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Abstract 

With the increasing number of applications being reported for protic ionic liquids (PILs), 

there is a demand for the development of thermodynamic models that can accurately describe 

their thermophysical properties and phase equilibria, with equations of state (EoS) derived from 

the Statistical Associating Fluid Theory (SAFT) being among the best.  

This work aims at discussing the development of such models and the advantages of not 

using the pseudo-pure component approach commonly adopted in literature, but instead using an 

individual component approach as previously proposed for Deep Eutectic Systems (DES). 

Although both PILs and DESs are highly non-ideal mixtures of Brønsted or Lewis acids and 

bases, PILs are shown to exhibit large negative excess molar volumes when compared to DESs 

that prevent the direct prediction of the PIL properties by modelling it as a mixture of its 

precursors, using an individual component approach. To overcome this limitation, and to 

highlight the importance of being aware of such characteristic of the PILs when developing new 

models, a simplified volume-shift type correction is applied in the framework of PC-SAFT EoS 

to provide a more accurate modelling of PILs density data. The implemented correction is shown 

to increase the accuracy and predictive ability of the model, and its limitations are discussed, 

suggesting the need for additional experimental data (e.g., on the quantification of the different 

species present) for the development of robust and general thermodynamic models for PILs  

Keywords:  Protic Ionic Liquids, SAFT, Excess Volumes, volume shift, amines, carboxylic 

acids 
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1. Introduction 
 

Over the last decade, research on Protic Ionic Liquids (PILs) shows a significant increase 

sustained by a large number of different applications in fields such as greenhouse gas capture, 

liquid-liquid extractions, polymer synthesis, as catalysts for organic synthesis, non-aqueous 

amphiphile self-assembly solvents, electrolytes for fuel cells, batteries, capacitors, among many 

others that have been summarized in comprehensive reviews.[1,2]  

With the widening of their applications, being able to extrapolate and/or predict their 

thermophysical properties (e.g., density, viscosity), without carrying extensive experimental 

measurements, is crucial during initial screening stages, or later for the design, simulation and 

economic evaluation of industrial processes. However, the increasing amount of information on 

PILs has not been followed by the development of thermodynamic modelling approaches that 

can reliably provide or describe their properties and phase behavior. This is due to the lack of 

experimental data that can be used to provide robust parameterizations of common 

thermodynamic models, but also due to the inner complexity of PILs. These issues resemble 

those faced with deep eutectic solvents (DES).[3–5] 

Although quite different in nature, PILs and DESs share common features. Both are 

essentially mixtures of Lewis or Brønsted acids and bases, differing essentially in the ΔpKa.[1,6] 

PILs are prepared through the stoichiometric neutralization reaction of acids and bases with the 

subsequent proton transfer from a Brønsted acid to a Brønsted base. This proton transfer will be 

complete only if the ΔpKa is large enough (typically above 10[7]), otherwise the proton transfer 

will be partial with neutral molecular precursors coexisting in solution with ion pairs and ionic 

species. On the other hand, DESs are mixtures of weak Lewis or Brønsted acids and bases that 

although usually solid at room temperature, present an eutectic temperature much lower than that 

predicted assuming an ideal behavior, mostly due to the presence of strong hydrogen bonding 

between the two molecular precursors, yielding solvents with interesting properties in a wide 

liquidus temperature range.[6,8] Although their differences in acidity lead to strong hydrogen 

bonding, no significant proton transfer takes place on these systems. 

Due to the relevant role of hydrogen bonding on the behavior of both PILs and DESs, 

equations of state (EoS) derived from the Statistical Associating Fluid Theory (SAFT)[9,10] 

stand as one of the most appropriate and versatile tools to describe these systems. However, 
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despite being already widely applied for DES,[3–5] the thermodynamic modelling of PILs using 

molecular-based EoSs is still in its infancy.  

