
Fluid Phase Equilibria 539 (2021) 113036 

Contents lists available at ScienceDirect 

Fluid Phase Equilibria 

journal homepage: www.elsevier.com/locate/fluid 

Development of a robust soft-SAFT model for protic ionic liquids using 

new high-pressure density data 

Emanuel A. Crespo 

a , Liliana P. Silva 

a , Cristina I.P. Correia 

a , Mónia A.R. Martins a , 
Ramesh L. Gardas b , Lourdes F. Vega 

c , Pedro J. Carvalho 

a , ∗, João A.P. Coutinho 

a 

a CICECO – Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, 3810-193 Aveiro, Portugal 
b Department of Chemistry, Indian Institute of Technology Madras, Chennai 600 036, India 
c Chemical Engineering Department, Research and Innovation Center on CO2 and H2 (RICH), and Center for Catalysis and Separation (CeCaS), Khalifa 

University of Science and Technology, P.O. Box 127788, Abu Dhabi, United Arab Emirates 

a r t i c l e i n f o 

Article history: 

Received 12 February 2021 

Revised 24 March 2021 

Accepted 29 March 2021 

Available online 5 April 2021 

Keywords: 

Protic ionic liquids 

High pressure density 

Equation of state 

Soft-SAFT 

Derivative properties 

a b s t r a c t 

New experimental density data in a wide range of temperatures (283–363) K and pressures (0.1–95) MPa 

is here reported for five protic ILs based on the N,N -diethylethanolammonium ([DEEA]) cation, combined 

with the following anions: acetate ([Ace]), propanoate ([Prop]), butanoate ([But]), pentanoate ([Pent]) and 

hexanoate ([Hex]) in a 1:1 acid:base proportion. The molar volumes of the different ILs and derivative 

properties such as the isothermal compressibility and isobaric thermal expansivity were determined from 

the experimental density data. Moreover, considering the importance of having a robust and transferable 

thermodynamic model of these ILs that can be used in further studies including CO 2 capture, the new 

experimental data was used to develop a coarse-grain molecular model of the studied ILs, in the frame- 

work of the soft-SAFT EoS, employing a 2/2 association scheme to account for the hydrogen bonding 

character of the ILs. The proposed model was found to provide an excellent description of the experi- 

mental p ρT data with average relative deviations lower than 0.11% for all the ILs, while still providing 

reasonable predictions of the second-order derivative properties. Furthermore, the optimized molecular 

parameters were found to be correlated with the ILs molecular weight, highlighting the physical meaning 

and consistency of the parameters obtained. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The increased human and industrial activity since mid-20 th 

entury have resulted in major changes in biological communities 

orldwide, harming biodiversity and ecosystems function, natural 

esources or the climate, whose scientific evidences are now un- 

eniable [1–3] . In order to mitigate the anthropogenic impact on 

he environment, rapid and global transformations in different as- 

ects of our society are required, namely in the industry, energy, 

nd transport sectors [4] . Important steps towards achieving cli- 

ate change neutrality is being enforced in Europe with increas- 

ng and challenging targets for greenhouse gases (GHG) emissions, 

nergy deployment and energy efficiency [5] . Nonetheless, the suc- 

essful achievement of these targets are deeply dependent on the 

evelopment and optimization of existent or new solvents, tech- 

ologies and ultimately, processes. 
∗ Corresponding author. 
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GHG contributing to the global warming are mainly attributed 

o carbon dioxide (CO 2 ), nitrous oxide (N 2 O), methane (CH 4 ), and 

he hydrofluorocarbons (HFCs) because of their greenhouse effect 

nto the atmosphere. Among these, CO 2 contributes with over 80% 

f energy-related emissions, mostly due to the burning of fos- 

il fuels (e.g. at power plants) that have resulted in a consider- 

ble increase of the CO 2 concentration in the atmosphere over 

he last decades [6] . Several technologies can be used to capture 

O 2 reducing the correspondent emissions, the most promising 

eing post-combustion techniques since they are considered as a 

ature technology and have the additional benefit that they can 

asily retrofit the existent power plants. Absorption processes us- 

ng amines are the current state of art technology for this pur- 

ose [ 7 , 8 ], with different amines (or amine blends) being used 

s solvents. The most used formulations typically include mo- 

oethanolamide, diethanolamine , triethanolamine, diglycoamine , 

ethyldiethanolamine and piperazine [ 9 , 10 ]. Although these solu- 

ions of alkanolamines are efficient in capturing CO 2 from the post- 

ombustion streams, this process still possesses significant draw- 

acks such as a high energy consumption (and consequently cost), 

https://doi.org/10.1016/j.fluid.2021.113036
http://www.ScienceDirect.com
http://www.elsevier.com/locate/fluid
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fluid.2021.113036&domain=pdf
mailto:quijorge@ua.pt
mailto:pedrojorgecarvalho@gmail.com
https://doi.org/10.1016/j.fluid.2021.113036
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orrosion, oxidative and thermal degradation and environment pol- 

ution [11] . Aiming at overcoming some of these drawbacks, and 

ltimately develop new sustainable processes, the development of 

ore sustainable solvents than aqueous amines for capturing CO 2 

y absorption has become a very active area of research. 

