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Abstract
Over the past few years, eutectic solvents (ESs) have drawn the scientific commu-
nity’s attention because they are usually more environmentally friendly than tradi-
tional organic solvents. One of the applications of ESs is in the gas capture field, 
where they are considered promising absorbers to replace amine- (MEA, DEA, or 
MDEA processes), methanol- (Rectisol process), dimethyl ethers of polyethylene 
glycol- (Selexol process), N-methyl-2-pyrrolidone- (Purisol process), propylene car-
bonate- (Fluor solvent process), or morpholine-based (Morphysorb process) solvents 
on CO2 capture from the atmosphere. Although several studies have reported experi-
mental gas solubility data in ESs, especially for CO2, only a few existing options 
are covered. In fact, resorting to experimental methods to obtain the solubility data 
seems unfeasible considering the vast number of possible eutectic mixtures. There-
with, theoretical predictions of gas solubility in ESs are valuable for the fast pre-
screening of prospective solvents. In this work, the ability of the thermodynamic 
model COSMO-RS to represent solubility data of CO2, CH4, and H2S in 17 cho-
line chloride-based (ChCl) ESs was evaluated. The experimental data were collected 
from the literature at different molar ratios, at 298.15 K or 313.15 K, and in the pres-
sure range from 1 to 125 bar. COSMO-RS offers a qualitative description of these 
gases’ solubility, which was expected due to the model’s fully predictive character. 
To improve the CO2 and CH4 solubility data description, a temperature–pressure-
dependent correction was applied to the COSMO-RS predictions for these gases, 
offering a global average relative deviation of 15%.
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1  Introduction

The increasing evidence of an imminent global and systemic environmental crisis 
has led the scientific community to develop more sustainable products and processes 
[1]. In this context, green chemistry has emerged as one of the main topics in chem-
istry, aiming to create products and processes to reduce or eliminate the use and 
generation of hazardous substances [2]. One of the major green chemistry issues is 
replacing traditional organic solvents, usually volatile and toxic, for more sustain-
able options, the so-called alternative solvents, such as eutectic solvents (ESs) [3].

A eutectic mixture is often defined as a mixture of components that, at fixed pro-
portions, have a melting temperature lower than the melting points of the pure com-
pounds [4, 5]. The term deep eutectic solvent (DES) is often attributed to eutectic 
mixtures formed by at least two components, a hydrogen bond donor (HBD) and a 
hydrogen bond acceptor (HBA), with a eutectic point temperature (and a solid–liq-
uid phase behavior) below that of an ideal liquid mixture, as reported by Martins 
and coworkers [6]. Otherwise, the mixture can be called simply a eutectic solvent 
(ES), which is observed for most systems reported in the literature.

Studies show that ESs might present environmental, economic, and technological 
advantages over traditional organic solvents [7] due to their low prices, low vapor 
pressure, nonflammability, biocompatibility, biodegradability, and easy preparation 
processes [8–11]. Consequently, both DESs and ESs have received great attention in 
recent decades due to their potential to replace organic solvents in various applica-
tions, such as media for extracting and purifying biocompounds [12], hydrate inhibi-
tors [13, 14], metal processing and metal decomposition agents [15–17], two-phase 
aqueous system forming agents [18, 19], and gas capture media [20–22].

Regarding gas capture, the continuous increase in fossil fuel usage for transporta-
tion and electricity, along with land misuse and other human activities, have led to 
excessive greenhouse gas (GHG) emissions, especially carbon dioxide (CO2) [23, 
24]. According to the International Energy Agency (IEA) global energy review on 
CO2 emission in 2021 [25], global energy-related CO2 emissions rose by 6%, cor-
responding to 36.3 billion tons of CO2 released to the atmosphere, the largest reg-
istered level in history in absolute terms up to 2021. Nonetheless, mitigating GHG 
emissions is mandatory because of their negative effects on climate change [26]. 
The most effective action toward reducing CO2 emissions would involve replacing 
fossil fuels with renewable energy sources. However, fossil-fuel-based power plants 
remain the most viable process for electricity and power generation due to their 
lower price [27, 28]. Under these circumstances, technologies aiming to capture flue 
gases seek to offer a pragmatic approach to reducing emissions in the coming years 
[29].

