [N, om)l[CsFoSO;]

Parameters [Ny;50m)][C5F17S0;]

g Parameters [C,C,Im][CgF,,SO;]

g Prediction (or fitting a binary parameter)

R32, R125 and R134a Solubility
[N, [C,F,SO;] — R32 ; R125 ; R134a
£[C,C,Im][C,F,,SO;] - R32 ; R125 ; R134a

|

Fluid Phase Equilibria 581 (2024) 114077

Parameters C,F,SO;H available

[ Mixture Density

Parameters [N;;1,0m)[CsFoCO,]

)

A

Ternary Mixtures ]

Fig. 1. Schematic procedure indicating the steps followed to optimise the molecular parameters of different HBAs forming FDESs involved in this study.

Table 1
soft-SAFT molecular parameters of the HFCs, salts and acids supporting the DESs
using the individual-component model.

Compound My m c e/ kg gMBy KB
(g/mol) ey ®) kg (K) (B

[Naaaal 541.56 6.390 4703 3313 3850 2250
[C4FoSO3]

[C2CqIm] 610.29 5.734 4.534 293.2 3450 2250
[CgF17503]

[N111200m)] 403.26 8.411 3.647 360.8 3850 2250
[C4F9S03]

[N111200m)] 367.21 8.263 3.634 370.1 3850 2250
[C4F9CO2]

[N111200m)] 603.29 10.346 3.809 367.5 3450 2250
[CgF17503]

[C4F9CO,H] 264.05 2.403 4.550 298.5 2200 2250
[53]

[C4F9SO3H] 300.09 2.403 4.652 302.9 2200 2250
[53]

R-32 [33] 52.02 1.321 3.529 144.4 1708 24050

R-125 [33] 120.02 1.392 4.242 148.8 1685 24050

R-134a [54] 102.03 1.392 4.166 166.6 1862 24050

capture the complexities of molecular interactions, particularly those
associated with polar interactions, so as to accurately capture both,
enthalpic and entropic effects. Similar methodologies have been
employed in previous works using soft-SAFT, which modelled the
interaction of F-gases with FILs [20,40,53] and the interaction between
DES and F-gases [53]. The rest of possible binary parameters (i.e. the
salt-acid and the acid-refrigerant) are kept equal to one (which means
that no correction applies) in an effort to reduce the number of pa-
rameters and increase the transferability of the approach [53]. For each
DES, the intermediate temperature isotherm was used to obtain optimal
£ and 5 values, while the other two isotherms were predicted. A sum-
mary of the binary parameters found for all DESs with the three studied

refrigerants is summarised in Table 2.

As it can be seen, the effect of the energy binary parameter was found
to be slightly dependent on the eutectic composition, while a constant
size binary parameter was good enough to obtain quantitative agree-
ment. The values of these parameters are related to the interactions
between the various mixtures and conditions studied. Overall, a value of
the energy and size binary parameters greater than 1 is found, indicating
that the crossed size and dispersive energy interactions between the salt
and the refrigerants are underpredicted when using the non-modified
Lorentz-Berthelot combining rules.

In the next subsections, we aim to provide a careful analysis of the
solubility of the refrigerants in the selected DESs, by describing the
performance of the soft-SAFT model and the impact of the studied DESs
features on the solubility.

4.2.1. Effect on the HBA:HBD ratio

Aiming to assess the effect of the proportion between the salt and the
carboxylic acid on the solubility of the refrigerant, the [N4444][C4F9SO3]
salt, acting as HBA, is combined with the [HC4F9CO-], acting as HBD, at
different proportions, forming the DES A = [N4444][C4FoSO3]:
[HC4F9CO-]. As mentioned, the only parameters fitted are the refrig-
erant + salt interactions. In Fig. 3, the pressure-composition diagrams
show the solubility of the three refrigerants under study in DES A at
three different proportions (1:1), (1:2), and (2:1) and at a selected in-
termediate temperature of 313.15 K. For the three studied refrigerants,
the highest F-gas solubilities are observed at a ratio (2:1).

