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Abstract 
 

Global warming is now widely recognized as being the biggest global issue facing human 

beings. Mitigating CO2 emission from fossil-fueled power plants as well as from transports 

has become an urgent and worldwide research topic, in which CO2 separation is often 

needed. Technologies have been developed and commercialized, whereas the cost is still 

high. Developing new technologies for CO2 separation is one focus research area. Ionic 

liquids (ILs) are promising absorbents for CO2 separation due to their very low vapor 

pressure, high solubility and selectivity for CO2 as well as low energy usage for solvent 

regeneration. 

To develop IL-based technologies, thermodynamic properties (density, heat capacity, gas 

solubility, etc.), viscosity, and surface tension of ILs are the prerequisites. As the number 

of ILs that can be theoretically synthesized is up to an order of 10
18

, determining all the 

properties experimentally is impractical, not to mention the time-consuming with high 

cost. It is desirable to develop theoretical tools to predict the thermodynamics and transport 

properties of ILs and IL-containing mixtures in a wide temperature and pressure range. 

In our previous work, the framework of ion-specific electrolyte perturbed-chain statistical 

associating fluid theory (ePC-SAFT) has been developed with reliable results. However, 

the work is still limited to the imidazolium-based ILs, and the model performance for other 

commonly used ILs is still unclear. Meanwhile, it has been pointed out that the model with 

the parameters fitted to the experimental data may result in pitfalls, and further validation 

is needed. 

In this thesis, the ion-specific ePC-SAFT was further developed and extended to the ILs 

which are composed of the IL-cations ([Cnmim]
+
, [Cnpy]

+
, [Cnmpy]

+
, [Cnmpyr]

+
, and 

[THTDP]
+
) and the IL-anions ([Tf2N]

-
, [PF6]

-
, [BF4]

-
, [tfo]

-
, [DCA]

-
, [SCN]

-
, [C1SO4]

-
, 

[C2SO4]
-
, [eFAP]

-
, Cl

-
, [Ac]

-
, and Br

-
).  

Before modeling the properties, a method and scheme were developed to investigate the 

pitfall when modeling IL with ePC-SAFT. All 96 ILs considered in the thesis were 

covered. The investigation shows that for most ILs (86 of 96 ILs), the additional fictitious 

critical temperature is low enough not to affect the calculations at a normal temperature 

range, and after further phase equilibrium calculation, only one IL ([C8mpy][BF4]) may 

generate a  risk of pitfall occurrence at the temperature and pressure of interest for CO2 

separation. The parameters for [Cnmpy]
+
 may need to be modified in future work. 

The prediction of the derivative properties (isobaric heat capacity, isochoric heat capacity, 

speed of sound, isentropic compressibility coefficient, isothermal compressibility 

coefficient, thermal expansion coefficient, thermal pressure coefficient, and internal 

pressure) combined with the comparison to the available experimental data shows that 

ePC-SAFT can provide reliable results for most ILs. ePC-SAFT was used to predict the 

CO2 solubilities in 46 ILs, and the prediction agrees well with the experimental data in a 

wide temperature and pressure range for 36 ILs. The addition of an ion-specific binary 
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parameter between IL-ion and CO2 can further improve the model performance 

significantly for the 10 ILs with relatively poor model performance. ePC-SAFT can also 

provide a reliable prediction for the solubility of other pure gases (CH4, CO, H2, N2, and 

O2). 

To further verify the model performance on the viscosity of ILs, ePC-SAFT coupled with 

the free volume theory (FVT) (i.e., ePC-SAFT-FVT) was studied. Two strategies were 

applied to adjust the FVT parameters, i.e., molecular-based approach with parameters for 

each IL (strategy 1) and IL-cation molecular-weight linearized parameters for the ILs in 

the same homologous series (strategy 2). The comparison with the available experimental 

viscosities for 96 ILs shows that the strategy 1 can provide reliable results for 89 ILs in a 

wide temperature and pressure range, while strategy 2 can provide almost similar reliable 

results as strategy 1. ePC-SAFT-FVT can be further used to predict the viscosity of IL-

mixtures reliably. 