Developing strategies such as CO2 capture, utilization, and storage (CCUS) 
technology could greatly contribute to reducing CO2 emissions. These tech-
nologies can be divided into precombustion, oxyfuel combustion, and post-
combustion capture [23, 30, 31]. The latter is a suitable alternative to reduce 
CO2 emissions in coal-fired power plants [23]. In post-combustion technology, 
CO2 is separated from the flue gases through absorption, membrane separation, 
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adsorption, or a combination of these technologies [32, 33]. Alternatively, amine-
based (such as MEA, DEA, or MDEA) aqueous solutions have traditionally been 
used as chemical solvents to capture CO2 due to their excellent absorption capac-
ity, high reactivity, high selectivity, and low price. However, amine-based pro-
cesses may undergo solvent loss or degradation, equipment corrosion, and vola-
tile organic compounds (VOCs) emission. Regarding physical absorption, which 
is the case of most ESs, Selexol is a commercial process that uses dimethyl ether 
of polyethylene glycol (DEPG) as a solvent, and it is applied for the selective 
removal of hydrogen and CO2. This solvent presents low vapor pressure, chemi-
cal and thermal stability, and a non-corrosive and non-toxic nature; however, the 
high solubility of DEPG increases the pumping cost. These drawbacks have pro-
pelled the development of new materials for CO2 capture, such as ESs [34–37].

The efficiency of different ESs in physically absorbing CO2 has been mainly 
addressed over the years by evaluating experimental CO2 solubility in the liq-
uid phase [20, 24, 38–40]. Nevertheless, almost infinite possibilities of HBA and 
HBD combinations can result in ESs, and performing experimental solubility 
studies in all cases becomes unfeasible. Thus, theoretical predictions of CO2 solu-
bility in ESs are recommended for a fast pre-screening of prospective solvents 
[41, 42]. In recent studies, classical thermodynamic models such as the Non-Ran-
dom Two-Liquid (NRTL) model [21, 43] or equations of state, such as PC-SAFT, 
Cubic Plus Association (CPA), and Peng–Robinson (PR) [44–48], paired with the 
equilibrium isofugacity criteria, have been successfully used to describe gas solu-
bility in organic solvents and ESs.

Although the models mentioned above often deliver good representations of 
the solubility data, they are semi-empirical approaches that require experimental 
thermophysical data, such as density, vapor pressure, and heat capacity, to fit the 
model’s parameters. Unfortunately, these data are not easily found in the litera-
ture for ESs [42, 46]. More predictive models, such as the Conductor-like Screen-
ing Model for Real Solvents (COSMO-RS) [49–51], arise as attractive tools to 
describe the phase behavior of systems lacking experimental thermophysical 
data. COSMO-RS has shown to be useful for solvent screening purposes [52–54] 
due to its predictive nature with a qualitative accuracy [24, 49]. The model esti-
mates the thermodynamic equilibria of fluids using a statistical thermodynamic 
approach combined with quantum chemical calculations.

Despite the topic’s relevance, only a few studies aiming at modeling CO2 solu-
bility in ESs have been reported [24, 41–43, 55–60]. In this context, this work 
aims to evaluate the potentialities of COSMO-RS in describing the solubility of 
three greenhouse gases, CO2, CH4, and H2S, in different ESs. An experimental 
solubility database of the three selected gases in different ESs was built from data 
available in the literature. Then, the COSMO-RS model was applied to describe 
the solubility data, and the model’s performance was compared with the results 
achieved with more empirical thermodynamic approaches reported in previous 
studies, such as the PC-SAFT, CPA, and Peng–Robinson equations of state [46]. 
Finally, a temperature–pressure-dependent correction is proposed to refine the 
COSMO-RS predictions, improving the CO2 and CH4 solubility predictions in the 
studied ESs.
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2 � Materials and Methods

2.1 � Eutectic Solvent Database Collection

Experimental gas solubility data in ESs were collected from the literature. A 
database comprising the compounds’ molecular structure and polarization charge 
density (cosmo file) was built, allowing us to infer the COSMO-RS predictive 
accuracy. In this study, 208 solubility data points of CO2, CH4, and H2S in 17 dif-
ferent ESs, at 313.15 K and pressures varying from 1 to 125 bar, were gathered 
from the literature. All these data are compiled in Table 1.

