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A B S T R A C T

The widespread use of hydrofluorocarbons (HFCs) in refrigeration ushered in a significant environmental 
challenge due to their high global warming potential. Effective recovery and separation techniques are imper
ative to mitigate their adverse impacts and promote sustainability. This study investigates the solubility behavior 
of four common HFCs (R-125, R-134a, R-32, and R143a) using choline chloride ([Ch]Cl) and tetramethy
lammonium chloride (TMAC) based Deep Eutectic Solvents (DESs) as ecofriendly, low-toxicity and low-cost 
alternatives, provided the promising selectivity exhibited by some of them in separating HFC mixtures. The 
new experimental data are completed by a comprehensive thermodynamic characterization employing the soft- 
SAFT equation. This modeling enables the description of the density and viscosity of pure DESs, enthalpy and 
entropy of dissolution, Henry’s constants, and ideal selectivity. From these results, the competitive selectivity 
among gases in multi-component blends and DESs is predicted. R-32 appears to have the highest affinity in DESs, 
followed by R-134a, R-143a, and R-125, while TMAC:EG (1:3) shows the highest absorption capacity for all 
HFCs. Despite relatively low absorption rates, DESs containing TMAC:GL (1:3) and [Ch]Cl:GL (1:3) + 10 wt% 
exhibit promising selectivity for separating HFCs mixtures, especially those containing R-32, which holds sig
nificance for applications in recovering commercial blends like R410A and R407F.

Introduction

Currently, global warming represents one of the most pressing topics 
in modern science, exerting far-reaching impacts across virtually all 
areas of society, and serving as an incentive for public policies, regula
tions, and studies [1]. The advance of this phenomenon can be attrib
uted mainly to the anthropogenic emission of greenhouse gases (GHGs), 
whose atmospheric concentration has increased in recent years [2]. 
Historically, the most common GHGs have been carbon dioxide, nitrous 
oxide, methane, and fluorinated gases (F-gases), mostly hydro
fluorocarbons (HFCs) [3]. The latter are famously employed as 

replacements for chlorofluorocarbons and hydrochlorofluorocarbons, 
phased out in the Montreal Protocol in 1987 after demonstrating their 
ozone-depleting potential [4].

F-gases are mainly employed in the refrigeration industry and are 
emitted at much lower rates than other GHGs. As of 2019, these com
pounds accounted for approximately 2.3 % of the total GHG emissions 
globally [5]. However, their high global warming potential (GWP), 
usually thousands of times the value of CO2, dramatically raises their 
impact, leading to further regulations to lessen global warming effects. 
The Kigali Amendment to the Montreal Protocol [6] established the 
future of usage of F-gases, aiming to significantly decrease global 
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hydrofluorocarbon emissions to 0.9–1 Gt of CO2 equivalent per year by 
2050, along with a reduction in the surface warming to 0.04 ◦C by 2100, 
which presents an encouraging contrast to current projections of 1.9–3.6 
Gt of CO2 equivalent per year and surface warming of 0.14–0.31 ◦C, 
respectively [7]. Nonetheless, there are several challenges to address. 
For example, it is essential to determine the source of emissions and 
analyze the appropriate methods for reducing them from specific sour
ces [8]. The emissions of HFCs, in particular, have shown a significant 
increase over time [7,9]. Thus, treating these substances represents one 
of the most challenging tasks in modern chemical engineering.

Destruction of HFCs is the most direct approach to remove these 
compounds. However, it still copes with difficulties such as high energy 
demands, hazardous decomposition products under non-optimal con
ditions, and lack of technological availability in every country [10,11]. 
A circular economy framework around F-gases may circumvent this 
issue, reducing the requirement to produce new HFCs [11]. Regardless 
of the approach, an efficient and highly selective recovery of these gases 
from end-of-life equipment is crucial for adhering to mid and long-term 
phase-out regulations. However, the presence of HFCs in highly non- 
ideal conditions, such as azeotropic blends [12], limits the alternatives 
to perform such a separation process.

Among techniques involved in recovering HFCs, absorption into 
ionic liquids (ILs) and deep eutectic solvents (DESs) has raised as a 
promising alternative. The application of ILs to the absorption process is 
widely spread in the literature [13–16], while DESs have been studied in 
a more limited way, with a significant increase over the past years 
[17,18]. DESs are liquid mixtures that develop a solid–liquid transition 
at much lower temperatures than the ones of their independent com
ponents. The main driving force behind this phenomenon is attributed to 
hydrogen bond occurrence between both components in the DES, the 
hydrogen-bond acceptor (HBA) and the hydrogen-bond donor (HBD). A 
great number of combinations between different HBAs and HBDs may be 
defined, along with the molar ratio of each one. Similar to ILs, various 
combinations of these compounds result in DESs that exhibit varying 
interactions with different solutes, allowing the tunability of solvents to 
enhance selectivity towards specific HFCs. Moreover, some advantages 
have been attributed to DESs over ILs, namely lower toxicity, viscosity, 

and corrosivity, better degradability and lower production cost [18].
The large number of possible HBA-HBD combinations to synthesize 

DESs makes a complete experimental characterization challenging to 
achieve. Aiming to tackle this problem, computational modeling ap
proaches have been explored in recent years. In particular, machine 
learning techniques have emerged as a promising approach for pre
dicting DESs properties [19–22] and for designing task-specific DESs 
[23]. These models enable rapid screening of potential DES candidates, 
significantly reducing the need for extensive experimental work. How
ever, careful attention is required to ensure that the models obtained 
through machine learning can be reliably extrapolated. Regarding the 
analysis of DESs and their absorption capabilities for fluids, molecular 
simulation and ab initio methods have been widely employed [24–29], 
providing remarkably detailed information regarding their microscopic 
behavior and its extension to macroscopic observables. However, the 
associated computational cost hinders the chance of screening for 
interesting DES-solute combinations, especially when considering the 
variety of mixtures of solutes and/or different operating conditions for 
the absorption process.