In this sense, ionic liquids (ILs) have been proposed as an at- 

ractive alternative to conventional solvents used in the physical 

orption of CO 2 [12] . Among their unique properties, the well- 

nown tunability of their thermophysical properties, their low 

apor pressure and high solvating ability contributes to make 

hem good candidates for the desired task [ 13 , 14 ]. In a recent

ork, based on a COSMO-RS [15] screening of more than two 

undred systems, mixtures of [C 4 C 1 im][DMP] or [C 4 C 1 im][NTf 2 ] 

ith carboxylate-based protic ILs were found to have con- 

iderably positive excess volumes, and are thus expected to 

ave an enhanced CO 2 solubility due to the free volume in- 

rease [16] . It was also found that the combination of the 

is(trifluoromethylsulfonyl)imide ([NTf 2 ] 
–) or dimethyl phosphate 

[DMP] −) anions with the imidazolium cation ([C 4 C 1 im] + ), gen- 

rally improves the CO 2 selectivity and results in a higher over- 

ll solubility [ 12 , 17 ]. In contrast, one of the main disadvantages

f imidazolium-based ILs is their high viscosity that hinders their 

ndustrial application in absorption processes due to the resulting 

ow mass transfer coefficients. However, it has been shown that the 

ddition of carboxylate-based protic ILs to imidazolium-based ones 

llows for a significant decrease of their viscosity, while preserving 

heir solvation potential [16] . 

While imidazolium-based ILs are among the most studied fam- 

lies of ILs, [18] experimental data for pure carboxylate-based pro- 

ic ILs is still scarce [19] . Even though different properties, at the 

tmospheric pressure, have been reported for a number of these 

ompounds and their mixtures with water [ 20 , 21 ], experimental 

easurements of thermophysical properties for pure PILs, at dif- 

erent ( T, P ) conditions, are much seldom [ 22 , 23 ], despite their im-

ortance for the correct parameterization of thermodynamic mod- 

ls. Such gap in the literature hinders further studies on the po- 

ential of these mixtures as solvents for CO 2 capture technologies, 

espite the potential demonstrated so far [ 24 , 25 ]. Therefore, a first

tep towards the evaluation of these new solvents is to provide an 

xtensive thermophysical characterization of the pure ILs and their 

ixtures, allowing the development of robust and accurate ther- 

odynamic models of the different solvents that can later be used 

n process simulators to provide an accurate design, simulation and 

conomic analysis of different industrial processes and configura- 

ions. 

Equations of State (EoSs) are the most versatile methods to pro- 

ide fast calculations of thermophysical properties and phase equi- 

ibrium data required by process simulators. Although a first ef- 

ort towards the modeling of ILs using EoSs was carried out using 

imple Cubic EoSs [26] , these models not only require the critical 

roperties of the pure components (that are normally unavailable 

or ILs) but they also usually fail to correctly capture the anisotropy 

nd hydrogen bonding ability often exhibited by ILs. Conversely, 

olecular based EoSs, derived from the Statistical Associating Fluid 

heory (SAFT) [27–30] , are able to explicitly account for different 

tructural and energetic effects such as the molecular shape, chain 

ength, the presence of short-range and highly directional forces, 

nd electrostatics on the systems behavior, being often suggested 

s the most appropriate method for the modeling of IL-containing 

ystems [31] . 

In this work, aiming at providing an accurate thermophysical 

haracterization of protic ILs suitable for CO 2 capture, the density 

s a function of temperature – (283-363) K – and pressure – (0.1- 

5) MPa – was measured for five different carboxylate-based protic 

Ls, namely N,N -diethylethanolammonium acetate, [DEEA][Ace], 

,N -diethylethanolammonium propanoate, [DEEA][Prop], 
2 
,N -diethylethanolammonium butanoate, [DEEA][But], N,N - 

iethylethanolammonium pentanoate, [DEEA][Pent], and N,N - 

iethylethanolammonium hexanoate, [DEEA][Hex]. The selected 

ompounds allow to investigate the effect of the anions chain 

ength on the compounds’ density and second-order derivative 

roperties (i.e. isothermal compressibility and isobaric thermal 

xpansivity). The new experimental data is then used to pro- 

ose a new coarse-grained (CG) molecular model of these ILs, in 

he framework of the soft-SAFT EoS [ 32 , 33 ] that has previously

hown to be one of the best SAFT variants for the thermodynamic 

odeling of ILs and their mixtures with CO 2 [34–38] . 