In terms of modelling, the only values largely differing from one were
those describing the interaction with R-125, reaching similar numbers to
those obtained in previous contributions, where this refrigerant was
modelled using fluorinated ionic liquids [20,33,53]. The rest are close to
the unity, indicating that fully predictive calculations would be able to
qualitatively describe the system as well. This is a relevant feature of the
proposed model when considering the possibility of exploring other
proportions where data may not be available. The results obtained with
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Fig. 2. Temperature-density diagrams using the individual-component approach for the following DES a) A (1:1) (blue circles); A (1:2) (red circles) and A (2:1)
(green circles), b) B (1:1) (blue circles), B(1:2) (red circles), B (2:1) (green circles). ¢) C (1:1) (blue circles), D (1:1) (red circles), E(1:1) (green circles). In all figures,
symbols are experimental data from Castro et al. [26], while the lines correspond to soft-SAFT calculations.

Table 2

Binary Energy and Size Parameters between R-32, R-125, and R-134a and salt
binary pairs®.

Binary pair / HBA:HBD ratio n 4
any 1:2 1:1 2:1

[N44441[C4FoSO3]" + R-134a 1.018 0.990 1.000 1.030
[N4444]1[C4F9SO31° + R-32 1.052 1.028 1.060 1.070
[N4444][C4F9SO3]" + R-125 1.040 1.125 1.140 1.149
[C5CqIm] [CgF17505]” + R-134a 0.990 1.000 1.000 1.000
[C5C1Im] [CgF17803]” + R-32 1.052 0.990 1.020 1.030
[C5CyIm] [CgF17505]" + R-125 1.040 1.085 1.100 1.115
[N111200m)] [C4F9SO3] " 4 R-134a 1.018 1.100

[N1112¢08] [C4F9CO2]¢ + R-134a 1.070 1.130

[N1112(0m)] [CsF17S03] " 1 R-134a 1.140 1.060

@ A value equal to 1 means that the parameter is not necessary (no modifi-
cation of the original LB combining rule).

® HBD of the DES is [HC4F4CO2].

¢ HBD of the DES is [C4F9SOsH].

soft-SAFT are in good agreement with the available experimental data,
with the exception of the 1:2 proportion for the solubility of R-134a in
DES A, where the model overpredicts the experimental behaviour.
Similar results are obtained for [N4444][C4F9SO3]:[HC4F9SO3] and
[C2C1Im][CgF17S03]:[HC4F9CO,] at 303.15 K, plotted in Figures S3 and
S4 of the Supplementary Information, respectively. In Figure S3e, the
solubility of [Comim][C4F9CO], a similar IL (the cation is modified to
make the salt liquid) has been added for comparative purposes. The
results obtained are very promising when comparing the DESs solubility

with the IL [53]. The addition of more fluorinated chains seems to
improve the solubility power for R-134a. The highest solubility of
R-134a is found when using [N4444][C4F9SO3]:[HC4F9SO3] at 2:1 and
1:1 ratios, compared to [Comim][C4F9CO-] (see Figure S3e).

4.2.2. Effect of the temperature

The effect of the temperature on the solubility of the refrigerant was
also assessed. To illustrate this effect, the solubility of R-134a in [N4444]
[C4F9SO3]:[HC4F9CO-] at a 2:1 ratio was described at three tempera-
tures and plotted in Fig. 4. The soft-SAFT calculations for the system R-
134a + [N4444]1[C4F9SO3]:[HC4F9CO2] (2:1) show good agreement with
the experimental data [26]. The solubility decrease with the increase of
temperature is properly captured by the model, without the necessity of
additional fitting. Here, it is important to remind that the binary pa-
rameters ¢ = 1.030 and n = 1.018 (see Table 2) were fitted to an in-
termediate isotherm at 313.15 K and used to predict the behaviour at the
remaining temperatures. A similar behaviour was also obtained for the
solubility of R-32 and R-125 in DES A at a 2:1 ratio (see Figure S3), as
well as for other HBA:HBD proportions for the solubility of R-134a in
[CoC1Im][CgF17S03] (ratio 1:1), provided in Figure S4 in the Supple-
mentary Information.

4.2.3. Effect of the refrigerant

The solubility of different types of refrigerants, i.e., R-134a, R-32,
and R-125, was now compared considering [Ng444][C4F9SO3]:
[HC4F9CO-] in a 1:1 ratio at the lowest temperature (highest solubility)
of 303.15 K. The results are plotted in Fig. 5. R-134a is the F-gas having
the highest solubility, followed by R-125 and R-32, which behave very