Merging a remarkable predictive capability with a lower computa
tional cost, molecular-based Equations of State (EoS), such as the Sta
tistical Associating Fluid Theory (SAFT), [30,31] have shown 
remarkable efficacy in precisely describing thermodynamic properties 
of HFCs. This framework becomes a compelling tool for the systematic 
design of refrigerant blends [32–37]. Their success stems from their 
ability to explicitly consider micro-level characteristics, such as molec
ular structure and intermolecular interactions, following a coarse- 
grained methodology, thereby elucidating their influence on observ
able macro-level phenomena. Previous studies have highlighted the 
accuracy and predictive power of the soft-SAFT EoS variant [38] in 
characterizing the thermodynamic behavior of HFCs [39–41], including 
the modeling of their solubility in DESs [42,43].

This work is devoted to verifying the absorption potential of four 
common HFCs (R-125, R-134a, R-32, and R143a) using specific low- 
cost, non-toxic, and environmentally friendly DESs. For this purpose, 
novel experimental measurements on the solubility of those gases in 
DESs composed of tetramethylammonium chloride (TMAC) as hydrogen 

Fig. 1. Chemical structures of the compounds studied in this work.
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bond acceptor (HBA), combined with ethylene glycol and glycerol as 
hydrogen bond donors (HBD), are presented here. These data, along 
with some recently published data for choline chloride ([Ch]Cl) based 
DESs with the same HBDs and lactic acid [44,45], are accurately char
acterized using the soft-SAFT EoS. [Ch]Cl and TMAC-based systems, 
classified as type III DESs, are widely used, readily available, and cost- 
effective solvents [46]. Furthermore, [Ch]Cl-based DESs have previ
ously demonstrated promising selectivity values for blends comprised of 
HFCs, placing them as interesting solvents for the design and evaluation 
of new recovery processes [44,45]. These solvents are also characterized 
by the possibility of tuning their selectivity towards different HFC 
combinations by the choice of specific HBDs. TMAC-based DESs have 
been included to get a more complete picture of the capabilities of type 
III DESs for F-gases separation. Fig. 1 illustrates the molecular structures 
of all compounds studied in this work.

The thermophysical model is then used to describe various proper
ties, including the density and viscosity of pure DESs, the enthalpy and 
entropy of dissolution, Henry’s constants, and ideal selectivity. The 
study additionally predicts the competitive selectivity among gases in 
multi-component mixtures based on commercial refrigerant blends and 
DESs. Based on this information, a rational analysis is conducted to 
determine the best DES for the recovery of specific components in 
commercial refrigerant systems, facilitating the pre-design of a gas 
separation unit for industrial applications.

Materials and methods

Materials

Glycerol (99 % purity) and ethylene glycol (99 % purity) were ac
quired from ITW Reagents. Tetramethylammonium chloride (97 % pu
rity) was purchased from Thermo Fischer Scientific, and it was heated at 
343.15 K under vacuum conditions for 15 h for further purification. The 
hydrofluorocarbons utilized in all experiments were R134a, R-125, R- 
32, and R-143a, all sourced from GRIT, Gases, Research, Innovation & 
Technology S.L.U, with a purity level of at least 99.5 %.

The DESs experimentally characterized in this study were prepared 
following the methodology used by Codera et al. [44]. In particular, the 
HBA tetramethylammonium chloride (TMAC) was combined with 
glycerol (GL) or ethylene glycol (EG) in a molar ratio of 1:3. During the 
preparation of DESs, [Ch]Cl and TMAC HBAs were placed in a vacuum 
oven at 343.15 K before use. After the drying process, they were stored 
in a drying system containing phosphorus pentoxide to avoid any further 
hydration. The standard procedure established by Moradi et al. [47] and 
Nkosi et al. [48] was followed in all cases. DESs were prepared in a 
beaker using a Mettler Toledo PM2000 balance with an uncertainty of ±
0.01 g and heated at 338.15 K for 1 h with continuous stirring until a 
uniform, transparent liquid was formed. The beaker was sealed during 
the DES preparation. In the particular case of the aqueous [Ch]Cl: GL 
(1:3) system, water was added to the DES and controlled gravimetri
cally, until obtaining a 10 wt% of water content.

Methods

Determination of DESs density and viscosity
The density and viscosity of DESs were measured using a digital 

densimeter and viscometer over a temperature range of 293.15 to 
343.15 K, in 5 K increments, under atmospheric pressure. Two mea
surements were performed for each DES and property, and the results 
are expressed as the average, with a measurement uncertainty of 0.0001 
g⋅cm− 3 for density and ± 0.1 mPa⋅s for viscosity.

Detailed information regarding the experimental equipment and 
setup for density and viscosity measurements can be found in previous 
work [44] and in section S1 of the Supporting Information.