The model ePC-SAFT-DGT, i.e., the coupling of ePC-SAFT with the density gradient 

theory (DGT), was further developed and used to model the interfacial properties of ILs. 

The comparison with the available experimental surface tensions for 82 ILs shows that the 

model can represent the surface tension reliably, and the use of the anion-specific influence 

parameters linearized with the molecular weights of IL-cations allows predicting the 

surface tension of the ILs in the same homologous series. The density profile on the vapor-

liquid interface can be further predicted with the influence parameter adjusted by the 

surface tension. 

In summary, the ion-specific ePC-SAFT is a suitable tool for IL-systems, which can be 

highly recommended to be applied in industrial design and optimization.   
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1. Introduction 

 

1.1 Background 

 

Global warming is now widely recognized as being the biggest global issue facing human 

beings and becomes more serious in recent years. The emission of greenhouse gases 

(GHGs) is believed to be the most significant driver of global warming, and CO2 is the 

major factor accounting for 76% of the total anthropogenic GHG emissions as reported by 

the Intergovernmental Panel on Climate Change (IPCC) in 2014.
[1]

 

Most anthropogenic CO2 emissions originate mainly from the use of fossil fuels for power 

generation and transports. To mitigate CO2 emissions from the fossil-fueled power plants, 

CO2 capture is an important option, because it allows the continued use of fossil fuels, thus 

avoiding serious disruption to the global economy. In general, CO2 separation is needed to 

capture CO2 from the fossil-fueled power plants. To reduce CO2 emissions from the 

transportation sector, biomass gasification offers a possibility to produce more carbon-

neutral transportation fuels (methanol, hydrogen, and synthetic hydrocarbons), and CO2 

removal is required in such a process to increase the efficiency, selectivity, and/or the yield 

of products or to purify the gas. Therefore, CO2 separation is of importance to mitigate 

CO2 emissions from both the energy and transport sectors.  

CO2 separation technologies have been developed and commercialized. The most 

commonly used technology is the aqueous amine scrubbing. However, this technology is 

energy-intensive with deficiencies of volatility, degradation, and corrosion.
[3] 

Pressure 

swing adsorption and membrane methods are two relatively new technologies.
[4]

 The 

pressure swing adsorption is used to separate a gaseous component from a mixture under 

pressure according to the molecular characteristics and affinity of the gas for an adsorbent 

material. Typical adsorbent materials for CO2 separation are activated carbon, zeolites, and 

metal-organic frameworks (MOF).
[4]

 The activated carbon and zeolites are cheap, but their 

adsorption capacity is limited.
[5]

 The high price and low hydrolytic stability of MOF also 

limit its wide applications.
[6]

 The membrane process is promising as it is compact and easy 

to scale up. However, there are challenges such as the tradeoff between selectivity and 

permeability,
[6]

 making it difficult to achieve both high selectivity and high permeability 

simultaneously, and a multistage process is often needed.
[7]

 Therefore, there is a need to 

develop technologies to separate CO2 energy-efficiently, cost-effectively, and 

environment-friendly.  

Ionic liquids (ILs) are molten salts that do not evaporate and widely anticipated as 

potentially environmentally benign solvents. Their negligible vapor pressure indicates no 

contamination of the gas stream, and relatively high thermal stability, tunable properties, as 

well as relatively high solubility and selectivity of CO2 make ILs promising for CO2 

separation.
[8-10] 

In order to develop IL-based technologies for CO2 separation to meet the 

requirements of high absorption capacity, high absorption rate, and low energy usage, the 

information of gas solubility, viscosity, surface tension, and other thermodynamic 

properties (density, heat capacity, etc.) are required. Previous studies provide a large 
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amount of experimental data of these properties for different ILs.
[53-55] 

However, 

considering the huge number(10
18

) of possible ILs that can be synthesized,
[11] 

the wide 

temperature and/or pressure range in applications, as well as the time- and cost-consuming 

of experimental investigations, it is desirable to develop a reliable theoretical model to 

predict the needed properties of ILs and the gas solubilities in ILs. 