Choline chloride was chosen as the common HBA, and 15 HBDs were 
selected, including ethylene glycol, glycerol, phenol, urea, 1,4-butanediol, 
2,3-butanediol, 1,2-propanediol, diethylene glycol, triethylene glycol, levulinic 
acid, furfuryl alcohol, guaiacol, lactic acid, malonic acid, and phenylacetic acid. 
The HBA:HBD molar ratios of 1:2, 1:3, and 1:4 were considered for CO2 solubil-
ity calculation, while the molar ratio of 1:1 was considered for CH4 calculation 
due to the scarcity of experimental data. The only exception was for the ES com-
posed of ChCl (HBA) and urea (HBD), where HBA:HBD molar ratios equal to 
1:1.5, 1:2, and 1:2.5 were studied.

Table 1   ChCl-based ESs molar ratio, gas solubility range, and pressure range of the systems analyzed in 
this study

Gas HBD Molar ratio 
(HBA:HBD)

Pressure range (bar) Gas solubility (x1) References

CO2 Ethylene Glycol 1:2 2.48–59.02 0.008–0.230 [61]
CO2 Glycerol 1:2 1.91–59.91 0.019–0.331 [62]
CO2 Phenol 1:2; 1:3; 1:4 1.16–127.40 0.003–0.275 [63, 64]
CO2 Urea 1:1.5; 1:2; 1:2.5 10.70–125.00 0.046–0.309 [65, 66]
CO2 1,4‒butanediol 1:3; 1:4 1.12–5.07 0.003–0.012 [67]
CO2 2,3‒butanediol 1:3; 1:4 1.11–5.29 0.003–0.014 [67]
CO2 1,2‒propanediol 1:3; 1:4 1.21–5.25 0.002–0.012 [67]
CO2 Diethylene Glycol 1:3; 1:4 1.16–5.18 0.003–0.015 [64]
CO2 Triethylene Glycol 1:3; 1:4 1.14–5.19 0.004–0.020 [64]
CO2 Levulinic acid 1:3; 1:4 0.60–5.80 0.003–0.027 [68]
CO2 Furfuryl alcohol 1:3; 1:4 0.70–5.82 0.002–0.018 [68]
CO2 Guaiacol 1:3; 1:4 0.53–5.43 0.001–0.016 [34]
CH4 Lactic acid 1:1 0.05–49.93 0.004–0.287 [69]
CH4 Malonic acid 1:1 0.05–49.93 0.004–0.281 [69]
CH4 Phenylacetic acid 1:1 0.05–49.92 0.005–0.0322 [69]
CH4 Urea 1:1.5; 1:2; 1:2.5 0.10–2.03 4E-05–0 001 [66]
H2S Urea 1:1.5; 1:2; 1:2.5 0.10–2.02 0.002–0.055 [66]
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2.2 � COSMO‑RS

The COSMO-RS is a predictive model that combines the dielectric continuum sol-
vation model, known as COSMO, and statistical thermodynamics [49]. Hereupon, 
COSMO-RS uses the interaction between a cavity containing a molecule and a 
dielectric media, generated through quantum chemistry Density Functional The-
ory (DFT)-based calculations, as a reference state from which interaction energies 
between molecules can be inferred [51]. Through statistical thermodynamics, the 
definition of an ensemble of pairwise small surface segments of different molecules 
interacting with each other, along with the establishment of a partition function from 
which the Gibbs energy of the system can be derived, enables the calculation of 
solution properties from COSMO-RS [51].

In fact, the contact between molecules in the reference state of COSMO causes 
the appearance of interaction energies, which contribute to the overall Gibbs energy. 
It is possible to derive chemical potentials from the Gibbs energy, thus allowing 
COSMO-RS to calculate thermodynamic equilibria. The model, in essence, depends 
only on the molecule’s geometry and polarization charge density to determine 
equilibrium conditions for multicomponent systems, which is a notable advantage 
over empirical or semi-empirical approaches. To describe the vapor–liquid phase 
diagram at a fixed pressure (isobaric) or fixed temperature (isothermal), the activ-
ity coefficient model computes a list of concentrations that cover the whole range 
of mole fractions of the system and calculates the excess enthalpy and Gibbs free 
energy, the species chemical potentials and activity coefficients, the total vapor pres-
sure of the system, and the concentrations of the species in the gas phase. The total 
pressure of the system is obtained using the modified Raoult’s law:

COSMO-RS assumes ideal behavior in the gas phase, being the species vapor 
mole fractions obtained from the ratio of the total pressure and partial vapor 
pressures.

where p�
j
 and �j are the vapor pressure and the activity coefficient of component j, 

respectively.
In the present work, the COSMOtherm software (version 21.0) [70] with the 

BP_TZVPD_FINE_21.ctd level of parametrization was used to estimate the solu-
bility data of the greenhouse gases in the eutectic mixtures. All the required cosmo 
files for the gases and some ES precursors (phenol, ethylene glycol, and glycerol) 
were retrieved from the COSMOtherm TZVPD-FINE database. For ChCl and 
all the HBD missing in the database, the input files were obtained with the COS-
MOconfX 2021 software coupled to the TmoleX (version 4.5) package using the 

(1)p =
∑

i
p�
i
xi�i.

(2)pj = p�
j
xj�j,

(3)yi =
p�
i
xi�i

p
,
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BP-TZVPD-FINE-COSMO + GAS_18 template [71]. ChCl was treated following 
the electroneutral mixture approach [72]. Additional details for the gas solubility 
calculation procedure with COSMOtherm are available in the software reference 
manual [73]. Moreover, all conformers available for each molecule were considered 
in the simulations.

3 � Results and Discussion

The solubilities predicted with COSMO-RS were compared against the experimen-
tal data presented in Table 1, which includes the solubility of CO2, CH4, and H2S in 
17 different ESs with various HBA:HBD molar ratios (1:1, 1:1.5,1:2, 1:2.5, 1:3 and 
1:4), at 313.15 K and pressures ranging from 1 to 125 bar. The Average Relative 
Deviation (ARD) for each pTx dataset was calculated according to Eq. 4 to evaluate 
the COSMO-RS capability to describe the experimental data.

where Np is the number of experimental data, i is the analyzed gas (CO2, CH4, and 

H2S), xexp
i

 is the experimental gas solubility, and xcal
i

 is the gas solubility calculated 
with COSMO-RS.

All the 208 experimental data points were plotted against the predicted results 
(further discussed in the following sections), and the corresponding ARDs are listed 
in Tables S1–S33 of the Supplementary Information (SI). Also, experimental pres-
sure–solubility curves are compared with those predicted with COSMO-RS in Figs. 
S1–S4 of the SI for many of the studied systems to support the discussion presented 
in the following sections.

3.1 � CO2 Solubility in ESs at 1:2 (ChCl:HBD) Molar Ratio

The experimental and predicted solubility data of CO2 in ESs at 1:2 HBA:HBD 
molar ratio are depicted in Fig. 1. For all of these ESs, COSMO-RS could quali-
tatively describe the experimental data, presenting ARDs varying between 26% 
and 81%. Although COSMO-RS underestimated the solubilities of all ESs, except 
ChCl:Ethylene Glycol, the model provided similar curve trends as those reported in 
the literature [61].

The best results were obtained for the ESs containing diols as the HBD, 
the ChCl:Glycerol (ARD = 26%) and ChCl:Ethylene glycol (ARD = 34%), 
while higher deviations were observed for ChCl:Urea (58%) and ChCl:Phenol 
(ARD = 81%). For example, the experimental CO2 solubility data, xCO2, in 
ChCl:Glycerol was 0.310 at 313.15  K and 59.91  bar, and the COSMO-RS pre-
dicted value was 0.285, corresponding to an ARD of 14%. In contrast, the experi-
mental CO2 solubility in ChCl:Phenol at the same temperature and 64.5 bar was 

(4)ARD =
1

Np

Np∑

i=1

|||
x
exp

i
− xcal

i

|||
x
exp

i

,
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0.186, about five times the value predicted with COSMO-RS ( xcal
CO2

 = 0.036). In 
most cases, the COSMO-RS predictions are more qualitative, meaning they can 
distinguish the best solvents from the worst ones, as shown in Fig. 1(C).