M.G. Demirbek et al. Fluid Phase Equilibria 581 (2024) 114077

a) 12 . : . : : b) 1.2

1 1 1 1
L]
08} ] 08} ° 1
£ &£ .
S 06 - S 06 1
= . = <
Iy P A. i
04t > 1 04+ H 1
o ‘
A
02} 1 02} 1
= AQ) = AQI)
e A(L:l) e A(Ll)
¢ A(12) . ¢ A12)
0 ‘ ‘ ‘ ‘ ‘ o . . . ‘ .
0 0.1 02 03 0.4 05 0.6 0 0.1 02 03 0.4 05 0.6
R-134a Xp-32
C) 12 . .
b
0.8+ M
<
(-9
S 06
L
04t
02} 1
= AQ)
o Al
¢ A(2)
0 . ‘ . . .
0 0.1 02 03 0.4 0.5 0.6
YR-125

Fig. 3. Pressure-composition diagram at 313.15 K of a) R-134a, b) R-32, and ¢) R-125 with [N4444][C4F9SO3]:[HC4F9CO,] 1:1 (red circles), [N4444]1[C4F9SO3]:
[HC4F9CO,] 1:2 (green diamonds), [N4444]1[C4F9SO3]:[HC4F9CO,] 2:1 (blue squares) Symbols represent the experimental data from Castro et al. [26] and lines
correspond to the soft-SAFT calculations.
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Fig. 4. Pressure-composition diagram of the solubility of R-134a in [N4444] [C4F9SO3]:[HC4F9CO2] 2:1 at 303.15 K (green diamonds), 313.15 K (red circles), and
323.15 K (blue squares). Symbols represent the experimental data from Castro et al. [26] and lines correspond to soft-SAFT calculations.
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Fig. 5. Pressure-composition diagram of de solubility of R-32 (blue squares), R-125 (red circles), and R-134a (green diamonds) in [N4444][C4F9SO3]:[HC4F9CO,] at
303.15 K. a) 1:1 ratio and b) 2:1 ratio. Symbols represent the experimental data from Castro et al. [26], and the lines correspond to soft-SAFT calculations.

similarly. This is an indication of the difficulty of separating R-32 from
R-125 using this DES at the selected proportion, as it will be shown in
subsection 4.3. These results can be related to the proportion of fluorine/
hydrogen atoms present in the F-gas structure. As far as these re-
frigerants can form hydrogen bonds (H-F-H) with a DES, hydrogen-
containing fluorocarbons have a higher solubility.

Regarding the soft-SAFT predictions, the agreement is very good in
all cases. Here, the parameters, £ and 7, fitted to data at 313.15K, were
used in a predictive manner at 303.15 K. The behaviour of these pa-
rameters follows a similar pattern, regardless of the F-gas, with &
showing a slight composition dependence. As noted before, R-125 pa-
rameters exhibit higher values, indicating a stronger underprediction of
the interactions.

4.2.4. Effect of the DES type

Finally, the influence of the structure of the DES on the F-gas solu-
bility is assessed in Fig. 6. [N4444][C4F9SO3]:[HC4F9CO3] and [CoCiIm]
[CgF17S03]:[HC4F9CO,] are considered to evaluate the impact of the
addition of more fluorine atoms within the anion.

Fig. 6a shows the solubility of R-134a in DESs A and B at a 2:1 ratio
and 303.15 K. As it can be seen, the more fluorinated DES B exhibits a
lower solubility. While these results may sound contradictory to the idea
that increasing the fluorination will improve the solubility, the imida-
zolium cation in DES B appears to have a negative effect compared to the

a) 0.6
05}

0.4+

0.1+

0 0.1 0.2 0.3 0.4 0.5 0.6

XR-134a

ammonium cation in DES A in terms of solubility, possibly due to
entropic effects. Still, it is important to mention that the differences are
not significant, and the choice of the best solvent will be driven in terms
of selectivity and not solubility. An additional comparison is performed
at a 1:1 ratio, including also DES C, D, and E in Fig. 6b. In all cases, these
alternative DESs exhibit a lower solubility of R-134a. When comparing
the solubility of DES A, C, and D, which have the same number of
fluorine atoms in the anion, the tetrabutylammonium cation in DES A
clearly favours R-134a solubility when compared to the (2-hydrox-
yethyl)trimethylammonium cation in DESs C and D.

Regarding the soft-SAFT modelling of [C2CiIm][CgF17SOs]:
[HC4F9CO2] + F-gas systems, only the salt + refrigerant interactions are
fitted, as done before. The adjusted parameters, shown in Table 2, are
similar to those obtained for [N4444] [C4F9SO3]:[HC4F9CO5] and close to
unity. In general, it is observed that a coarse-grain approach can accu-
rately describe F-gas solubility in these systems.