 

1.2 Theoretical models 

 

Different theoretical models can be applied to describe the properties of a substance. 

Equation of state (EOS) and excess Gibbs free energy (G
e
) are two major theoretical 

models. 

The G
e
 model starts from the relation between the excess Gibbs free energy (G

e
) of a 

solution and the activity coefficient of component (γi):
[12]

 

𝐺𝑒 = ∑ 𝑅𝑇(𝑙𝑛𝛾𝑖)𝑖                                                                                                             (1.1) 

where R and T are the ideal gas constant and temperature, respectively.  

NRTL
[14] 

(Non-Random Two Liquids), UNIQUAC
[15] 

(Universal Quasi Chemical Activity 

Coefficient) and UNIFAC
[16] 

(Universal Quasi-Chemical Function Group Activity 

Coefficient) are the most widely used G
e
 models, and all of them are based on the local 

composition theory proposed by Wilson.
[12] 

In practice, G
e 

can be used to calculate the 

excess properties in the liquid phase, or combine with EOS and other theories to model the 

vapor/gas-liquid phase equilibria.  

EOS describes the pressure (P)-volume (V)-temperature (T) relationship of fluid via: 

𝑓(𝑃, 𝑉, 𝑇) = 0                                                                                                                   (1.2) 

As the most significant advantages, EOS can calculate thermodynamic properties and 

phase equilibria conveniently and accurately.
[13]

 

EOS can be cubic and statistical associating fluid theory (SAFT)-based. Cubic EOS is 

widely used, and Redlich-Kwong (RK),
[14]

 Redlich-Kwong-Soave (SRK),
[15]

 Peng-

Robinson (PR)
[16]

 and Patel-Teja (PT)
[17]

 are typical examples. However, the cubic EOS 

cannot provide reliable predictions for complex systems,
[18]

 for example, the system 

containing the substance with long-chain, strong polarity, association, or ions. 

Compared with the cubic EOS, SAFT-based models have a more rigorous physical 

background, and they are promising to provide reliable properties for both complex (e.g., 

ILs, long-chain polymer) and simple molecules.
[19]

 SAFT-based models describe the 

Helmholtz free energy in a closed algebraic form and each term is formulated explicitly in 

terms of a predefined intermolecular potential. This makes it feasible to combine SAFT 

with other advanced models, for example, combining with the density gradient theory 

(DGT) to describe the interfacial properties, including surface tension of a system with 

complex intermolecular potential. This is important as CO2 separation occurs already at the 

gas-liquid (IL) interface, and the behavior of ILs and other components at the interface can 
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be very different from those of bulk fluids. Therefore, in this thesis work, a SAFT-based 

model was chosen. 

 

1.1.1 Statistical associating fluid theory (SAFT) 

 

Statistical associating fluid theory (SAFT) is one of the most promising EOSs that can be 

used to represent the thermodynamic properties and phase equilibria of complex fluids. 

Various versions of SAFT have been developed, such as SAFT-VR (potentials of variable 

range),
[20]

 soft-SAFT,
[21]

 SAFT1,
[22]

 SAFT2,
[23]

 PC(perturbed-chain)-SAFT
[24]

 and the 

further generalized versions.
[25]

 These models are widely used for the systems containing 

non-polar, polar, ionic, and associating substances (complex molecules).
[26]

 

SAFT was developed based on the framework of perturbation theory, dividing the residual 

Helmholtz free energy into several terms to describe different contributions. In SAFT, a 

chainlike molecule consists of spherical segments with attractive sites. The chain is formed 

by bonding between the attractive sites. The molecule can have additional intermolecular 

interactions like dispersion and association forces. Therefore, the Helmholtz free energy of 

a system can be represented by: 

𝐴 = 𝐴𝑖𝑑 + 𝐴ℎ𝑠 + 𝐴𝑐ℎ𝑎𝑖𝑛 + 𝐴𝑑𝑖𝑠𝑝 + 𝐴𝑎𝑠𝑠𝑜𝑐                                                                       (1.3) 

where A
id

 is the ideal-gas free energy, and A
hs

, A
chain

, A
disp

, and A
assoc

 are the excess free 

energies caused by the hard-sphere, chain, dispersive, and associative interactions, 

respectively. 