Alcantara et al.[11,12] used the sPC-SAFT EoS[13] to model the high-pressure vapor-liquid 

equilibrium (VLE) of binary mixtures comprising CO2 and other gases with PILs based on 

amines or ethanolamines and butanoic acid, by using a pseudo-pure component approach to 

describe the PIL, and obtaining the correspondent parameters by fitting to the experimental 

liquid densities and speed of sound of the PIL. Afsharpour[14] reported the use of CPA EoS to 

describe the CO2 and H2S solubility in four different PILs based on ethanolamines. The pure-

component parameters for each PIL were regressed using only 12 density points at atmospheric 

pressure and, consequently, a complex temperature dependency of the binary interaction 

parameter between the gas and the IL was required to successfully describe the experimental 

data.  Baird and co-workers[15,16] applied the ePC-SAFT[17] to describe the densities and 

vapor pressures of aqueous solutions of 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-enium acetate. 

To better represent the complexity of PILs, both ionic and molecular species were considered; 

however, the proton transfer has been considered to be complete and molecular species were 

only considered if excess acid or base was added to the solution. Moreover, due to the number of 

different species, and the complex temperature-dependencies employed, a total of 17 parameters 

were required to fully describe the PIL aqueous solution.  

Recently we have also successfully applied the soft-SAFT EoS[5,18] to describe carboxylate-

based PILs and their mixtures with CO2[19,20], with the PIL parameters obtained by fitting high 

pressure density data and second-order derivative properties. In both works, even though PILs 

are, to a fair extent, mixtures (of neutral acid and base molecules, ion pairs and ionic species), 

they were modelled under a pseudo-pure component approach, as was also commonly done in 

the inception of DESs modelling using SAFT EoSs. Although this approach has been correctly, 

and with success, applied to the modelling of aprotic ILs, for PILs this approach is only adequate 

when the ΔpKa is large enough[7] (typically above 10). Furthermore, even then, it is only 

adequate if no excess base or acid is present (note that other solvents may also displace the 

equilibrium).  

This work aims to discuss why, as previously established for DESs,[3] it is important to, at 

least in some situations, be able to describe PILs using an individual-component approach, 

ideally starting from its precursors. It will be shown that, contrarily to what is observed for DES, 
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the properties of a PIL (the density will be here used since it is the property most widely 

available for PILs) cannot be directly predicted from its precursors. To explain the reasons for 

such behavior, the atmospheric pressure densities of a few DESs, where both precursors are 

liquid below 100ºC, are here reported for the first time. Based on this data and a database of 

densities collected from the literature for both PILs and DESs, a striking difference between PILs 

and DESs is disclosed and discussed, highlighting the distinct challenges, compared to those 

found for DES, of developing SAFT models for PILs. Afterwards, it is shown how the 

individual-component approach can be corrected to account for the characteristic excess volumes 

(  ) found in PILs, enhancing the predictive ability and applicability of the model when used to 

describe the PILs densities, compared to the commonly used pseudo-pure component approach. 

All the modelling results shown in this work are carried using the PC-SAFT EoS, that is 

thoroughly described in the original publications by Gross and Sadowski,[21,22] and is here 

applied as an example of a common SAFT-type EoS, widely implemented in thermodynamic 

calculation packages and most process simulators. 

2. Experimental Section 

Chemicals 

In this work eleven DESs and two PILs were synthesized from a variety of molecular 

compounds. The supplier, molecular structure, molecular weight, mass purity and water content 

of the different chemicals used in this work are reported in Table 1. Before the preparation of 

each DES, all the compounds were purified under vacuum (0.1 Pa and 298 K) and constant 

stirring for at least 72 h. The water content of the pure compounds was measured using a 

Metrohm 831 Karl-Fischer coulometer, with the analyte Hydranal Coulomat AG from Riedel-de-

Haen and are reported in Table 1. 
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Table 1. Molecular weight, supplier, mass purity, water content and chemical structure of the 

compounds used in this work for the preparation of DESs or for the synthesis of PILs. 

Compound 
Mw/ 

g∙mol⁻¹ 
Supplier %wt H2O/ppm Chemical 

Structure 

trioctylphosphine oxide 

(TOPO) 
386.65 Aldrich 99 150 

 

thymol 150.22 TCI >99 185 

 

[C4mim][Cl] 174.67 Iolitec 99 321.4 

 

decan-1-ol 158.28 Alfa Aesar 98 47 

 

dodecan-1-ol 186.33 Alfa Aesar 98 54 

 

tetradecan-1-ol 214.39 Alfa Aesar 98 66 

 

lauric acid 200.32 
Acros 

organics 
99 18 

 

myristic acid 228.38 
Acros 

Organics 
99 2 

 

N,N- diethylethanolamine 117.19 
Acros 

Organics 
99 245.8 

 

                  



7 

 

n-butyric acid 88.11 Prolabo PA* 98 

 

pentanoic acid 102.13 
Riedel-de 

Haen 
99 85 

 

*PA- Pro Analysis. 