Determination of hydrofluorocarbons solubility
HFC solubility was determined using an isochoric saturation 

analytical method with a custom-built apparatus. A known amount of 
DES (± 0.01 g) was introduced into the equilibrium cell, and the entire 
system was evacuated for 2 h at 300.15 K using a vacuum pump 
(COMECTA − IVYMEN, model 5900621). Meanwhile, HFC from the 
commercial bottle was introduced into the gas cylinder of the system, 
with the temperature set at 300.15 K. Once equilibrium was reached, the 
vacuum was stopped, and the gas from the cylinder was swiftly trans
ferred into the cell while stirring, causing an initial pressure increase. 
The system was maintained at 300.15 K, digitally recording the pressure 
inside the equilibrium cell every second until complete absorption 
occurred, evidenced by a stable equilibrium pressure persisting for at 
least 30 min. The uncertainty of gas solubility measurements on a mole 
fraction basis was determined to be ± 0.0005. Further details of the 
experimental method and uncertainties of gas solubilities measure
ments, including the necessary equations for solubility calculations, can 
be found in section S1 and Table S1 of the Supporting Information
section.

Thermophysical modeling methodology

The thermophysical analysis of the absorption of refrigerants in DESs 
involves the application of two complementary approaches. First, ther
modynamic modeling, necessary to build a model for each molecule and 
estimate the main thermodynamic properties, is done through the soft- 
SAFT equation of state (EoS), a well-known variant of the original Sta
tistical Associating Fluid Theory (SAFT) approach [30,31]. The theo
retical fundamentals of both approaches are explained in section S2 of 
the Supporting Information section.

The thermodynamic modeling of pure fluids using soft-SAFT EoS 
requires determining a set of molecular parameters that describe the 
main structural and energetic characteristics of the compounds. The 
molecular models used with soft-SAFT to describe DESs are a key aspect 
during the parameterization of molecular parameters and their future 
transferability. In this regard, in this work DESs are modeled as a 
mixture of two independent species, using the individual component 
approach [49], where a specific molecular model for each compound 

Table 1 
Molecular weight and soft-SAFT molecular parameters optimized for the species that form DESs, water, and HFCs studied in this work.

Compound Mw 

(g/mol)
m σ(Å) ε/kB(K) εHB/kB(K) kHB(Å3) N. of sites Ref.

[Ch]Cl 139.63 5.096 3.401 428.4 3384 2100 1 + 1 [49]
TMAC 109.6 3.818 3.413 360.8 3384 2100 1 + 1 [50]
Glycerol 92.09 2.397 3.638 392.95 4945 2250 1 + 1 [51]
Lactic Acid 90.08 1.812 4.059 433.1 1510 3200 1 + 1 [50]
Ethylene glycol 62.07 1.751 3.668 326.05 4384 4195 1 + 1 [52]
Water 18.02 1.000 3.154 365.0 2388 2932 2 + 2 [53]
R-125 120.02 1.392 4.242 148.8 1685 24,050 1 + 1 [54]
R-134a 102.03 1.392 4.166 166.6 1862 24,050 1 + 1 [37]
R-143a 84.04 1.392 4.103 149.0 1717 24,050 1 + 1 [35]
R-32 52.00 1.321 3.529 144.4 1708 24,050 1 + 1 [54]

L.V.T.D. Alencar et al.                                                                                                                                                                                                                         Journal of Industrial and Engineering Chemistry 146 (2025) 788–799 

790 



comprising the investigated DESs is required. Two HBAs ([Ch]Cl and 
TMAC) and three HBDs (ethylene glycol – EG, glycerol – GL, and lactic 
acid – LA), forming a total of 5 combinations (the combination between 
TMAC and LA was not studied), were examined in detail. Following 
previous works [49,50], [Ch]Cl and TMAC are modeled as associating 
compounds with two association sites each, one positive and one 
negative, simulating the cation–anion interaction. GL, LA, and EG are 
also modeled with two association sites, one positive and one negative, 
to mimic the hydroxyl groups present in these molecules, following the 
same hypothesis of previous works [50–52]. Since some DESs contain 
water, such as the [Ch]Cl: GL (1:3) system with the addition of 10 wt% 
water to reduce viscosity [44], and the [Ch]Cl: LA (1:2.55) system, 
where the LA used had a declared purity of 85 wt% [45] (meaning the 
DES contains approximately 10 wt% water as an impurity), it is crucial 
to consider the impact of this water content on the properties of the 

mixture. Consequently, water is modeled using four association sites, as 
proposed by Vega et al. [53], to preserve the tetrahedral structure of the 
molecule when hydrogen bonding occurs.

Finally, all HFCs, R-125, R-134a, R-143a, and R-32, are described as 
homonuclear chains with two association sites each, one positive and 
one negative, simulating the dipole moment caused by the electroneg
ativity of the molecule. This model has shown the best performance 
when describing interactions with ILs and DESs [42,43].

The complete set of parameters for all compounds is taken from 
previous works [35,37,49–54] and is presented in Table 1 for 
completeness.

Fig. 2. Density (ρ) – temperature (T) diagram, at atmospheric pressure, for the DESs: TMAC:EG (1:3), TMAC:GL (1:3), [Ch]Cl:LA (1:2.55) + 10 wt% water, [Ch]Cl:GL 
(1:3) + 10 wt% water and [Ch]Cl:EG (1:3). Symbols correspond to experimental results of this work and literature data [44,45] and lines to soft-SAFT modelling 
(with parameters from Table 1).