SAFT-based EOS can be classified into two types:
[27]

 

 The one uses hard-sphere as the reference (Fig 1.1 a). Typical examples are SAFT-VR, 

soft-SAFT, SAFT1, and SAFT2. 

 The one uses hard-chain as the reference (Fig 1.1 b). For this type SAFT, equation (1.3) 

changes to: 

         𝐴 = 𝐴𝑖𝑑 + 𝐴ℎ𝑐 + 𝐴𝑑𝑖𝑠𝑝(𝑚) + 𝐴𝑎𝑠𝑠𝑜𝑐                                                                        (1.4) 

where A
hc 

is the excess free energy from the hard chain, and A
disp

(m)
 
considers the 

dispersion of hard chain, which is a function of the segment number m.
[24]

 Typical 

examples are PC-SAFT and the further generalized versions. 

 

 

 

 

 

 

      Fig 1.1 The reference term for different SAFT models 

Hard Sphere(a) Hard Chain(b) 
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Both types of SAFT have been widely used for the systems containing non-polar, polar, 

ionic, and associating substances, including gases, solvents, homopolymers, copolymers, 

and electrolytes.
[24,25,28]

 In general, PC-SAFT is more suitable for the chain-like molecules 

due to its reference term is hard-chain.
[52]

 ILs, especially the cation of ILs, are chain-like 

substances, and, thus, the theoretical model development in this thesis was based on PC-

SAFT and its extension. 

 

1.1.2 Modelling IL-based systems with PC-SAFT 

 

Different theoretical models have been proposed to represent the properties of ILs, and a 

lot of work focuses on the density of ILs. As the gas solubility in ILs is one of the 

important properties for CO2 separation with ILs, theoretical models have also been 

proposed.
[8-12]

 However, most developed theoretical models need binary parameters to 

describe the gas solubilities reliably. Meanwhile, the second-order thermodynamic 

derivative properties of ILs, such as heat capacities, isothermal and isentropic 

compressibilities, thermal pressure coefficients, speeds of sound, thermal expansion 

coefficients, and internal pressures, play an important role in verifying the model 

prediction capability and developing ILs for industrial applications, e.g., screening ILs for 

CO2 separation. However, little effort has been put on the second-order thermodynamic 

derivative properties.
[31]

 Viscosity is another important property because it strongly affects 

the heat and mass transfer. Several models have been developed to describe the viscosity 

of IL systems.
[7-9]

 However, the models that can be used in a wide temperature and 

pressure range are still scarce. Interfacial properties are also important in developing IL-

based technologies for CO2 separation.
[3]

 Several theoretical models have been developed 

to describe the surface tension of ILs.
[6-7]

 Most of such models do not allow predicting 

other interfacial properties, such as the density distribution and surface adsorption. 

Theoretical models that can provide the microscopic interfacial structures are required.  

In our previous work, a framework of ePC-SAFT has been developed to describe the 

thermodynamic properties of ILs.
[29]

 In modeling, it was assumed that each IL consists of 

two charged molecules, cation and anion. The model parameters were obtained from the 

fitting of density for pure ILs. The model with the fitted parameters could be used to 

predict the gas solubilities and other thermodynamic properties reliably.
[29-31]

 The 

developed ePC-SAFT has been further combined with the density gradient theory (DGT) 

and free volume theory (FVT)/friction theory (FT) to represent the surface tension and 

viscosity of ILs, respectively,
[32,33]

 and the models also provided reliable results.
[32,33]

 All 

these indicate that ePC-SAFT-based models are promising. However, the work was only 

limited to the imidazolium-based ILs with the anions of [Tf2N]
-
, [PF6]

-
, and [BF4]

-
. 

Later, ePC-SAFT was further extended to the commonly-used ILs based on their density, 

but the performance of ePC-SAFT on predicting other thermodynamic properties as well as 

those of ePC-SAFT-DGT and ePC-SAFT-FVT on describing the interfacial properties and 

viscosities have not yet been studied.     