. Experimental section 

.1. Chemicals 

The protic ILs were prepared using N,N -diethylethanolamine as 

ase and acetic acid, propionic acid, butyric acid, pentanoic acid or 

exanoic acid. The precursors were used as received from the sup- 

lier without further purification. Their characteristics are summa- 

ized in Table S1. The resulting protic ILs are described in Table 1 ,

long with their acid-base proportion, molecular weight, molar 

ercentage purity and mass percentage of water. The water con- 

ent of the protic ILs was determined by a Metrohm 831 Karl Fis- 

her coulometer using the analyte Hydranal® - Coulomat AG from 

iedel-de Haën. The purity of each synthesized IL was estimated 

rom the 1H NMR spectra available in Supporting Information –

igures S1–S5. 

.2. Synthesis of the protic ILs 

The synthesis of the carboxylate-based protic ILs was based 

n the Brønsted acid-base neutralization method, as reported in 

revious publications by Sharma et al. [39] and Chennuri et al. 

40] Briefly, the acid is added dropwise to an equimolar quantity of 

ase at room conditions. After, the reaction mixture is constantly 

tirred at room temperature for at least 2 hours, under nitrogen at- 

osphere. To avoid the formation of azeotropes during distillation 

hat leads to acid:base proportions different from the expected 1:1, 

s observed in our previous publication [16] , no additional purifi- 

ation steps were performed. The structure of all compounds syn- 

hetized was evaluated by 1 H and 

13 C NMR spectroscopy, Figures 

1 to S5 of Supporting Information. 

.3. High- pressure density measurements 

The densities of the five protic ILs synthesized in this work 

ere measured in the (283-363) K temperature and (0.1-95) MPa 

ressure ranges using an Anton Paar high pressure densimeter 

DMA-HPD) coupled to an mPDS 5 unit. The standard uncertainty 

n density was found to be of 5 •10 −4 g •cm 

−³. A thermostat bath

irculator (Julabo MC), with a temperature uncertainty of 0.01 K, 

s used to ensure the circulation of a thermo-regulated heat trans- 

er fluid, in order to control the temperature of the measuring cell, 

hose uncertainty was previously found to be of 0.1 K [41] . The 

ressure is measured by a piezoresistive silicone pressure trans- 

ucer (Kulite HEM 375) with an accuracy better than 0.2%. The 

ransducer is directly fixed in the ¼” stainless steel line, placed 

etween the cell and the movable piston to reduce the existence 

f dead volumes. A more detailed description of the methodology, 

pparatus, and its calibration procedure can be found in previous 

ublications [42] . 

. Soft-SAFT EoS 

The progress towards more sophisticated EoSs has been accom- 

lished through the use of statistical thermodynamics in the de- 
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Table 1 

Synthetized ILs and their acid:base proportion, molecular weight, molar fraction purity and water content. 

Compound, acid:base proportion 

Chemical Structure 

Acid Base 

[DEEA][Ace], 1:1 

N,N -diethylethanolammonium acetate 

Mw = 177.24 g . mol −1 ; mol % > 97 a ; 

wt H2O % = 0.4 b 

[DEEA][Prop], 1:1 

N,N -diethylethanolammonium 

propanoate Mw = 191.27 g . mol −1 ; 

mol % > 97 a ; wt H2O % = 0.3 b 

[DEEA][But], 1:1 

N,N -diethylethanolammonium 

butanoate Mw = 205.30g . mol −1 ; mol % 

> 98 a ; wt H2O % = 0.3 b 

[DEEA][Pent], 1:1 

N,N -diethylethanolammonium 

pentanoate Mw = 219.33 g . mol −1 ; 

mol % > 99 a ; wt H2O % = 0.4 b 

[DEEA][Hex], 1:1 

N,N -diethylethanolammonium 

hexanoate Mw = 233.35 g . mol −1 ; 

mol % > 99 a ; wt H2O % = 0.5 b 

a Molar percentage purity evaluated by 1 H NMR spectroscopy 
b Mass percentage of water measured by Karl-Fisher titration. 
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elopment of molecular-based EoSs that can explicitly account for 

he influence that the molecular structure/shape and the occur- 

ence of different kinds of interactions have on the fluids’ physical 

ehavior. Chapman and co-workers in the late 80’s [27–30] , pro- 

osed the Statistical Associating Fluid Theory (SAFT) which, based 

n the thermodynamic perturbation theory of first order (TPT1) 

resented by Wertheim a few years earlier [43–46] , included a 

erm to explicitly account for the associating interactions. Within 

AFT, molecules are represented as a number of spherical seg- 

ents covalently bonded to each other forming chains that interact 

ith each other according to a given intermolecular potential and, 

f representing associating compounds, might associate at specific 

quare-well bonding sites embedded in the core of some of the 

hains’ segments. The residual Helmholtz energy of the fluid ( A 

res ) 

s then obtained as a sum of different contributions, starting from 

he energy of a chosen reference monomeric fluid to which differ- 

nt perturbation terms can be added, each accounting for a specific 

tructural or energetic effect, according to Eq. (1 ): 