Fig. 3. Viscosity (η) – temperature (T) diagram, at atmospheric pressure for the DESs: TMAC:EG (1:3), TMAC:GL (1:3), [Ch]Cl:LA (1:2.55) + 10 wt% water, [Ch]Cl: 
GL (1:3) + 10 wt% water and [Ch]Cl:EG (1:3). Symbols correspond to experimental results of this work and literature data [44,45], while the lines to soft-SAFT +
FVT calculations.
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Results and Discussion

Solvents thermophysical characterization

Density
The new experimental density measurements performed for TMAC 

with EG and GL at a molar ratio 1:3 are provided in Table S3 of the 
Supporting Information. These measurements, along with density data 
from three additional DESs based on [Ch]Cl and EG, GL + 10 wt% water, 
and LA + 10 wt% water [44,45], are illustrated in Fig. 2 for visual 
analysis.

As observed, the density exhibits a consistent linear decrease with 
temperature in all cases, as reported in previous studies [44,55,56]. 
Among the evaluated DESs systems, [Ch]Cl:GL (1:3) with 10 wt% water 
content displays the highest density, although very closely followed by 
TMAC:GL (1:3) and [Ch]CL:LA (1:2.55) with 10 wt% water content. 
However, the DESs formed with EG have lower densities, with TMAC:EG 
(1:3) providing the lowest values. This trend underscores the influence 
of the DESs component characteristics on density variations, mostly 
related to molecular size. In this regard, it can be noticed that the choice 
of the HBD has a major impact, as DESs containing GL ([Ch]Cl:GL + 10 
wt% water and TMAC:GL) and LA ([Ch]Cl:LA + 10 wt% water) exhibit 
higher densities, attributed to their larger molecular sizes (see Table 1
and Fig. 1). Conversely, systems containing EG as the HBD display lower 
densities due to its smaller molecular size. Concerning the HBA influ
ence, [Ch]Cl-based DES also provide higher densities than TMAC-based 
DESs, although the differences depend more on the HBD combination.

The performance of soft-SAFT utilizing the optimized parameters 
outlined in Table 1 to describe the density of the investigated DESs is 
also illustrated in Fig. 2. To address the minor discrepancies in mixture 
density predictions from pure compound parameters, a binary param
eter η[Ch]Cl-LA = 0.93 was introduced for [Ch]CL:LA (1:2.55) + 10 wt% 
water and ηTMAC-HBD = 1.023 for both TMAC-based DESs. Still, this 
minor correction, with a temperature-independent common coefficient, 
ensures quantitative agreement across both TMAC-based DESs. In gen
eral, the results demonstrate very good agreement between the experi
mental data and those calculated with soft-SAFT, with an %AAD of 1.12 
%, 1.51 %, 2.15 %, 1.16 % and 1.13 % for [Ch]Cl:GL (1:3) + 10 wt% 
water, TMAC:GL (1:3), [Ch]CL:LA (1:2.55) + 10 wt% water, [Ch]Cl:EG 
(1:3) and TMAC:EG (1:3), respectively.

Viscosity
Another property of interest for using DESs as solvents in diverse 

applications is their viscosity, which plays a critical role in fluid dy
namics and transfer of mass and heat, affecting their suitability for ap
plications [57–60]. For instance, this property significantly influences 
the energy required for pumping procedures and the efficiency of gas 
absorption processes when DESs are utilized as absorbents [61,62]. The 
viscosity measurements for the TMAC based DESs can be found in 
Table S4 of the Supporting Information, while in Fig. 3 these results are 
plotted along with previous [Ch]Cl-based DESs. At standard ambient 
temperature (298.15 K), noticeable differences in viscosity among DESs 
were observed. Notably, TMAC:GL (1:3) exhibited the highest viscosity, 
surpassing 250 mPa⋅s. This rise in viscosity is attributed to the more 

elevated number of hydroxyl groups of GL compared to EG, facilitating 
enhanced hydrogen bonding interactions with TMAC and, consequently, 
leading to higher viscosity levels.

The experimental data have also been theoretically modeled using 
the Free-Volume Theory (FVT) coupled with soft-SAFT, applying the 
spider-web methodology [63] to fit the FVT parameters for the com
pounds forming the examined DESs using mixture data. The density 
values required to apply FVT were calculated through the soft-SAFT EoS 
utilizing the parameters outlined in Table 1. The optimized parameters 
for DESs forming molecules are included in Table 2.

As can be seen, an excellent agreement between the model and the 
viscosity data has been found (lines of Fig. 3), with an AAD% of 8.11 %. 
The major deviations correspond to the lowest temperatures, where the 
uncertainty of the viscosity measurements is higher. The soft-SAFT plus 
FVT model offers a poorer performance at low temperature, as seen in 
previous works [49,64], which can be attributed to the difficulty in 
capturing the sharp exponential increase in viscosity. However, these 
deviations only occur at high viscosity values, in a region which is not of 
interest for practical applications. Otherwise, the description of aqueous 
DESs is remarkable, reconfirming the high versatility of the approach in 
achieving a reliable description of this property at different conditions 
[49].

Solubility of HFCs in [Ch]Cl and TMAC based-DESs

Once the density and viscosity of the investigated DESs has been 
characterized, their capacity to absorb the most common refrigeration 
hydrofluorocarbons (in this case, the R-32, R-134a, R-143a, and R-125) 
is studied. The absorption equilibrium isotherms were measured at 
300.15 K under pressures up to 6.5 bar, not to surpass the saturation 
pressure of R-134a, which stands at 7.0 bar at 300.15 K [65]. The 
experimental solubility data for the two TMAC-based DESs studied in 
this work are provided in Table 3, while Fig. 4 represents the equilib
rium gas pressure at 300.15 K as a function of the mole fraction of dis
solved F-gas (xF− gas) in each DES, including the previous results obtained 
for [Ch]Cl-based DESs, along with their modelling.