In addition, it has been pointed out that SAFT-based models can lead to a pitfall, 

manifesting as an additional fictitious liquid-liquid critical line connected to an additional 



 

5 

 

physically stable critical point when modeling pure substances.
 
Even though the developed 

ePC-SAFT has been extensively studied for ILs, the investigation of any pitfall occurrence 

has never been conducted. 

 

1.3 Objectives and outline 

 

This thesis work aims at validating ePC-SAFT in pitfall occurrence and further developing 

and verifying the performances of ePC-SAFT, ePC-SAFT-FVT, and ePC-SAFT-DGT for 

describing the properties of the commonly-used ILs with the following ions: 

IL-cations: [Cnmim]
+
, [Cnpy]

+
, [Cnmpy]

+
, [Cnmpyr]

+
 or [THTDP]

+
 

IL-anions: [Tf2N]
-
, [PF6]

-
, [BF4]

-
, [tfo]

-
, [DCA]

-
, [SCN]

-
, [C1SO4]

-
, [C2SO4]

-
, [eFAP]

-
, Cl

-
, 

[Ac]
-
 or Br

- 

The specific objectives include: 

 Validation of ePC-SAFT concerning pitfall occurrence when describing IL-related 

systems. 

 Verification of ePC-SAFT performance on predicting the thermodynamic derivative 

properties and gas solubilities of ILs. 

 Extension of ePC-SAFT-FVT for describing the viscosity of ILs. 

 Further development and extension of ePC-SAFT-DGT for representing the interfacial 

properties of ILs. 

 

Chapter 2 begins with a brief introduction of ePC-SAFT and its extension. In chapter 3, the 

results of validation and model performance are presented. Finally, the main conclusions 

are summarized in chapter 4, and future work is given in chapter 5. The overview of the 

contents in this thesis and the connections between the topics of appended papers is 

illustrated in Fig. 1.2. 
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Fig 1.2 The overview of the contents in this thesis and the connections between the topics 

of appended papers 
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2. Theory and methodology 
 

This chapter presents the theories and methodologies used in this thesis. The work 

presented in this thesis includes the investigation of the pitfall in ePC-SAFT model and the 

further development and extension of ePC-SAFT-based models to the commonly-used ILs. 

The first part gives a brief introduction of ePC-SAFT, followed by three sub-chapters to 

present the methodologies for calculating different properties of ILs. The last part is the 

methodology of investigating pitfall.  

It should mention here that symbols in each subsection are independent, i.e., for a same 

symbol, their meaning may vary in different subsections.  

2.1 ePC-SAFT model 

 

PC-SAFT was developed by Gross and Sadowski,
[24,35]

 where the hard chain is used as the 

reference term. Cameretti et al.
[25]

 extended PC-SAFT to electrolyte system and noted as 

ePC-SAFT. In ePC-SAFT, the residual Helmholtz free-energy A
res

 is divided into three 

parts when the association term is neglected:
[29]

 

𝐴𝑟𝑒𝑠

𝑘𝑇
=

𝐴ℎ𝑐

𝑘𝑇
+

𝐴𝑑𝑖𝑠𝑝

𝑘𝑇
+

𝐴𝑖𝑜𝑛

𝑘𝑇
                                                                                                  (2.1.1) 

where A
ion

 represents the residual Helmholtz free-energy caused by the ionic interaction 

between the charged molecules and k is Boltzmann constant.  

In ePC-SAFT, the molecule is modeled as a segment-chain, and each segment is described 

with a modified square-well potential as suggested by Chen and Kreglewski:
[36]

 

𝑢(𝑟) = {

∞                 𝑟 < 0.88𝜎
3𝜖        0.88𝜎 ≤ 𝑟 < 𝜎
−𝜖             𝜎 ≤ 𝑟 < 𝜆𝜎  

0               𝑟 ≥ 𝜆𝜎

                                                                                   (2.1.2) 

where r is the radial distance between two segments, σ is the temperature-independent 

segment diameter, 𝜖 denotes the depth of the potential well, and λ is the reduced well width.  