Deep eutectic solvents preparation 

Nine different DES were prepared inside a dry-argon glove-box at room temperature by 

weighting the proper amount of each pure substance, using an analytic balance Mettler Toledo 

XP205 with a repeatability of 0.015 mg. Then, the mixtures were heated under stirring until a 

homogeneous liquid was formed and were left under stirring for around 15 minutes. All the DES 

were prepared as equimolar mixtures of both components, namely: thymol + decan-1-ol, thymol 

+ dodecan-1-ol, thymol + tetradecane-1-ol, [C4mim][Cl] + decan-1-ol, [C4mim][Cl] + dodecan-

1-ol, [C4mim][Cl] + tetradecane-1-ol, TOPO + decan-1-ol, TOPO + lauric acid, and TOPO + 

myristic acid. 

Protic Ionic Liquids Synthesis 

Two PILs based on the N,N-diethylethanolammonium ([DEEA]
+
) cation combined with the 

anions butanoate ([But]
-
) or pentanoate ([Pent]

-
) were synthesized following a brønsted acid-base 

neutralization method as reported in previous publications by Sharma et al.[23] and Chennuri et 

al.[24], in which the acid (butanoic acid or pentanoic acid) is added dropwise to an equimolar 

quantity of base (N, N – diethylethanolamine) at room temperature conditions under nitrogen 

atmosphere. After the amine addition, and to prevent oxidation of the acid, the reaction mixture 

was vigorously stirred at room temperature for at least 2 hours, under nitrogen atmosphere, 

producing the respective PIL. The resulting PILs were then dried under vacuum (10
-3

 mbar) for 

at least 48 h at room temperature.  

After the purification step and as can be seen by the 
1
H NMR spectra provided in Figure S1 

and Figure S2 in Supporting Information, the synthesized PILs do not present the expected 

acid:base ratio (1:1), due to the formation of an azeotrope during the distillation (purification 

procedure). This difference in the cation:anion proportion happens due to the ability of 
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carboxylic acids to form strong hydrogen bonds with the PIL ion pair leading to an azeotropic 

composition richer in acid (acid:base molar ratio approximately 2:1), and due to the different 

vapor pressures of the two acid/base precursors so that the extension of the purification step can 

lead to acid:base proportions different from the expected 1:1.[25,26] 

For clarity, the synthesized PILs are from this point onwards referred to as N,N - 

diethylethanolammonium dibutanoate ([DEEA][H(But)2]) or N,N - diethylethanolammonium 

dipentanoate ([DEEA][H(Pent) 2]) using the nearest integer acid:base molar ratios as reference, 

but their exact molar ratios (estimated from the 
1
H and 

13
C NMR spectra) are provided in Table 

2, along with the water content determined by a Metrohm 831 Karl-Fischer coulometer using the 

analyte Hydranal
®

-Coulomat AG from Riedel-de Haën, which was found to be lower than 0.05 

wt%.  

Table 2. Synthesized PILs and their acid:base molar ratios, molecular weight (Mw), and 

water content (wH2O). 

Compound, acid:base proportion 
Chemical Structure 

Anion Cation 

[DEEA][H(But) 2] 

N, N-diethylethanolamine + butanoic acid 

(2:1.15) 

Mw
a
=293.40

.
mol

-1
 

wH2O=0.03%
b 

 
 

 

[DEEA] [H(Pent) 2]  

N, N-diethylethanolamine + pentanoic acid 

(2:1.06) 

Mw
a
=321.45g

.
mol

-1
 

wH2O=0.05%
a 

 
 

a
Molecular weight of the PIL, considering the nearest integer stoichiometric molar ratio between 

the acid and the base (most likely structure in the liquid phase) 
b
Mass percentage of water 

measured by Karl-Fisher titration. 