 

res = A 

total − A 

ideal = A 

ref + A 

chain + A 

assoc + ... (1) 

In Eq. (1 ), the superscripts id, res , and total represent the ideal,

esidual and total Helmholtz energy of the system. A 

re f denotes 

he energy of the reference fluid accounting for the monomer- 

onomer interactions, A 

chain is the contribution due to the forma- 

ion of chains from the individual segments, and A 

assoc is a term 

xplicitly accounting for the presence of anisotropic, short range 

nd strong interactions such as hydrogen bonding. Considering the 

dditive nature of SAFT-type EoSs, additional terms can be added, 

epending on the systems nature/complexity, to better represent 

heir physical nature. 

Several modifications to the original model have been proposed 

ver the last decades, mainly changing how to express the physical 

nteractions (i.e. the reference term) while both the A 

chain and A 

assoc 

erms, derived from Wertheim’s TPT1 theory, remain essentially 

nchanged [47] . In this work the soft-SAFT EoS variant is used, as 

t has previously been shown to provide an accurate description of 

he thermophysical properties and phase equilibria of IL/gas sys- 

ems that are particularly relevant for the aim of this study [34–

8] . 
3 
In soft-SAFT, the monomer-monomer interactions are described 

sing a version of the Modified Benedict-Webb-Rubin (MBWR) EoS, 

hose parameters were adjusted to describe a Lennard-Jones (LJ) 

pherical fluid, accounting for both the repulsive and attractive in- 

eractions between the segments in a single term. This term de- 

nes the monomers using two molecular parameters: the diame- 

er of the monomeric segments, σ , and the dispersive energy of 

nteraction between them, ε. These two parameters along with the 

hain length parameter m (i.e. the total number of monomeric seg- 

ents constituting the chainlike molecule) are used to fully de- 

cribe a non-associating, non-polar, component. If any component 

s able to hydrogen bond (e.g. ILs), an association scheme speci- 

ying the number/type of association sites added to the molecule 

nd the type of site-site interactions allowed to occur in the sys- 

em has to be defined a priori and values for the association en- 

rgy, ε HB , and association volume, κHB , characterizing the site-site 

nteractions has to be provided in order to obtain A 

assoc . 

Both the proper selection of a coarse-grain model/association 

cheme, capable of representing most of the molecules’ physical 

eatures, and the selection of adequate properties to be used in the 

arameterization procedure of the pure-component parameters are 

rucial for a good performance of the EoS, and to enhance its ex- 

rapolative/predictive ability. Therefore, for the carboxylate based 

rotic ILs investigated in this work we have decided to apply a 2/2 

ssociation scheme to account for the hydrogen bonding charac- 

er of the ILs. Hence, two positive (A) association sites are used 

o mimic the H-atom of the cation’s hydroxyl group and the de- 

ocalized positive charge surrounding the N-atom in the cation 

hile two negative (B) sites are used to represent the lone elec- 

ron pairs of the O-atom in the cation’s hydroxyl group and the 

egative charge surrounding the anion. Only A-B interactions can 

ccur between different ILs in the system and, to reduce the num- 

er of adjustable parameters, all site-site interactions were consid- 

red equivalent, thus sharing the same value of association energy 

nd volume. A sketch of the association scheme for [DEEA][But] is 

epicted in Fig. 1 . 

The five pure-component parameters required to describe an 

ssociating fluid, such as the ILs studied in this work, are typically 

egressed from experimental VLE data of the pure fluid, namely 
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Fig. 1. Sketch of the association sites proposed for the carboxylate based protic ILs, 

exemplified for [DEEA][But]. Any A site on an IL can associate to any B site on an- 

other IL molecule of the system. 
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he vapor pressure and saturated densities. As this data is typically 

navailable for ILs, due to their negligible (or very low in the case 

f protic ILs) vapor pressures, part of the p ρT data measured in 

his work was used in the parameterization procedure, additional 

etails being provided in the next section. 

. Results and discussion 

The density of five synthetized carboxylate-based protic ILs, 

amely [DEEA][Ace], [DEEA][Prop], [DEEA][But], [DEEA][Pent], and 

DEEA][Hex], were measured in the 283-363 K temperature and 

.1-95 MPa pressure ranges. 