The experimental CO2 solubility ranks as ChCl:Glycerol > ChCl:Ethylene Gly-
col  ≈  ChCl:Urea > ChCl:Phenol. Since the HBA is the same for all ESs, the dif-
ference between the CO2 solubility values is attributed to the HBDs. As glycerol 
has a longer chain length than ethylene glycol and urea, and it has more hydroxyl 
groups than the other HBDs, the free volume of the ES containing this molecule is 
the highest [46]. Consequently, there is more free space for CO2 hosting in glycerol-
based ES than in the others. Although the solubility rank obtained with COSMO-RS 
is slightly different from the experimental trend (ChCl:Glycerol ≈ ChCl:Ethyelene 
Glycol > ChCl:Urea > ChCl:Phenol), the model identifies ChCl:Phenol as the ES 
with the least solubilization capacity, while confirming that the ESs containing the 
diols as HBD solubilize more CO2.

Figure  1(A) compares the CO2 solubility in ChCl:Ethylene glycol and the 
COSMO-RS predictions. As can be seen, the experimental CO2 solubility values 
increase as the pressure increases; COSMO-RS also describes this behavior well. 
Similar trends were observed for the other studied ESs. This result is even more 
evident for ChCl:Urea and ChCl:Phenol, which exhibit experimental CO2 solubil-
ity up to 130 bar. These large deviations seen in Fig. 1 were an expected outcome 

Fig. 1   (A) Comparison of the experimental and predicted CO2 solubility in ChCl:Ethylene glycol (at 1:2 
HBA:HBD molar ratio); (B) experimental xCO2 vs. xCO2 predicted with COSMO-RS for all studied ESs at 
1:2 molar ratio; (C) solubility differences as function of the experimental CO2 solubility values
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as COSMO-RS assumes liquid state’s incompressibility and gas phase’s ideality, 
computing only pressure-independent activity coefficients, and not fugacity coeffi-
cients. To improve the prediction results for high-pressure systems, Moity et al. [74] 
emphasize the need to combine COSMO-RS and an equation of state (EoS).

Liu et al. [41] also predicted the CO2 solubility in ChCl:Phenol at 313.15 K and 
low pressures (between 1.22 and 5.03 bar) using COSMO-RS (with the BP_TZVP_
C30_1401 level of parametrization). The authors obtained solubility predictions 
one order of magnitude higher than the experimental data, resulting in ARDs much 
higher than those obtained in this work. It is also possible to compare the results 
of this work with those obtained in our previous study [46], where the Cubic Plus 
Association (CPA) and Peng–Robinson equations of state (EoSs) were applied to 
model the CO2 solubility in ESs. In our previous work, the ESs were modeled as 
individual components, as shown in Table  2, and adjusted the binary interaction 
parameters ( kij ). Both EoSs (CPA and Peng–Robinson) offer a better description of 
the CO2 solubility in the three ESs than COSMO-RS (Table 2), which is expected 
due to the fully predictive nature of COSMO-RS.

3.2 � CO2 Solubility in ESs at 1:3 and 1:4 Molar Ratios

Figures  2 and 3 compare the experimental and predicted CO2 solubility (with 
COSMO-RS) in 9 ESs at 1:3 and 1:4 molar ratios, at 313.15 K and pressures ranging 
from 0.50 to 6.00 bar, respectively. The ARDs between the experimental and the pre-
dicted solubility values are presented in Tables S8–S25 and Figure S2 and S3 of the 
SI. In these cases, COSMO-RS notably overpredicted the CO2 solubilities, achiev-
ing ARDs between 51% (ChCl:Levulinic acid, at 1:4) and 303% (ChCl:Guaiacol, at 
1:3). The experimental CO2 solubility data in these ESs are much lower compared 
to the solubility in the same ESs at 1:2 molar ratio presented in Sect. 3.1 (at similar 
pressure ranges), and COSMO-RS does not fully capture these trends.

Three factors influence the deviation between experimental data and those pre-
dicted by COSMO-RS: pressure, temperature, and the molar ratio [75]. Higher 
relative deviations are observed at lower  pressures. On the other hand, the molar 
ratio causes a reduction of the deviations in almost all mixtures, especially for 
ChCl:Levulinic Acid (from 111.32% to 51.04%).