A comprehensive analysis of the results demonstrated a relatively 
low solubility of HFCs for all DESs investigated here, which can be 
attributed to the absence of fluorine atoms in their chemical structure. 
Previous works on the solubility of HFCs in fluorinated ionic liquids [42]
and DESs [66] had suggested that the presence of fluorine atoms can 
enhance the F-gases solubility by forming hydrogen bonds (H-F-H), at 
the price of a more complex synthesis and higher environmental impact. 
However, this high degree of absorption comes at a cost of a nearly null 
capacity to selectively separate these HFCs.

In the DESs under investigation in this work, it appears that the 
primary influence lies on a weak physical absorption dominated by 

Table 2 
Free-Volume Theory viscosity parameters optimized for DESs forming 
molecules.

Compound α(J m3 mol− 1 kg− 1) B⋅102 Lv⋅102(Å) Ref.

[Ch]Cl 374.58 0.6867 0.0170 [49]
GL 335.74 0.2794 2.9452 [49]
Water 485.21 0.1001 1.4239 [49]
EG 356.55 0.0911 8.5466 [49]
LA 449.05 0.0639 1.3881 This work
TMAC 379.55 0.7920 0.0042 This work

Table 3 
Vapor-liquid equilibria of the selected DESs with HFCs at 300.15 K.

TMAC: GL (1:3)

R-32 R-125 R-134a R-143a

P (MPa) xi P (MPa) xi P (MPa) xi P (MPa) xi

0.086 0.006 0.100 0.001 0.064 0.002 0.096 0.002
0.145 0.022 0.193 0.003 0.091 0.004 0.193 0.003
0.222 0.026 0.255 0.004 0.183 0.006 0.284 0.005
0.287 0.043 0.382 0.005 0.274 0.012 0.482 0.007
0.362 0.053 0.481 0.006 0.358 0.016 0.579 0.010
TMAC: EG (1:3)

R-32 R-125 R-134a R-143a

P (MPa) xi P (MPa) xi P (MPa) xi P (MPa) xi

0.064 0.016 0.089 0.005 0.069 0.013 0.090 0.005
0.105 0.035 0.168 0.011 0.131 0.027 0.174 0.010
0.147 0.053 0.256 0.016 0.194 0.040 0.258 0.015
0.196 0.071 0.336 0.022 0.261 0.054 0.344 0.019
0.237 0.086 ​ ​ 0.271 0.056 0.427 0.026
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entropic effects, where the volume of the F-gas molecules plays a key 
role. Indeed, R-32, the smallest HFC among those studied, being the only 
single-carbon compound (with two fluorine atoms), exhibits the highest 
solubility. Concerning the two-carbon refrigerants, it may be noted that 
the amount of fluorine atoms in HFCs do not consistently correlate with 
enhanced solubility. For instance, while R-134a, containing four fluo
rine atoms, ranks as the second compound with the highest solubility, R- 
125 (with five fluorine atoms) and R-143a (with three fluorine atoms) 
exhibit similar and lower solubility levels compared to other F-gases. In 
this case, two different effects play a role. On one hand, R-125 has a low 
solubility due to the presence of five fluorine atoms, forming a relatively 
stable structure of a certain size and leaving low allocation for strong 
interactions with the DESs. Conversely, the asymmetric R-143a, with 
three fluorine atoms at the same molecule end, exhibits a high dipole 
moment [67], but lacks the previously mentioned H-F-H structure, 

resulting in a lower solubility. In any case, this variation in solubility 
among these HFCs represents an advantage for their separation. Spe
cifically, it suggests that R-125 and R-143a could potentially be readily 
separated from mixtures of HFCs containing R-134a and R-32.

Although the qualitative outcomes among all DESs are somewhat 
similar, it is notable that TMAC:EG (1:3) exhibits a slightly higher ab
sorption capacity, closely followed by [Ch]CL:LA (1:2.55) + 10 wt% 
water, and then by [Ch]Cl:EG (1:3), [Ch]Cl:GL (1:3) + 10 wt% water, 
and finally TMAC:GL (1:3). The latter seems to be clearly affected by its 
higher viscosity, possibly affecting mass transfer. In any case, no sub
stantial differences are appreciated among all DESs, suggesting that the 
influence of the DESs structure on the solubilities of the F-gases appears 
to be modest. However, it is important to remember that the choice of 
the best solvent will be determined by its selectivity and not by its ab
sorption capacity.