The use of these compounds in the formation of IL mixtures 

uitable for CO 2 capture has been suggested by us in a recent 

ublication [16] . In there, densities and viscosities at atmospheric 

ressure for [DEEA][Ace], [DEEA][Prop] and [DEEA][Hex] at a 2:1 

acid:base) proportions and [DEEA][But] and [DEEA][Pent] at a 1:1 

acid:base) proportions were reported for the first time. To the best 

f our knowledge these are the only density data available in liter- 

ture for the studied compounds, therefore high-pressure density 

ata is here reported for the first time for all the studied ILs. 

In Fig. 2 , the atmospheric pressure density data reported in the 

revious work [16] is compared with those obtained here using 

he high-pressure densimeter in terms of percentage average rel- 

tive deviation (%ARD) and density differences. Due to the differ- 

nt acid:base proportions of the synthesized ILs, experimental data 

an only be directly compared for [DEEA][But] and [DEEA][Pent] –

ame 1:1 acid:base proportion, for which a good agreement be- 

ween the two sets of data is observed. The values obtained in 

he previous work are systematically higher than those obtained 

ere, but the absolute density differences are always lower than 

.008 g •cm 

−³. Such small discrepancies can be explained by the 

resence of additional monomeric or oligomeric species resulting 

rom the purification processes performed in our previous work 

16] , as discussed by us recently [48] . 
ig. 2. Percentage average relative deviation (%ARD) (left) and density differences (right) b

ublication. [16] . 

4 
The new experimental pressure-density-temperature ( p ρT ) data 

or the carboxylate-based ILs is shown in Fig. 3 and is reported 

n Tables S2-S6 in the Supporting information. As expected, the IL 

ensities were found to increase with increasing pressure and to 

ecrease with increasing temperatures, while the molar density of 

he different ILs seems to decrease with increasing chain length 

f the anion. To further confirm this behavior and to analyse the 

onsistency of the new experimental data across the different ILs, 

he molar volumes were calculated at different ( T, P ) conditions 

nd results are reported in Fig. 4 . 

According to Fig. 4 , the molar volumes of the studied ILs 

resent minor temperature and pressure dependencies, with a 

light increase with temperature and decrease with pressure, as 

reviously observed for other compounds [ 41 , 42 ]. Concerning the 

nfluence of the anion’s chain length, a linear increase of the mo- 

ar volume with the ILs molecular weight was observed in all cases 

R 

2 higher than 0.9998 for all cases), suggesting a constant increase 

f the molar volume with the increase of the anions chain length 

.e., through the addition of CH 2 groups. The experimental data 

lotted in Fig. 4 result in a molar volume increase of 17.84 and 

7.17 cm 

3 •mol −¹ at 0.1 and 50 MPa, respectively. 

From the experimental density data, two second-order deriva- 

ive properties, namely the isothermal compressibility, k T , and the 

sobaric thermal expansivity, αP were determined. k T is a measure 

f the fluids compressibility, i.e. the response of the volume to a 

hange in pressure, at constant temperature. This property can be 

btained from the pressure derivative of density using Eq. (2 ). 

 T = 

(
∂ ln ( ρ) 

∂ p 

)
T 

(2) 

The values obtained are shown in Fig. 5 and, as observed for 

ther compounds [ 41 , 42 ], k T was found to decrease with increas- 

ng pressure and to increase with increasing temperature, although 

he temperature effect tends to become less pronounced at higher 

ressures. 

αP is the response of volume to a change in temperature at con- 

tant pressure and can be obtained from the temperature deriva- 

ive of density using Eq. (3 ). 

P = −
(

∂ ln ( ρ) 

∂T 

)
p 

(3) 

The values obtained from the experimental data are plotted in 

ig. 6 and show a similar behavior to that exhibited by k T , decreas- 

ng with pressure and increasing with temperature. 
etween the data measured in this work at 0.1 MPa and that reported in a previous 
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Fig. 3. Density as a function of pressure and temperature for the carboxylate based protic ILs. Symbols represent the experimental data while the solid lines represent the 

soft-SAFT EoS modeling results. 
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Considering the importance of having a robust and accurate 

hermodynamic model for the studied carboxylate-based protic ILs 

hat can be used for predictive calculations or screening purposes, 

 coarse-grain molecular model of these ILs, is here developed in 

he framework of the soft-SAFT EoS. As mentioned in the previ- 

us section, the pure-component parameters required by soft-SAFT 

o fully describe an associating compound ( m , σ , ε, ε HB , and κHB )

re usually obtained by regression to the available pure fluid VLE 

ata, namely vapor pressure and the saturated liquid densities. In 

ddition, some works have also pointed out the importance of in- 

luding additional data such as vaporization enthalpies, monomer 

ractions, and derivative properties, in the fitting procedure when- 

ver they are available [49–51] , making the model more robust, 

t the expense of being less predictive. Once those parameters are 
5 
nown, they can then be used to predict a number of thermophys- 

cal properties, under different thermodynamic conditions, or ap- 

lied to the modeling of binary and multicomponent mixtures. 