Density Measurements 

Densities were measured using an automated SVM 3000 Anton Paar rotational Stabinger 

viscometer-densimeter with a temperature uncertainty of 0.02 K and a density absolute 

uncertainty of 5 ∙ 10
-4

g·cm
-3

, at atmospheric pressure and in the temperature range from 278.15 
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to 373.15 K. The experimental density data for trioctylphosphine oxide (TOPO) is reported in 

Table S1, in Supporting Information, while the experimental data measured in this work for 

different DES and for the two PILs synthesized, namely [DEEA][H(But)2] and 

[DEEA][H(Pent)2] are reported in Table S2 and Table S3, in Supporting Information, 

respectively. 

 

3. Results & Discussion 
 

The most common purification procedure of PILs consists of a distillation under vacuum. It 

is known that this process can lead to the formation of ‘mixtures’ with an acid:base proportion 

different than the expected 1:1 that can be related to the formation of oligomeric anions.[26–28] 

There are also evidences for the formation of azeotropes at molar ratios close to the 2:1 

stoichiometric proportion in carboxylate-based PILs,[25] since during the distillation process, 

one of the precursors can be removed to a greater extent than the other, leading to a mixture 

enriched in the other component.[2] The strategy of using PILs with oligomeric ions or PILs with 

variable or poorly defined stoichiometry has been pursued with success by some authors 

expanding the PILs field, while making it more complex to deal with from a modelling point of 

view.[29–31] 

In recent publications we applied the soft-SAFT EoS to describe carboxylate-based PILs and 

their mixtures with CO2.[19,20] Those works show that despite its good performance, the pseudo 

pure-component approach cannot be applied to describe mixtures containing different or variable 

acid:base stoichiometries, as the modelling of a different mixture composition would require the 

refitting of a number of parameters to fully define a new pseudo-pure component. Moreover, the 

predictive modelling of a different PIL, even if containing only common precursors with other 

previously described PILs, is not possible. This was the same problem previously observed in the 

modelling of DESs as the solvent’s properties could also be tuned by using different hydrogen 

bond donor (HBD) to hydrogen bond acceptor (HBA) ratios, although in the case of DESs, the 

use of a pseudo-pure component approach also suffers from the problem of inhibiting the study 

of their solid-liquid phase equilibrium which lays the foundation of the DES concept itself. 

Therefore, a similar solution should be attempted to model PILs using a SAFT-type EoS, and 

the use of an individual-component approach should become standard. Hence, as most PILs 
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investigated in literature are obtained from the mixture of an amine and a carboxylic acid, the 

PC-SAFT EoS parameters for monoethanolamine (MEA), diethylamine (DEA), di-n-butylamine 

(DBA), acetic acid, propionic acid, butanoic acid, pentanoic acid, and hexanoic acid were 

retrieved from the literature,[32–37] and verified to accurately represent their liquid densities and 

vapor pressures. Furthermore, new PC-SAFT parameters were obtained by fitting to 

experimental liquid densities and vapor pressure data for diethylethanolamine (DEEA) and 

methylethanolamine (MeEA). Both the literature parameters and those obtained in this work are 

reported in Table 3, along with all the relevant references. 

 

Table 3. PC-SAFT EoS parameters used in this work and volume-shift type corrections 

employed. 

Compound 

  

Mw 

(g/mol) 

m σ  

(Å) 

 ε/kB  

(K) 

Assoc. 

Schem. 

ε
HB

/kB  

(K) 

κ
HB 

 (Å
3
) 

Ref. ci 

Diethylethanolamine 117.19 3.844 3.6406  248.55 2B 2033.2 0.02412 * 7.50 

Monoethanolamine 61.08 4.521 2.6574  237.69 4C 989.9 0.18753 [32] 11.52 

Diethylamine 73.14 3.424 3.3851  219.77 2B 1094.0 0.01100 [33] 20.09 

Di-n-butylamine 129.24 5.095 3.5742  234.78 2B 1621.5 0.01400 [33] 10.85 

Methylethanolamine 75.11 4.086 3.0108  251.41 2B 2034.4 0.02412 * 12.18 

Acetic acid 60.05 2.597 3.0474  190.22 2B 2379.0 0.36832 [34] 8.94 

Propionic acid 74.08 3.258 3.1047  192.67 2B 2647.5 0.19275 [35] 8.76 

Butanoic acid 88.10 4.183 3.0734  198.08 2B 2409.8 0.26223 [36] 5.68 

Pentanoic acid 102.13 4.300 3.3069  259.55 2B 1938.5 0.03140 [37] 5.95 

Hexanoic acid 116.16 3.496 3.7510  283.68 2B 2975.7 0.00780 [37] 5.55 

*- The PC-SAFT pure-component parameters for these compounds were regressed in this work 

by fitting to experimental liquid densities and vapor pressure data. For diethylethanolamine, the 

data was retrieved from references,[38–42] while for methylethanolamine data was obtained 

from reference [43]. 