Fig. 4. Vapor-liquid equilibria for the DESs with HFCs at 300.15 K. Symbols correspond to experimental results of this work and literature data [44,45], while the 
lines are soft-SAFT calculations.
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The thermodynamic model, as shown in Fig. 4, provides good 
agreement with the experimental data. The molecular parameters pro
vided in Table 1 are used here to deal with multicomponent calculations, 
where each combination between DES and HFC is treated as a ternary 
mixture, except for the corresponding HFC with the DES [Ch]Cl:LA 
(1:2.55) + 10 wt% water and [Ch]Cl:GL (1:3) + 10 wt% water, which 
are treated as quaternary systems. Subsequently, the model must ac
count for all possible interactions among the three or four compounds 
involved. On one side, cross-association interactions between sites are 
explicitly considered, with only positive–negative interactions being 
allowed. On the other side, given the very different structure of the 
molecules involved, it is necessary to apply a correction in the crossed 
dispersive energy by means of the binary parameter, ξij (see Eq. S7 in 
Section S2 of Supporting Information). No further size corrections are 
necessary for the Berthelot combining rule with η = 1 for all binary 
combinations, with the exception of the TMAC:HBDs and [Ch]Cl:LA 
DESs (as explained in previous Section), having a constant value of η =

1.023 for TMAC and η = 0.930 for [Ch]Cl, respectively. A summary of 
the necessary ξij values to quantitatively describe the HFCs solubility in 
DESs is provided in Table 4.

Some remarkable trends emerge from analyzing the values of these 
parameters and their relevance to the interactions within the mixture. 
Notably, most cases exhibit an energy binary parameter ξij greater than 
one, specifically in adjusting the interactions involving the DESs forming 
molecules and the HFCs. These results suggest that the classical Lorentz- 
Berthelot combining rules underestimate the solubility of the HFCs in 
the DESs, indicating potential missing interactions within the model for 
the investigated mixtures. Interestingly, a consistent ξij value is observed 
across interactions between each HBD and the four HFCs, suggesting 
that the parameter can be transferred among HFCs if no experimental 
data are available. For the case of the quaternary mixtures containing 
water, one parameter between [Ch]Cl and water was transferred from 
previous work (ξij = 1.0450) [49]. In contrast, the parameter for in
teractions between R-134a, R-143a or R-32 with water was optimized 
here and fixed at ξij = 0.8500. Overall, the soft-SAFT calculations 
effectively describe the solubility of each HFC in the examined DESs, 

showing good agreement with experimental data as depicted by the lines 
in Fig. 4 (individual deviation values are available in Table S5 of the 
Supporting Information).

Enthalpy and entropy of dissolution

The absorption of HFCs into the DESs does involve examining 
additional thermodynamic metrics, apart from solubility, such as the 
absorption enthalpy and entropy. These metrics provide insights into the 
strength of the interactions and the degree of order when a gas is dis
solved into the solvent, respectively [68]. Their values under different 
constant compositions can be determined utilizing data derived from the 
soft-SAFT EoS, according to the following equations: 

ΔHdis = − RT2
(

dlnPi

dT

)

xi

(1) 

ΔSdis = − RT
(

dlnPi

dT

)

xi

(2) 

where ΔHdis is the molar enthalpy of absorption; ΔSdis is the molar en
tropy of absorption; R is the universal gas constant (8.3145 J.mol− 1. 
K− 1); Pi is the partial pressure of the dissolved gas i; T is overall system 
temperature and xi is the mole fraction of the dissolved gas i in the DESs, 
which is fixed at 0.0001 (a very low gas concentration). The results for 
each HFC within the respective DESs are provided in Table 5.

As can be seen in Table 5, R-32 exhibits the highest negative values of 
ΔHdis among the HFCs, which implies that all investigated DESs have a 
higher affinity for R-32 than for the other HFCs studied. Regarding the 
results of ΔSdis, negative values are found in all cases, stemming from the 
gas’s condensation. The decrease in entropy caused by this phase tran
sition is not compensated by the entropy generated from the disruption 
of the HFCs into the organized structure of the DESs.

Selectivity and absorption calculations

The ability of an absorbent to selectively capture a specific F-gas 
from a blend is crucial for tailoring gas recycling and separation pro
cesses. Thus, the ideal selectivity of each HFC within the respective DESs 
is used to pre-screen their efficiency in separating binary HFCs mixtures. 
The ideal selectivity at infinite dilution, denoted as α, relates the amount 
of the HFC dissolved in the DES at an isotherm set and is expressed as the 
ratio of Henry’s law constants between the two pure HFCs [69]. 
Following this, the soft-SAFT EoS is employed to predict pressure data as 
solubility approaches zero for each isotherm and compound. These 
predictions enable the computation of the ideal selectivity for two spe
cific refrigerants i and j in terms of Henry’s law constants, as follows: 

αi/j
T =

kj
H, eff

T

ki
H,eff

T =

lim
xj→0

(
P
xj

)T

lim
xi→0

(
P
xi

)T (3) 

where ki
H,eff signifies effective Henry’s law constant [70] for gas i at 

temperature T, while xi denotes the mole fraction of compound i in the 
liquid. Lastly, αi/j represents the ideal selectivity at infinite dilution of 

Table 4 
Soft-saft energy binary interaction parameter (ξij) adjusted.

Compound i Compound j ξij

[Ch]Cl R-143a 1.1374
[Ch]Cl R-125 1.2103
[Ch]Cl R-134a 1.1450
[Ch]Cl R-32 1.2998
TMAC R-143a 1.0477
TMAC R-125 1.1278
TMAC R-134a 1.0577
TMAC R-32 1.3000
EG HFCs 1.1008
LA HFCs 1.2338
GL HFCs 1.0532
[Ch]Cl Water 1.0450*
R-134a Water 0.8500
R-143a Water 0.8500
R-32 Water 0.8500

*Reference:[49].

Table 5 
Calculated enthalpy and entropy of dissolution for HFCs in DESs at 300.15 K and xi = 0.0001.