The performance of the EoS (i.e. accuracy; the need for consid- 

rable binary interaction parameters to accurately describe mix- 

ures, etc.) relies on the proper development of a CG model (as- 

ociation scheme + molecular parameters) for each of the com- 

ounds, capturing the main features of their molecular structure, 

nd on the type and quantity of experimental data used in the pa- 

ameterization. Since VLE data is unavailable for ILs, their parame- 

ers are usually fitted only to the atmospheric pressure densities in 

 wide range of temperatures [ 34 , 35 , 52 , 53 ], or optimized to repro-

uce specific binary experimental data [ 54 , 55 ]. While the former 

pproach suffers from using only one type of experimental data in 



E.A. Crespo, L.P. Silva, C.I.P. Correia et al. Fluid Phase Equilibria 539 (2021) 113036 

Fig. 4. Molar volumes as a function of the IL molecular weight at three different temperatures and 0.1 MPa (left) and 50 MPa (right). Symbols represent experimental data 

while the dashed lines represent a linear correlation of the data. 
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he parameterization and from only accounting for the tempera- 

ure effect on the fluids behavior, the parameters obtained using 

inary experimental data are necessarily affected by the presence 

f the other component, which may result in a diminished trans- 

erability of the parameters to different systems than the one ini- 

ially considered, and a consequent lower accuracy of the model in 

hose situations. 

Several authors have successfully applied different SAFT vari- 

nts to the description of high-pressure density data and second- 

rder derivative properties of ILs [56–61] , suggesting the impor- 

ance of including such data in the parameterization and perfor- 

ance assessment of new SAFT-type models. Therefore, in this 

ork, we have taken advantage of having available experimental 

ensity data in wide temperature and pressure range, hence, high- 

ressure densities and the isothermal compressibility measured at 

23 K were combined with the atmospheric pressure densities (in 

he whole temperature range), to obtain the molecular parame- 

ers of the CG model of the various ILs with soft-SAFT. As previ- 

usly observed for glycols and glycol ethers [ 41 , 42 ], the inclusion

f a single isotherm of high-pressure data is expected to improve 

he prediction of the pressure effect on the fluids behavior and, 

onsequently, to better reproduce the derivative properties. There- 

ore, the non-associating pure-component parameters characteriz- 

ng each of the five protic ILs ( m , σ , and ε) were obtained by min-

mizing the following objective function: 

F = 

θ

N T 

N T ∑ 

i =1 

( ∣∣ρcalc 
0 . 1 MPa − ρexp 

0 . 1 MPa 

∣∣
ρexp 

0 . 1 MPa 

) 

T = T i 

+ 

1 − θ

N P 

[ 

0 . 90 

N P ∑ 

i =1 

( ∣∣pρT calc 
323 K − pρT exp 

323 K 

∣∣
pρT exp 

323 K 

) 

P= P i 

+ 0 . 10 

N P ∑ 

i =1 

⎛ 

⎝ 

∣∣∣k T calc 
323 K − k T 

exp 
323 K 

∣∣∣
k T 

exp 
323 K 

⎞ 

⎠ 

P= P i 

⎤ 

⎦ (4) 

here θ is the coupling factor (equal to 0.5 as suggested in the lit- 

rature [49] ), N T is the number of different temperatures at which 

he density was measured, and N P is the number of pressure lev- 

ls at which the pρT data was measured in this work. The weights 

.90 and 0.10 were used in a previous publication [41] , and found 

o ensure an excellent description of the experimental pρT data 

hile still providing a good description of the isothermal com- 

ressibility data. 
6 
Concerning the association term, as previously mentioned, a 

/2 association scheme was employed to account for the hydro- 

en bonding character of all the studied ILs. The required asso- 

iation parameters are, in SAFT-type EoSs, usually kept constant 

ithin a homologous family of compounds as they are intended 

o capture the same type and number of hydrogen bonds, involv- 

ng the same functional groups [ 42 , 62 ]. Hence, in this work, the

ssociation parameters were regressed only to the lowest M w 

IL, 

DEEA][Ace], along with its non-associating parameters, and used 

n a transferable manner to the modeling of its higher chain ho- 

ologues. The optimal soft-SAFT pure-component parameters ob- 

ained for the studied ILs are reported in Table 2 along with the 

eviations from the experimental data. 

As can be observed in Fig. 3 , the selected molecular model 

sing the optimized pure-component parameters, reported in 

able 2 , allow for an excellent description of the compounds’ den- 

ity in the whole temperature and pressure ranges with percent- 

ge average absolute relative deviations %AARD ( Eq. (5 )) lower than 

.11 % for all the studied ILs. Remarkably, using only one single 

sotherm of high-pressure densities (at 323 K), the model is able to 

orrectly predict the pressure effect on density at all temperatures, 

hile still providing a very good description of the temperature 

ffect. 