 

These parameters were used to predict the atmospheric pressure densities of different PILs 

(1:1 acid:base ratio) with ammonium cations by modelling the PILs as an equimolar mixture of 

the acid and the base. The results obtained for the carboxylate-based PILs are shown in Figure 1 

and show that the PC-SAFT EoS fails to predict the densities of PILs with a 1:1 acid:base ratio, 

using an individual-component approach and considering them as an equimolar mixture of the 
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precursors. This is different from the behavior observed in DESs where, despite their non-

ideality, the solvent densities could be easily and accurately obtained by modelling it as a 

mixture of the HBD and HBA, with the correspondent composition.[3] 

 

 

Figure 1. Liquid densities, at atmospheric pressure, of carboxylate-based PILs with the 

following base precursors: A) DEEA, B) MEA, C) MeEA, and D) DEA/DBA. Symbols 

represent experimental data,[19,44–48] while the dashed lines depict the PC-SAFT predictions. 

Aiming at understanding the origin of the decreased performance of the model in describing 

the density of PILs, the excess molar volumes (  ) of a large number of DESs and PILs were 

determined from experimental density data. As the calculation of    requires the density of the 

pure components and given the limited availability of DES density data where both precursors 

have measurable densities, new experimental density data was first obtained for 
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trioctylphosphine oxide (TOPO) and 9 different DES and the results are reported in Table S1 

and Table S2, in Supporting Information. Based on the measured and compiled literature 

density data, the    in the temperature range where density data was available for 23 different 

DESs and 35 different PILs were determined and are provided in Table S4 and Table S5, while 

the pure fluids density data considered in the calculations is described in Tables S6-S9, in 

Supporting Information. 

Figure 2 shows the average   for the different systems and the same values normalized by 

the ideal molar volume of the mixture to mitigate the effect of molecular weight. As can be 

observed, despite their non-ideality, DESs exhibit very low negative   and, for that reason, 

SAFT-type EoSs could easily predict the DES densities.[3] Conversely, PILs exhibit 

considerably higher    whose value depends greatly on the PIL precursors as demonstrated by 

the data scattering, preventing the model from accurately predict the PIL behavior from a 

mixture of its precursors. 

 

Figure 2. a) Excess molar volumes, V
E
, and b) molar volume deviation from the ideal molar 

volume, (V
id

), for different PILs and DESs. 

Nasrabadi and Gelb[49] used molecular dynamics simulations to investigate the effect of 

proton transfer on the density, viscosity and conductivity of different PILs. It was shown that 

PILs density increase with the degree of proton transfer that was reported to vary with the amine 

hybridization. This result along with the fact that the extension of proton transfer is indeed one of 

the main differences between DES and PILs (both are mixtures of Lewis or Brønsted acids and 

bases), it can be concluded that the large negative   observed in PILs are related to the 
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formation of ion pairs in PILs while DES, being solely composed of neutral molecular species, 

present low   . Therefore, the formation of those ionic species and the effect that such formation 

has on the thermophysical properties must be considered when modelling PILs using molecular-

based EoSs. 

Clearly, one of the most appropriate methods to account for the presence of ionic species 

would be to use a SAFT-type EoS that contains an electrolyte term to explicitly account for 

Coulombic interactions, such as ePC-SAFT[17] that has already been applied to describe aprotic 

ILs.[50] However, in PILs, the proton transfer is incomplete and the degree of proton transfer is 

usually unknown. Consequently, neutral acid and base molecules coexist in solution with the 

ionic species, their detailed composition being unknown, hampering the application of such 

models. Aggregation and association of ions and neutral species, forming oligomeric ions,[26] 

will also take place, and  applying electrolyte SAFT models would not only require a deeper 

knowledge of the speciation on this system than currently exists, but also the fitting of a number 

of parameters to each and every ionic species, using a very limited amount of experimental data. 