DES ΔHdis/kJ.mol− 1 ΔSdis/J.K− 1.mol− 1

R- 143a R-125 R-134a R-32 R- 143a R-125 R-134a R-32

TMAC:GL (1:3) − 8.00 − 7.55 − 11.35 − 14.15 − 25.36 –23.92 − 35.96 − 44.84
[Ch]Cl:GL (1:3) þ 10 wt% H2O − 30.00 − 30.58 − 34.90 − 37.05 − 95.06 − 96.89 − 110.6 − 117.4
[Ch]Cl:EG (1:3) − 11.28 − 11.60 − 17.28 − 21.51 − 35.74 − 36.74 − 54.76 − 68.16
[Ch]Cl:LA(1:2.55) þ 10 wt% H2O − 35.35 − 35.97 − 37.37 − 37.85 − 111.9 − 113.9 − 118.4 − 119.9
TMAC:EG (1:3) − 11.06 − 11.17 − 17.13 − 21.60 − 35.05 − 35.38 − 54.26 − 68.44
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the compound j with respect to the compound i. The ideal selectivity 
obtained for a temperature of 300.15 K is plotted in Fig. 5, where the 
effective Henry’s law constants are visually illustrated in the same figure 
and listed in Table S6 of Supporting Information.

The values of effective Henry’s constants are directly linked to the 
results observed for the solubility measurements. TMAC:EG (1:3) shows 
the lowest kH,eff, indicating the highest absorption capacity, followed by 
[Ch]CL:LA (1:2.55) + 10 wt% water, [Ch]Cl:EG (1:3), [Ch]Cl:GL (1:3) +
10 wt% water, and finally TMAC:GL (1:3), which exhibits the highest kH, 

eff for all HFCs. Additionally, it is evident that, for all DESs, R-32 has the 
lowest kH,eff, followed by R-134a, while higher kH,eff values are consis
tently observed for R-125 and R-143a across all DESs [43].

Concerning the ideal selectivity, Fig. 5 also illustrates the selectivity 
for the binary mixtures R-32/R-125, R-134a/R-143a, R-32/R-134a, R- 
125/R-143a and R-125/R-134a at 300.15 K. Despite lower absorption 
capacities compared to fluorinated DESs [43,66], the DESs investigated 
in this study exhibit commendable selectivities for certain HFCs mix
tures. The highest values (ranging between 5.98 and 14.4) are obtained 
for the R-32/R-125 mixtures with the studied DESs, with TMAC:GL (1:3) 
having the best selectivity, indicating its preference for R-32 in this 
system. For the R-134a/R-143a mixture, the selectivity ranges between 
2.78 and 3.46, with [Ch]Cl:EG (1:3) yielding the highest value. 

Unfortunately, none of the DESs considered in this work seems appro
priate to separate R-125 from R-143a, as it was previously inferred from 
the solubility figures.

The ideal selectivity calculated from effective Henry’s coefficients is 
an approximation based on the infinite dilution behavior of pure com
pounds (i.e., HFCs in this study), which does not consider the compe
tition between the gases and is solely used to provide a first qualitative 
approximation on the separation capacity for each DESs. Based on this 
preliminary information, a more accurate assessment of the gas sepa
ration efficiency needs to be performed by studying the competitive 
selectivity to recover the compounds from multicomponent commercial 
refrigeration blends, including R410A (with 70.583 mol% R-32 and 
29.417 mol% R-125), R407F (with 48.299 mol% R-32, 20.129 mol% R- 
125, and 31.572 mol% R-134a), and R404A (with 35.782 mol% R-125, 
60.392 mol% R-143a, and 3.826 mol% R-134a).

In this case, the values of competitive selectivities (Si/j) calculated for 
these gas mixtures are obtained throughout Eq. (4). 

Si/j =
yj/xj

yi/xi
(4) 

where x is the mole fraction of each component in the liquid phase, and y 
is the mole fraction of each component in the gas phase. However, the 

Fig. 5. Calculated effective Henry’s constants (kH,eff) for HFCs (bars graph, left axis) and ideal selectivity (αi/j, symbols and lines, right axis) in TMAC:GL (1:3), [Ch] 
Cl:GL (1:3) + 10 wt% water, [Ch]Cl:EG (1:3), [Ch]CL:LA (1:2.55) + 10 wt% water and TMAC:EG (1:3) at 300.15 K.

Fig. 6. Illustration of liquid–vapor flash calculations via soft-SAFT EoS depicting the separation performance of commercial refrigerant blends at 300.15 K and 
various pressures (1, 5, and 10 bar).
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Fig. 7. Competitive selectivity of refrigerant blends in DESs at 300.15 K and different pressures, for a mixture with a global composition of zDES = 0.7 and 
zF− gas blend = 0.3 modeled using soft-SAFT EoS for a) R-32 recovery from R410A blend, b) R-32 recovery from R407F blend and c) R-134a recovery from 
R404A blend.
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intrinsic nature of Eq. (4) is originally thought for a binary comparison 
and needs to be adapted for ternary gas mixtures (R407F and R404A). In 
that case, we have opted to define the selectivity of one gas over the 
other two by considering the non-desired gases as a single entity 
“GASm”, where the xGASm is the sum of their liquid mole fractions, and 
yGASm represents the sum of their vapor mole fractions. For instance, in a 
mixture comprising three gases (GAS1, GAS2, and GAS3), the equation to 
determine the selectivity (S) of GAS1 over the other two gases would be 
as follows: 

xGASm = xGAS2 + xGAS3 (5) 

yGASm = yGAS2 + yGAS3 (6) 

SGAS1/GASm =
yGASm/xGASm

yGAS1/xGAS1

(7) 

The equilibrium compositions in Eqs. (4) and (7) are obtained from 
liquid-vapor flash calculations using soft-SAFT EoS, which are computed 
by an iterative process that involves solving a flash model into the 
Rachford-Rice equation [71]. This calculation considers an initial global 
composition with a DES mole fraction of 0.7 (zDES = 0.7) and 0.3 for the 
corresponding HFCs blend (zF− gas = 0.3), the latter with the commercial 
proportions previously stated, at the desired operating pressure and 
300.15 K, as illustrated in Fig. 6.