 AARD = 

100 

N 

N ∑ 

i =1 

∣∣ρcalc 
i 

− ρexp 
i 

∣∣
ρexp 

i 

(5) 

Furthermore, it can be observed from the deviations to the ex- 

erimental data reported in Table 2 , that as the association pa- 

ameters were fitted to the experimental data of [DEEA][Ace], it 

resents very low deviations from the experimental data, as ex- 

ected. Nevertheless, the deviations observed for the other ILs with 

ssociation parameters transferred from [DEEA][Ace] are kept very 

mall and do not follow any trend with the compounds chain 

ength, suggesting the absence of systematic deviations and the 

odel robustness. 

It is worth to note that, as can be observed in Table 2 , the pro-

ic ILs investigated here are characterized by an association vol- 

me parameter that is considerably lower than those previously 

btained when investigating aprotic ILs, such as the symmetrical 

etraalkyl ammonium halides [63] . This may be due to the much 

tronger directionality of the H-bond interactions that are thus 

uch more localized in protic ILs than in their aprotic counter- 

arts [ 64 , 65 ]. 

Nevertheless, an additional set of parameters, with an increased 

alue of the association volume, was obtained and is also reported 
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Fig. 5. Isothermal compressibility, k T , as function of temperature and pressure for the carboxylate based protic ILs. Symbols represent the values obtained from the experi- 

mental data while the solid lines depict the soft-SAFT results. 
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n Table S7. However, as depicted in Figure S6 for [DEEA][Pent], 

lthough the description of the p ρT data is very similar using 

oth sets of parameters, the behavior exhibited by the second- 

rder derivative properties are clearly better described by using a 

ower association volume. This reinforces the importance of carry- 

ng high-pressure data measurements and considering the second- 

rder derivative properties for the selection of the most appropri- 

te set of molecular parameters of ILs, especially considering that 

apor pressures, vaporization enthalpies and other properties of- 

en used in the parameterization are unavailable for this type of 

omponents. 

Given the enhanced physical meaning of soft-SAFT molecular 

arameters, the non-associating pure-component parameters char- 

cterizing a homologous series of compounds can usually be cor- 

p

7 
elated with the compounds molecular weight, yielding relation- 

hips that allow the prediction of the thermodynamic behavior of 

ther members, for which no experimental data is available, this 

eing particularly useful for future screening purposes. Those cor- 

elations are shown in Fig. 7 for the studied ILs and exhibit lin- 

ar dependencies ( R 2 > 0 . 9912 ) of the molecular parameters on the 

ompounds chain length. Such dependencies can be expressed by 

he following expressions: 

 = 0 . 0159 M w 

+ 3 . 6232 (6) 

 σ 3 = 0 . 0190 M w 

− 0 . 7636 (7) 

ε/ k B = 0 . 0059 M w 

+ 0 . 6719 (8) 

On these expressions, m σ 3 can be seen as the volume occu- 

ied by a single chainlike molecule while mε/ k is a measure of 
B 
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Fig. 6. Isobaric thermal expansivity, αP , as function of temperature and pressure for the carboxylate based protic ILs. Symbols represent the values obtained from the 

experimental data while the solid lines depict the soft-SAFT results. 

Table 2 

Soft-SAFT pure-component parameters for the carboxylate-based protic ILs using a 2/2 association scheme. 

Ionic Liquid m σ ( ̊A) ε/k B (K) εHB /k B (K) κHB ( ̊A 3 ) %AARD |p ρT %AARD |kT %AARD | αP 

[DEEA][Ace] 6.401 3.4450 268.35 3740 515 0.054 3.44 2.21 

[DEEA][Prop] 6.705 3.4920 268.79 3740 515 0.108 3.85 5.92 

[DEEA][But] 6.916 3.5680 271.64 3740 515 0.048 3.78 2.58 

[DEEA][Pent] 7.100 3.6340 275.68 3740 515 0.050 4.23 1.53 

[DEEA][Hex] 7.319 3.6890 280.58 3740 515 0.075 4.04 3.18 

t

p

c

S

r

a

p

s

a

e

d

he van der Waals interaction energy per molecule (IL). Both these 

roperties and the number of segments were found to linearly in- 

rease with the successive addition of CH 2 groups to the IL anion. 

uch result not only confirms the consistency of the molecular pa- 

ameters obtained for the different ILs but, along with the fixed 

ssociation parameters, can be used to predict the thermophysical 
8 
roperties of any other carboxylate-based protic IL based on the 

ame cation. 