In ePC-SAFT,
[35]

 λ was set to be 1.5. Unlike the traditional hard-sphere model, in ePC-

SAFT, when r is lower than the segment diameter, the potential is not infinite in a certain 

range, while it is considered as the soft repulsion of molecules. Barker and Henderson
[37]

 

proved that the soft sphere with a diameter σ can be equivalent to a hard-sphere with a 

diameter d via: 

𝑑 = ∫ (1 − 𝑒−
𝑢(𝑟)

𝑘𝑇 ) 𝑑𝑟
𝜎

0
                                                                                                   (2.1.3) 

Substituting u(r) in equation (2.1.3) with equation (2.1.2), we have: 

𝑑 = 𝜎 (1 − 0.12𝑒−
3𝜖

𝑘𝑇)                                                                                                    (2.1.4) 

The temperature-dependent segment diameter d represents the effective collision diameter 

of a segment and is widely used in the models based on the perturbation theory.  
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2.1.1 Hard-chain contribution 

 

Chapman et al.
[38]

 derived the hard-sphere chain based on Wertheim’s perturbation 

theory:
[39]

 

𝑎ℎ𝑐 =
𝐴ℎ𝑐

𝑁𝑘𝑇
= �̅�𝑎ℎ𝑠 − ∑ 𝑥𝑖(𝑚𝑖 − 1)𝑙𝑛𝑔𝑖𝑖

ℎ𝑠(𝑑𝑖𝑖)𝑖                                                              (2.1.5) 

where a represents the reduced residual Helmholtz free-energy, i.e., the Helmholtz free-

energy per molecule, N is the number of molecules, �̅� is the mean segment number, i.e., 

the weighted average of segment numbers for all components in the mixtures, xi is the mole 

fraction of each component, gij
hs 

is the radial distribution function of the hard-sphere fluid, 

dij represents the temperature-dependent hard-sphere diameter based on the arithmetic 

average. 

a
hs

 can be obtained with: 

𝑎ℎ𝑠 = −∫
𝑃ℎ𝑠−𝑃𝑖𝑑

𝑁𝑘𝑇
𝑑𝑣

𝑉

∞
                                                                                                    (2.1.6) 

where P
hs

 and P
id

 are the pressures for the hard-sphere and ideal-gas terms, respectively, 

and v represents the system volume.  

P
id

 can be calculated with an ideal gas EOS, while P
hs

 can be calculated with the Virial 

pressure equation or the compressibility equation.
[40,43,44]

 However, it was found that the 

pressures calculated with these two methods show deviation when compared with the 

simulation results, and, thus, Boulik
[44]

 and Mansoori
[45]

 used the Carnahan-Starling 

method
[46]

 to estimate the pressure based on these two results in a proportion of 1/3:2/3: 

𝑃ℎ𝑠

𝑘𝑇
=

6

𝜋
[

𝜂0

1−𝜂3
+

3𝜂2𝜂1

(1−𝜂3)2
+

(3−𝜂3)𝜂2
3

(1−𝜂3)3
]                                                                                 (2.1.7) 

where 𝜂𝑛 is the packing fraction. For a hard-sphere system: 

𝜂𝑛 =
𝜋

6
∑ 𝜌𝑖𝑖 𝜎𝑖

𝑛                                                                                                               (2.1.8) 

where 𝜌𝑖 is the number density of species i. 