In fact, for most PILs only density at atmospheric pressure is available to use in parameter 

regression, reinforcing the importance of measuring density in wide temperature and pressure 

ranges for PILs as recently discussed by us.[19] Moreover, electrolyte SAFT models are still not 

widely available in most commercial process simulators. 

Another alternative to be further explored in this work is to account for the effect of proton 

transfer in the    of PILs in an implicit manner. Assuming that the formation of an ionic species 

(regardless of an ion pair or isolated ions) correspondent to the protonation/deprotonation of a 

given acid/base results in a given relative perturbation to the   , expressed in terms of 

percentage deviation from the ideal molar volume of the mixture of the PIL (Figure 2b), an 

improved description of density, and an improved predictive ability of the model can be obtained 

using a volume-shift type correction expressed by eq. 1, where      
  is the corrected molar 

volume of the PIL,       
  is the molar volume of the PIL as predicted by the PC-SAFT EoS 

considering it as a simple mixture of its precursors, and    is the relative percentage correction to 

the molar volume of the PIL, due to the formation of the cation/anion by proton transfer from/to 

its correspondent precursor. 

     
       

 [     (  
     
   

)       (  
     
   

)] ( )  
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For simplicity, eq. 1 can be rewritten as eq. 2, where      is the correction to the mixtures 

molar volume due to proton transfer obtained from eq. 3 as a linear mixing rule of the correction 

parameters. 

     
       

 (  
    
   

)  ( )  

     ∑    

  

   

  ( )  

It is worth to note that the correction is here implemented in terms of relative corrections to 

the molar volume instead of an absolute correction, as typically done in volume-shift corrections, 

because, for a same amine, a nearly linear behavior of   was observed as function of the acid’s 

  , as denoted by the different parallel sets of data in Figure 2b, which suggests that avoiding 

the effect of    can result in a better correlation. This can be seen more clearly later in Figure 

4. 

This approach was thus implemented together with PC-SAFT EoS to describe the densities 

of PILs synthesized from the reaction of carboxylic acids (acetic up to hexanoic acid) with five 

different amines (DEEA, MEA, DEA, DBA, and MeEA). In a first step, the values of    for 

acetic, propanoic, butanoic, pentanoic and hexanoic acids and that of DEEA were fitted 

simultaneously to density data from the correspondent PILs and are reported in Table 3. As 

depicted in Figure 3A), this approach allows an accurate description of the densities of PILs 

with DEEA as precursor. It is worth to highlight that even though the correction can only induce 

a y-axis translation of the PC-SAFT predicted density, an excellent description of the 

temperature effect is obtained through fitting. 

 Afterwards, the    values for the remaining amines, namely [MEA], [MeEA], [DEA], and 

[DBA] were obtained by fitting to the liquid densities of a single PIL containing the 

correspondent amine as base precursor, namely [MEA][But], [MeEA][But], [DEA][Pent], 

[DBA][Pent], and used to predict the density of the PILs with the remaining carboxylic acids. As 

shown in Figure 3 B-D), the results display a remarkable improvement when compared to those 

without any correction, previously shown in Figure 1. 
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The good prediction of the PILs density for which no experimental data was used in the 

parameterization of the    values demonstrate the importance of accounting for the effect of 

proton transfer in the density modelling, and how it can be easily implemented to enhance the 

accuracy and the predictive ability of the model. In this way, the binary interaction parameters 

between the acid and the base can later be freely adjusted to describe the VLE/azeotropic 

behavior of the PIL (if reliable experimental data ever becomes available), while assuring the 

correct description of its volumetric properties. Evidently, the densities description shown in 

Figure 3 still have room for improvement, but the volume-shift type correction employed has 

several simplifications that could be overcome in a more detailed study. Firstly, the correction 

made to the molar volumes is temperature-independent and based on an average value of    in 

the temperature-range where experimental density data of the PIL was available (which may 

vary across the different PILs – c.f. Table S5), while in fact the values tend to decrease with 

temperature, partially explaining the weak temperature dependency of the predictive results 

depicted in Figure 3.  
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Figure 3. Densities at atmospheric pressure of different PILs. Symbols represent experimental 

data,[19,44–48] while the solid lines depict the PC-SAFT EoS modelling results, corrected to 

account for the effect of proton transfer. 