A stringent test to any molecular-based EoS is to evaluate its 

bility to provide data at conditions different than those consid- 

red in the parameterization procedure or its ability to provide 

ifferent thermophysical properties. As an example, obtaining an 
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Fig. 7. Soft-SAFT pure component parameters ( m , m σ3 , mε ) as a function of the 

carboxylate-based protic ILs molecular weight. Symbols represent the parameters 

optimized in this work while the dashed lines represent a linear fitting of those 

values. 
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ccurate description of derivative properties like k T and αP that 

re second-order derivative properties of the EoS (i.e. second-order 

erivatives of the fluids Helmholtz energy) is particularly difficult 

s these properties usually present some experimental singularities 

nd are very sensitive to model inaccuracies [66] . 

To further test our molecular model, we applied the soft-SAFT 

oS to describe both properties in the whole temperature and 

ressure ranges investigated, although only one single isotherm of 

 T at 323 K was used in the parameterization procedure. As can 

e observed in Fig. 5 , an excellent description of k T was obtained 

or all the studied ILs, with the model being able to correctly de- 

cribe this property at temperatures other than 323 K. Although 

o systematic deviations with temperature were observed, it is 

lear from Fig. 5 that the deviations from the experimental data 

ncrease at higher pressures, with the model having an excellent 

erformance to pressures up to 50 MPa, after which it starts to 

verestimate the fluids compressibility. Nonetheless, %AARD lower 

han 4.23% were obtained for all the compounds, which are sig- 

ificantly lower than the deviations previously obtained for other 

olecules [ 41 , 42 ]. Concerning αP , the soft-SAFT predictions are 

hown in Fig. 6 in overall excellent agreement with the experimen- 

al data without systematic deviations with temperature, pressure 

r the ILs molecular weight. An exception is the [DEEA][Prop] for 

hich considerably higher deviations from the experimental data 

ere observed. This is due to the surprisingly much higher tem- 

erature effect observed experimentally while, instead, the model 

redicts a similar temperature dependency to that observed for the 

ther homologues. 

Different authors have estimated the expanded uncertainty of 

 T and αp data derived from high-pressure density data measure- 

ents of ILs to be in the range 2.5-5% [ 67 , 68 ]. Hence, the model

redictions discussed previously can be considered to be accurate, 

iven that the %AARD values obtained are of the same order of the 

ata uncertainty. 

Both the good description of the second-order derivative prop- 

rties and the consistency of the obtained molecular model param- 

ters (linear dependencies with the ILs molecular weight) suggest 

he robustness and transferability of the proposed model that can 

e used in future studies such as to provide a screening of CO 2 

olubilities, as a function of the IL molecular weight. 
9 
. Conclusions 

Aiming at providing an experimental characterization and to 

evelop a molecular model for the carboxylate-based protic ILs 

hat have been recently suggested as suitable candidates for CO 2 

apture, new experimental p ρT data for five different ILs were 

easured in wide temperature (283–363 K) and pressure (0.1–

5 MPa) ranges. The density data measured in this work exhib- 

ted the expected trends, increasing with pressure and decreasing 

ith temperature, while the ILs molar volume was found to in- 

rease linearly with the anions chain length, due to the succes- 

ive addition of CH 2 groups. From the experimental density data, 

sing appropriate derivatives, the isothermal compressibilities and 

sobaric thermal expansivities were determined and discussed. 

Given the importance for further studies of having a robust 

nd transferable molecular model available for the studied ILs, a 

oarse-grain model was proposed for these ILs for the first time in 

he framework of the soft-SAFT EoS, which was previously shown 

o be a suitable model for gas/IL systems. Due to the relevance of 

he hydrogen bonding character of ILs, a 2/2 association scheme 

as employed to all the ILs and its correspondent pure-component 

arameters were then regressed from experimental data, using a 

ingle isotherm at 323 K of the high-pressure densities and isother- 

al compressibility, in addition to the usual atmospheric pressure 

ensities. 

The thermodynamic model proposed was then used to describe 

he p ρT , k T and αP data in the whole temperature and pressure 

anges investigated. An excellent description of the density data 

as obtained for all the ILs, without systematic deviations with ei- 

her temperature, pressure, or the IL molecular weight, while still 

roviding excellent predictions of the very sensitive second-order 

erivative properties, highlighting the robustness of the proposed 

odel. Furthermore, as typically observed in most SAFT-type mod- 

ls, when applied to describe a homologous series of compounds, 

he optimized non-associating parameters of the different ILs were 

ound to correlate with the ILs molecular weight, while the associ- 

tion parameters were fitted to one IL and transferred to the other 

embers of the family without loss of accuracy. This highlight 

oth the consistency of the parameters obtained and the transfer- 

bility of the proposed model that can be used for screening pur- 

oses, predicting the thermophysical properties of similar ILs for 

hich experimental data is not currently available. 
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