4.3. Selectivity and Selection of Best Solvent

From the description of the solubility of R-134a, R-32, and R-125 in
previous DESs at different proportions and temperatures, the selectivity
of these solvents to separate the refrigerants is predicted through soft-
SAFT EoS. As a first approach, the ideal selectivity is evaluated
without considering the effect of including all refrigerants at the same

0 0.1 0.2 0.3 0.4 0.5 0.6

XR-134a

Fig. 6. Pressure-composition diagram of de solubility of R-134a in the studied DESs at 303.15 K. a) ratio (2:1) DES A (blue squares), DES B (red circles) and b) ratio
(1:1) for DES A (blue squares), DES B (red circles) DES C (yellow diamonds), DES D (purple diamonds), DES E (green diamonds). Symbols represent the experimental
data from Castro et al. [26], and the lines correspond to soft-SAFT calculations. Notice that predictions for DESs C and D are almost overlapped in this projection.
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time (competitive selectivity). Still, it becomes a starting point to make
comparisons of the most promising solvent. The ideal selectivity at
infinite dilution, denoted as q, is defined as the ratio of effective Henry’s
law constants [58] of the two pure refrigerants i and j in the DES. It
represents the amount of refrigerant gas dissolved in the DES, consid-
ering it as composed of two individual compounds within the
individual-component approach, at a constant temperature [36].

H lim (5)
j.DES.cﬁ‘|T _ 620\ |y
lim( 2
xi—0 \ N T

where T and P refer to the absolute temperature and pressure, respec-
tively. Hjpgsef|r is effective Henry’s law constant for compound i at
temperature T, X; is the composition of compound i, and «;/j represents
the ideal selectivity at infinite dilution of compound j, with regard to
compound i at temperature T.

The soft-SAFT EoS is used to estimate pressure data as solubility
approaches zero for each isotherm and to calculate the appropriate
selectivity for the blend in terms of volatility or effective Henry’s law
constants.

Other additional properties of interest to evaluate the capacity of
DESs as solvents for refrigerant separation are the entropy and enthalpy
of dissolution, commonly evaluated at fixed composition as:

(6)

ai/f!T = H,-,DES,e//|T -

dln Prefri erant
AH,, = R( O L refrigerant ) )
SR DI
dln Prffri erant
ASu = —R T rgriserant
Sa ( oln T ) ®

Xrefrigerant

In particular, the enthalpy of dissolution provides information of the
energy required to absorb (or desorb) the refrigerant, and it is related to
the energy requirements of the system. All these properties have been
calculated through soft-SAFT and are reported for all studied systems in
Tables S1 and S2 in the Supplementary Information. Effective Henry’s
constants were calculated from the slope of the R-134a, R-32, and R-125
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solubility curves, i.e., the corresponding pressure vs mole fraction of F-
gas diagram at the limit of infinite dilution of the dissolved refrigerant
and at three different temperatures. The values of H; were obtained in
the range of low gas composition (0.01 to 0.05 of xg.gas) corresponding
to the infinite dilution of each F-gas in DES. A smaller value of H; cor-
responds to a larger absorption of F-gas by the FDES. In this sense, lower
values of H; were found for all DES in the case of R-134a refrigerant,
being the smallest value for [N4444][C4F9SO3]:[HC4F9CO>] DES in ratio
2:1 at all considered temperatures. Moreover, this DES was the only one
to display H; values lower than unity for all tested refrigerants at 303.15
K, having a higher solvent capacity. Concerning the results achieved for
the enthalpy of dissolution of R-134a, the exothermic character of the
solution is shown for [N4444] [C4F9SO3]:[HC4F9CO5] (~ —23 to —25 kJ
mol™). These values are acceptable considering that there is not any
chemisorption process involved. Furthermore, the molar entropies of
absorption of R-134a in this DES are in a range between ~ -74 to -80 J
mol 1K}, slightly decreasing when increasing the molar ratio of the
salt. The results for the enthalpies of dissolution of R-32 and R-125 are
quite similar, and the exothermic behaviour of the solution is shown (~
-16 to —20 kJ mol™) for [N4444]1[C4F9SO3]:[HC4F9CO,]. This range of
values correlate to physical absorption and is significantly lower than
the enthalpies obtained when CO5 [59] is solubilised in amines (~ —-80
kJ mol 1), showing that the energetic regeneration costs of these DESs
might be low.