Furthermore, the impact that the formation of a given cation/anion has on the PILs properties, 

(e.g.  the presence of the acetate anion in an ion pair) is not independent of the base precursor 

with which it is paired, because the degree of proton transfer highly depends on the acid/base 

pair. This is corroborated by the work of Nasrabadi and Gelb[49] where the degree of proton 

transfer was shown to decrease from primary to secondary and tertiary amines for a same 

carboxylate anion. The     values relative to the ideal volume of the mixtures determined for 

carboxylate-based PILs with different amines as base precursors are plotted in Figure 4, as a 

function of the carboxylic acid’s molecular weight and reinforce the conclusion obtained by 

Nasrabadi and Gelb[49]. As the degree of proton transfer is strongly affected by the acid:base 

making up the PIL, being higher for primary amines, the effect on the molar volume of the PIL 

increases in the same direction, with the relative    in [MEA][X] PILs being more negative than 

those in the tertiary amine DEEA. Figure 4 also shows that the effect on the PILs molar volume 

for an homologues series of carboxylic acid increases linearly with the acid’s molecular weight. 

Therefore, if one wants to employ a correction as the one suggested in this work with the    

values further depending on the base precursor, linear correlations of the    value as a function of 

the acid’s molecular weight should be expected for a given homologous series, allowing the 

prediction/extrapolation of the behavior of PILs with different chain length acids, without further 

measurements and parameterizations. 
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Figure 4. Percentage relative excess molar volumes of carboxylate based PILs with different 

amines as base precursors. 

Finally, as initially mentioned, one of the main objectives of using an individual-component 

approach is to be able to predict the properties of PILs that although made up of the same 

precursors have distinct acid:base stoichiometric ratios. This is important because in an industrial 

process, the concentration of the different species will vary along the distillation columns.[25] 

Therefore, the modelling approach proposed in this work, with the    values reported in Table 3 

and obtained using experimental data for PILs with a 1:1 acid:base ratio, were used to predict the 

densities of PILs based on the N,N-diethylethanolammonium cation (DEEA as base precursor) 

and a 2:1 acid:base ratio. The modelling results are shown in Figure 5, with and without the 

correction to the molar volumes and, as can be observed, using the proposed methodology, a 

good prediction of the composition effect on the PILs density can be obtained, without further 

parameterizations. 

 

                  



18 

 

 

Figure 5. Density of PILs based on the N, N- diethylethanolammonium cation. Symbols 

represent experimental data from this work for [DEEA][H(But)2] and [DEEA][H(Pent)2] (Table 

S3 in Supporting Information) and  Martins et al.[28] for the remaining PILs. The solid and 

dashed lines represent the PC-SAFT results with and without correction of the molar volumes. 

 

4. Perspectives and Concluding Remarks 
 

In this work, a discussion on the thermodynamic modelling of PILs using SAFT-type EoSs is 

provided. It is discussed how, as previously proposed for DESs, being able to predict their 

thermodynamic behavior from that of its precursors is useful for an enhanced 

predictive/extrapolative ability of the model and to enable the modelling of different acid/base 

compositions without additional parameterizations. Contrarily to DESs, where the behavior of 

the solvent could be directly predicted from its precursors, the highly negative excess molar 

volumes observed in PILs, arising from the proton transfer between the acid and the base, were 

found to result in very poor predictions of the PILs density.  
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Therefore, to improve the accuracy and predictive ability of the model, a simple correction to 

the molar volume of the PILs is proposed, assuming that the formation of each ion in the mixture 

induces a certain change in the PILs molar volume. Despite the simplifications of the proposed 

correction, a remarkable improvement in the results is obtained with the model being able to 

successfully predict the densities for PILs whose data was not used in the parameterization and 

to predict the densities of PILs with variable stoichiometry. The results obtained highlight the 

importance of considering the excess volumes of PILs during the development of SAFT models 

and can still be further improved by avoiding some of the simplifications here adopted, such as 

the use of temperature-independent corrections and the assumption of a constant effect of the 

ionic species regardless of the PIL precursors. 
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