The separation performance of R-32 and R-134a from three com
mercial refrigerant blends at 300.15 K and the investigated − pressures 
is shown in Fig. 7. Additionally, the selectivity between the other two 
gases for the ternary HFCs blends R407F and R404A are illustrated in 
Figs. S2 and S3 in the Supporting Information.

An analysis of Fig. 7 reveals that a high separation efficiency can be 
achieved to separate R410A compounds, with TMAC:GL (1:3) demon
strating the best performance, as seen in Fig. 7a. Moreover. Fig. 7b 
demonstrates the competitive selectivity for separating R-32 from the 
R407F blend (i.e. so when adding R-134a, forming a ternary system). 
Finally, no significant differences are appreciated when extracting R- 
134a from R404A blend (in the presence of R-125 and R-143a), with a 
slightly better performance of [Ch]Cl:EG (1:3) and [Ch]CL:LA (1:2.55) 
+ 10 wt% water over the rest (see Fig. 7c).

In general terms, the predicted competitive selectivity aligns with the 
ideal selectivity at infinite dilution from Fig. 5, particularly at low 
pressure, where ideal conditions apply. However, on the one hand, while 
lower pressures enhance separation performance, this comes at the cost 
of a reduced sorption capacity, as can be seen in Fig. 4, and consequently 
a lower recovery. On the other hand, high-pressure conditions do not 
seem to be attractive, as they lead to decreased separation performance 
for specific DESs. Therefore, according to this analysis, operating under 
moderate pressure conditions is advisable for an efficient separation of 
HFCs. Another crucial factor for the effective application of DESs is their 
thermal stability, particularly when high temperature desorption pro
cesses are applied. It is important to consider that DESs may experience 
thermal decomposition and volatilization at high temperatures or vac
uum pressures [72,73]. DESs are generally regarded as low-volatility 
solvents; however, they may still volatilize under ambient temperature 
and pressure conditions, potentially impacting their long-term perfor
mance [74]. HBDs play a crucial role in the thermal stability of DESs, as 
they tend to decompose or volatilize first due to their relatively lower 
thermal stability or boiling point compared to the HBA. Although the 
thermal stability of the DESs studied here has not been directly assessed, 
we can infer that, ideally, the stability of [Ch]Cl-based DESs will 
decrease in the order GL > EG > LA, based on the boiling points of these 
HBDs [72]. A similar analysis can be applied to TMAC-based DESs. 
However, this conclusion should be experimentally confirmed, as the 
HBA:HBD ratio also affects molecular interactions and overall thermal 
stability. Thus, for an industrial application of these DESs, a balanced 
approach that considers both moderate pressure and thermal stability is 
vital for optimizing the separation of HFCs.

These findings offer a valuable insight into the thermodynamic 
behavior in mixtures comprised of HFCs and type III DESs. However, the 
development and implementation of an efficient separation process for 
the recovery of F-gases should include additional considerations, such as 
recycling stability, economic evaluation and life cycle analysis [75]. 
Although such studies lie out of the scope of this work, the obtained 
results offer a consistent thermodynamic model, which can be utilized in 
the design and evaluation of new processes.

Conclusions

In this study, the solubility of four common F-gases, particularly 
HFCs, (R-125, R-134a, R-32, and R143a) was investigated using three 
DESs based on [Ch]-Cl, employing ethylene glycol, glycerol, and lactic 
acid as HBDs, and two DESs based on TMAC utilizing ethylene glycol 
and glycerol as HBDs, at 300.15 K and low pressure. A comprehensive 
thermodynamic characterization of the HFCs absorption capability 
within these DESs was performed using the soft-SAFT EoS. Generally, 
the solubility trend across the DESs was observed as R-32 > R-134a > R- 
125 ≈ R-143a. Among the DESs studied, TMAC:EG (1:3) showed a 
higher affinity for the studied HFCs, presenting a slightly higher ab
sorption capacity. Despite a relatively low absorption, the DESs inves
tigated exhibited promising selectivity for separating HFCs mixtures, 
particularly those containing R-32, thereby suggesting potential appli
cations in separating commercial blends like R410A and R407F. The 
detailed thermodynamic modeling further supports the applicability of 
the soft-SAFT equation in accurately describing these systems, facili
tating the prediction of various crucial properties for process design and 
scale-up, including density and viscosity of pure DESs, enthalpy and 
entropy of dissolution, effective Henry’s constants, as well as ideal and 
competitive selectivity. In particular, the selectivity analysis allows the 
identification of the more suitable candidates among the studied DES for 
recovering R-32, R-134a, and R-125 from commercial HFCs blends, 
including R410A, R407F, and R404A. These findings offer valuable in
sights for developing and implementing efficient separation processes 
for HFCs, contributing to sustainability efforts in refrigeration.
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