Based on Effective Henry’s constants, the selectivity of R-32/R-125,
R-134a/R-125, and R-134a/R-32 at 303.15 K is reported in Fig. 7. Ac-
cording to these results, the separation of R-125 and R-32 from R-134a
(orange and blue columns, respectively) seems feasible with the (1:2)
proportion for both DES [C2C;Im][CgF17S03]:[HC4F9CO2] and [N4444]
[C4F9S03]:[HC4F9CO-], with selectivity values around 2, being DES B
slightly better for R-125. Here, it is important to note that the solubility
of the refrigerants in the DESs with a (1:2) ratio was slightly worse than
in other proportions (see the corresponding H; values at 303.15 K in
Table S1 in the Supplementary Information). However, these DESs offer
the best capacity to separate both compounds of R-134a according to
selectivity calculations.

Concerning the R-32 and R-125 separation, none of the studied

B r2reis
[ ] re134amen2s
B r-34ar32

Selectivity

Fig. 7. Ideal selectivities at 303.15 K, calculated from effective Henry’s constants from soft-SAFT, for the DES A and B.
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possibilities is good because all DESs selectivities calculated have a
value around 1, as shown by red columns in Fig. 7, so there is no pref-
erence in absorbing any compound. In this case, the best option would
be [C2C1Im][CgF17S03]:[HC4F9CO2] (1:2), whose value is slightly above
1, but other solvents should be studied to carry out a successful sepa-
ration of these two refrigerants. The selectivity values at 313.15 and
323.15 K are shown in Figure S5 in the Supplementary Information for
all cases, providing similar conclusions.

5. Conclusions

In this work, molecular models based on soft-SAFT approach have
been developed and used to represent the thermodynamic behaviour of
five fluorinated DESs, derived from perfluorinated acids (C4F9CO2H and
C4F9SO3H) and fluorinated salts, and to evaluate their capacity to absorb
F-refrigerants. For this purpose [N4444] [C4F9303], [C2C11m] [C3F17303],
[N111200m1[C4F9SO3],  [N111200m1[C4F9CO2],  and  [Ni11200m)]
[CgF17S0O3] were modelled using the soft-SAFT EoS. The individual-
component approach was used to develop molecular models for these
salts (considering experimental data for FDESs) since all parameters
became composition-independent, providing more flexibility and
transferability for the proposed models. The proposed parametrisation
accurately describes the density of FDESs, evidencing the strength of
soft-SAFT approach.

As the salts and F-gases have more complex interactions than the
other binary combinations (i.e., acid-F-gas and salt-acid), a fixed binary
size parameter and a composition-dependent energy parameter were
used for the salt + F-gases pairs, while the rest of combinations were
calculated without further adjustment. Once the parametrization of all
systems was performed, the soft-SAFT approach was employed as a
screening tool to showcase the influence of the molecular structure of
the FDES and F-gases, and to address the impact of temperature and
composition of the solvent on the absorption capacity of FDES.

The solubility of the F-gases in these FDES was successfully captured
by soft-SAFT in all cases. The highest solubilities for all F-gases were
observed for [N4444][C4F9SO3]:[HC4F9SO3] at a ratio 2:1. Moreover, R-
134a at the lowest temperature exhibited the highest solubility in all
tested DESs over a wide range of operating pressures out of the three
gases studied. In terms of modelling, all binary parameters were found to
be slightly higher than one, revealing that the combining rule utilised is
underpredicting the crossed interaction between the DES and the
refrigerant. Still, similar values were found, regardless of the tempera-
ture, allowing a good description at all operating conditions.

From these models, effective Henry’s constants, enthalpy and en-
tropy of dissolution, and ideal selectivity values were calculated. While
[C2C11m] [C8F17SO3]Z[HC4F9C02] (122), ClOSEly followed by [N4444]
[C4F9SO3]:[HC4F9CO2] (1:2), were the best candidates to separate R-
134a from the other two refrigerants, none of the options evaluated
seems to be suitable for the R-32 / R-125 separation. Still, it is possible to
adjust the selectivity towards each F-gas at lower pressures by modifying
the composition ratio of each DES and the operating temperature.

This work emphasizes the capability of molecular-based equations of
state, such as soft-SAFT, to screen the capacity of new solvents in terms
of gases solubility and selectivity in a quick and efficient manner,
becoming a useful tool for solvent selection.
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