Table 2   Comparison of the deviations between the experimental and calculated solubilities with 
COSMO-RS (this work) and CPA and Peng–Robinson EoSs [46]

HBA HBD Pressure (bar) %ARD in x for 
COSMO-RSa

%ARD in x for 
Peng–Robinson

%ARD 
in x for 
CPA

ChCl Ethylene Glycol 26.80–27.80 33.81 17.23 2.79
ChCl Glycerol 27.60–29.78 25.64 5.15 5.92
ChCl Urea 28.50–29.20 58.31 5.94 2.45
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Once again, it is possible to compare the predicted CO2 solubility in ChCl:Phenol 
with COSMO-RS to the results obtained in our previous work [46] with CPA and 
Peng–Robinson EoSs, at 1:3 molar ratio, 313.15 K, and 3 bar. At those conditions, 
the COSMO-RS model shows an ARD of 187%, whereas ARDs of 6% and 4% were 
obtained with CPA and Peng–Robinson EoS, respectively. Moreover, the solubility 
predictions obtained in this work are closer to the experimental values than those 
obtained by [41] with COSMO-RS for all ESs and pressures at a 1:3 molar ratio 
(HBA:HBD).

3.3 � CH4 Solubility in ESs at 1:1 Molar Ratio

Experimental and thermodynamic studies on CH4 solubility in ESs are scarce in the 
literature [21, 43, 66, 69]. Consequently, a few ESs have been studied for this appli-
cation in a limited range of molar ratios. In this work, the solubilities of CH4 in ESs 
composed of choline chloride as HBA and lactic acid, malonic acid, or phenylacetic 
acid as HBD (at 1:1 molar ratio) were predicted at 298.15 K, in the pressure range 
(0.05–50) bar. The results are summarized in Tables S26–S28 and Figure S4 of the 

Fig. 2   (A) Comparison between the experimental CO2 solubility in ChCl:Phenol (1:3 molar ratio) with 
the COSMO-RS predictions; (B) experimental xCO2 vs. predicted xCO2 with COSMO-RS for all studied 
ESs at 1:3 molar ratio

Fig. 3   (A) Comparison between the experimental CO2 solubility in ChCl:Phenol (1:4 molar ratio) with 
the COSMO-RS predictions; (B) experimental xCO2 vs. predicted xCO2 with COSMO-RS for all studied 
ESs at 1:4 molar ratio
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Supplementary Information and compared to the experimental data available in the 
literature [69] in Fig. 4(A).

In this scenario, COSMO-RS underestimates the solubility data by one or two 
orders of magnitude, generally resulting in ARDs larger than 80%. Despite the large 
deviations, the predicted curves suggest that the solubility increases as the pressure 
increases, which is confirmed by the experimental data. Regarding the CH4 absorp-
tion performance, the experimental solubility data exhibit the following order: 
ChCl:Lactic acid > ChCl:Phenylacetic acid > ChCl:Malonic acid due to the C −
OH···CH4 or C =O···CH4 interactions [21]. Although COSMO-RS confirms that the 
ES with malonic acid delivers the lowest solubility data, the model suggests that 
ChCl:Phenylacetic acid would present a higher CH4 solubilization capacity than 
ChCl:Lactic acid in the studied conditions.

Although Altamash et al. [69] did not attempt to model the CH4 solubility data 
in the ChCl-based ESs, Haider and Kumar [21] modeled the CH4 solubility in ESs 
composed of tetrabutylammonium bromide (TBAB):2-methylaminoethanol (MAE), 
benzyltriethylammonium chloride (BTEACl):MAE, TBAB:2-ethylaminoethanol 
(EAE), and BTEACl:EAE using NRTL model and Peng–Robinson EoS. Authors 
observed that both models fit well with the experimental results; however, the NRTL 
model performed slightly better than the Peng–Robinson EoS. Therefore, classi-
cal thermodynamic modeling again represented the experimental data better than 
COSMO-RS.

3.4 � CO2, CH4, and H2S Solubilities in ChCl:Urea at Different Molar Ratios

Experimental solubility data of other gases, such as H2S, HCl, N2, and SO2, in ESs 
are scarce in the literature [43, 66, 76–88]. Nonetheless, studies addressing mod-
eling, prediction, or molecular dynamics-based strategies to obtain such data are 
even rarer. Only one study used COSMO-RS to predict the CO2, CH4, and H2S solu-
bilities in ChCl:Urea at different temperatures than 313.15 K was found [43]. In the 
present study, COSMO-RS was applied to represent the solubility of H2S, CO2, and 
CH4 in ChCl:Urea in three different molar ratios (1:1.5, 1:2, and 1:2.5), at 313.15 K, 

Fig. 4   (A) Comparison of the experimental solubility of CH4 in ChCl:Lactic Acid (1:1 molar ratio) with 
the COSMO-RS predictions; (B) experimental xCO2 vs. xCO2 predicted with COSMO-RS  for all stud-
ied ESs at 1:1 molar ratio
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and in the pressure range varying between 0.1 and 2 bar. The results are compared 
with the experimental data measured by Liu et al. [66] in Fig. 5 and Tables S5–S7 
and S29–S34 of the Supplementary Information.

In most cases, the model can predict the correct order of magnitude of the solubil-
ity data, presenting ARDs varying between 37% and 81%. The smallest deviations 
were found for the H2S solubilities (37% < ARD < 72%), whereas ARDs superior to 
71% were obtained for CO2. In general, COSMO-RS underestimates the solubility 
values of CO2 and CH4 (Fig. 5), diverging from the data analyzed by Kamgar et al. 
[43]. In contrast, the opposite behavior was registered for H2S.

Unlike the previous cases, COSMO-RS adequately estimates the experimen-
tal solubility order for the ChCl:Urea ES: H2S > CO2 > CH4. This behavior was 
expected since H2S forms stronger hydrogen bonds with ChCl:Urea than CO2, while 
CH4, a rigid and inert molecule, presents only weak van der Waals interactions. The 
strengths of site-to-site interaction for H2S, which is much stronger than for CO2 and 
CH4, follow the sequence of Cl (ChCl)–H (H2S) > O (Urea)–-H (H2S) > O (ChCl)–H 
(H2S) > N (Urea)–-H (H2S) > H (ChCl)–S (H2S) > H (urea)–S (H2S) > N (ChCl)–H 
(H2S) [66].

Regarding the absorption capacity at different molar ratios, for H2S both COSMO-
RS and experimental data followed the order 1:1.5 > 1:2 > 1:2.5. These results are not 
similar to those found in the literature [66] as generally increasing the HBD molar ratio 
leads to an increase in the gas solubility. On the other hand, CO2 and CH4 experimental 

Fig. 5   Comparison between the experimental CO2, CH4, and H2S solubility data with the predicted 
values with COSMO-RS in ChCl:Urea at (A) 1:2.5 molar ratio (HBA:HBD); (B) 1:1.5 molar ratio 
(HBA:HBD); and (C) 1:2 molar ratio (HBA:HBD)
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solubility data follow the order 1:2 > 1:1.5 ≈ 1:2.5, slightly different from that predicted 
by COSMO-RS (1:2 ≈ 1:1.5 > 1:2.5). Different from the H2S, where absorption is gov-
erned by weak site-to-site interactions, the solubilization of CO2 and CH4 in mixtures 
of ChCl:Urea is driven by the solvent-free volume [66, 89]. Since ChCl:Urea at a 1:2 
molar ratio forms a DES (i.e., its melting point is lower than those of 1:1.5 and 1:2.5 
molar ratios), a tight aggregation of the molecules is promoted, and the extra free vol-
ume favors the gas absorption [66, 89].

3.5 � Correction for CO2 and CH4 COSMO‑RS Predicted Solubilities

The preceding sections have demonstrated the feasibility of conducting a qualitative 
analysis for ES pre-screening to identify good absorbers for the greenhouse gases 
addressed in this study. Regrettably, the large deviations between the experimental 
solubility of GHGs and COSMO-RS predictions limit the application of the model 
for more quantitative purposes. Following the idea proposed by Liu et al. [41, 90], a 
systematic correction for the predicted solubilities with COSMO-RS is proposed to 
improve the accuracy of the solubility predictions. For each ES listed in Table 1, the 
following temperature–pressure-dependent correlation was applied:

where xcorrection
CO2∕CH4

 is the corrected solubility, xCOSMO−RS
CO2∕CH4

 is the COSMO-RS predicted 
solubility value, T is the temperature in Kelvin, P is the pressure in kPa, and A (K), 
B (kPa−1) and C are fitted parameters for each of the studied ESs.

The parameters A, B, and C were adjusted using the experimental CO2 or CH4 sol-
ubility values collected from the literature and listed in Table 1. Whenever possible, 
experimental solubility data obtained in different molar ratios for the common ES were 
included in the fitting. The correction equations are presented in Table 3, along with the 
ARDs obtained before and after the correction. Fig. 6 shows the big picture by compar-
ing COSMO-RS corrected solubilities with the experimental values. The corrected sol-
ubility values and the corresponding relative deviations are included in Tables S1–S4 
and S8–S28 of Supplementary Information.

The ARDs listed in Table 3 show that a much better description of the solubility 
values is achieved using the temperature–pressure-dependent correction proposed in 
Eq. 5. For CO2, the global ARD reduced from 156% to 15% by applying the correc-
tion, while a much lower global ARD (11%) was obtained for CH4 after the correction 
compared to the value obtained with COSMO-RS (143%). After applying the correc-
tion, ARDs lower than 12% were achieved for 12 of the 15 cases analyzed in Table 3, 
suggesting that the proposed approach offers a good global representation of the CO2 
and CH4 solubilities. The best results were obtained for CO2 + ChCl:1,4‒butanediol 
(ARDCorrected = 1.1%), whereas the outlier system for the two investigated scenarios is 
CO2 + ChCl:Guaiacol (ARDCOSMO-RS = 302.4%; ARDCorrected = 73.0%). In summary, 
COSMO-RS can describe most of the solubility trends studied in this work, while the 
proposed approach for correcting COSMO-RS solubility predictions is a reliable alter-
native to obtain more accurate results.

(5)lnxcorrection
CO2∕CH4

= lnxCOSMO−RS
CO2∕CH4

− A ×
1

T
+ BP + C,
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4 � Conclusions

In this study, the solubilities of CO2, CH4, and H2S in 17 ChCl-based ESs retrieved 
from the literature, at 298.15 or 313.15  K and in the pressure range from 1 to 
125  bar, were predicted using the COSMO-RS model. In addition, the effect of 
three different molar ratios of ChCl:urea on the solubility of CO2, CH4, and H2S was 
investigated. Whenever possible, the results obtained in this study were compared 
with solubility values estimated in previous works using correlative and predictive 
thermodynamic models.

In all cases, the deviations obtained with COSMO-RS were larger than those 
achieved by CPA and Peng–Robinson EoSs, which was expected due to COSMO-
RS’s fully predictive nature. In most situations, the obtained ARDs were higher 
than 50%, revealing that COSMO-RS provides only a qualitative picture of the 
investigated greenhouse gas solubility phenomenon. In a few cases for CO2 
(ChCl:Ethylene Glycol—1:2, ChCl:Glycerol, ChCl:Levulinic acid—1:4) and H2S 
(ChCl:Urea—1:1.5 and 1:2), the model offered a more quantitative description of 
the solubility data, achieving relative deviations inferior to 50%.

Fig. 6   Comparisonof CO2 and CH4 COSMO-RS corrected solubilities with the experimental values for 
different ESs. The graphs were built following the availability of experimental data in one or more molar 
ratio for the studied ESs: (A) only for 1:2 molar ratio; (B) 1:2 and/or 1:3 and 1:4 molar ratios; (C) only 
1:1 molar ratio
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The experimental data revealed that an increase in pressure leads to an increase in 
solubility, which is also captured by the COMOS-RS predictions. The model under-
estimated the solubility data of CO2 and CH4 in ESs with molar ratios of 1:2 and 
1:1, respectively. On the contrary, the CO2 solubilities in 1:3 and 1:4 molar ratios 
ESs were overestimated by COSMO-RS.

Attempting to achieve a more quantitative description of the solubility data, a 
correction equation was implemented using temperature–pressure-dependent param-
eters derived from CO2 and CH4 solubility data in ESs. This refined approach sig-
nificantly improves the accuracy of solubility data, which is reflected by the much 
lower ARDs obtained for the corrected values compared to predictions directly 
obtained from COSMO-RS.

This study shows that COSMO-RS is a reliable tool for solvent screening pur-
poses for light gases. Although the model is inadequate for quantitative purposes in 
many situations, it is suitable for identifying solubility trends in eutectic mixtures, 
being capable of detecting promising ESs to be further investigated as absorbers 
in the gas capture field. In contrast, the correlative approach proposed in this work 
might be employed to obtain more accurate results.
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