This expression agrees with the simulation results and has been widely used in the hard-

sphere EOS.
[40]

 Subsequently, a more exact expression for 𝑔𝑖𝑗
ℎ𝑠(𝜎) can be calculated:

[47]
 

𝑔𝑖𝑗
ℎ𝑠(𝜎) =

1

1−𝜂3
+

3𝜎𝑖𝜎𝑗

𝜎𝑖+𝜎𝑗

𝜂2

(1−𝜂3)2
+ 2(

𝜎𝑖𝜎𝑗

𝜎𝑖+𝜎𝑗
)2 𝜂2

2

(1−𝜂3)3
                                                         (2.1.9) 

Equation (2.1.9) is widely used in developing SAFT-based EOS.
[47]

 

In ePC-SAFT, for the hard chain system, the packing fraction changes to: 

𝜂𝑛 =
𝜋

6
∑ 𝑚𝑖𝜌𝑖𝑖 𝑑𝑖

𝑛                                                                                                         (2.1.10) 

where di is the equivalent hard-sphere diameter in equation (2.1.4). While the temperature-

independent segment diameter 𝜎 in equation (2.1.9) is changed to d in ePC-SAFT.  
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Substituting equation (2.1.7) into equation (2.1.6) and using the packing fraction for the 

hard chain system (equation (2.1.10)), a
hs

 can be expressed as: 

𝑎ℎ𝑠 =
1

𝜂0
[
3𝜂1𝜂2

1−𝜂3
+

𝜂2
3

𝜂3(1−𝜂3)2
+ (

𝜂2
3

𝜂3
2 − 𝜂0) 𝑙𝑛(1 − 𝜂3)]                                                   (2.1.11) 

Equation (2.1.5) with the expression of a
hs

 can be used to calculate the excess Helmholtz 

free energy contributed by hard chain (a
hc

).  

 

2.1.2 Dispersion term 

 

The perturbation term a
disp

 is derived by the perturbation theory.
[48]

 

According to the perturbation theory, the potential energy (EN) can be represented by the 

summation of the reference energy (E0) and the tiny perturbation energy (E1):
[48]

 

𝐸𝑁 = 𝐸0 + 𝐸1                                                                                                                (2.1.12) 

According to statistical thermodynamics, the perturbation Helmholtz free energy can be 

represented by: 

𝐴−𝐴0

𝑘𝑇
= − 𝑙𝑛 (

<𝑒
−

𝐸0+𝐸1
𝑘𝑇 >

<𝑒
−

𝐸0
𝑘𝑇>

) = − 𝑙𝑛 (< 𝑒−
𝐸1
𝑘𝑇

𝑒
−

𝐸0
𝑘𝑇

<𝑒
−

𝐸0
𝑘𝑇>

>) = −𝑙𝑛 (< 𝑒−
𝐸1
𝑘𝑇 >0)                (2.1.13) 

where <> is the canonical ensemble average, and <>0 refers to the ensemble average by the 

reference system. Since the perturbation energy E1 in equation (2.1.13) is tiny (much less 

than kT), the Taylor expansion of the exponential function in equation (2.1.13) by −
𝐸1

𝑘𝑇
 

gives:
[48]

 

𝐴−𝐴0

𝑘𝑇
= − 𝑙𝑛 (1 −

<𝐸1>0

𝑘𝑇
+

<𝐸1
2>0

2(𝑘𝑇)2
+ 𝜊(𝐸1

2))                                                               (2.1.14) 

where “o” means infinitesimal of a higher order. 

Taylor expansion of  the logarithmic function in equation (2.1.14) by 1/kT: 
[48]

 

𝐴−𝐴0

𝑘𝑇
=

<𝐸1>0

𝑘𝑇
−

<𝐸1
2>0−<𝐸1>0

2

2(𝑘𝑇)2
+ 𝜊(

1

𝑘𝑇
)                                                                        (2.1.15) 

The first and second terms in equation (2.1.15) are called the first-order and second-order 

perturbation terms. Barker and Henderson
[37]

 provide an expression for the first-order 

perturbation term (A1
disp

) and an approximation for the second-order perturbation term 

(A2
disp

) based on the local compressibility approximation for a spherical molecule:
[37]

 

𝐴1
𝑑𝑖𝑠𝑝

= 2𝜋𝜌∑ ∑ 𝑥𝑖𝑗𝑖 𝑥𝑗 ∫ 𝑢𝑖𝑗(𝑟)𝑔𝑖𝑗
ℎ𝑠(𝑟)𝑟2𝑑𝑟

∞

0
                                                            (2.1.16) 

𝐴2
𝑑𝑖𝑠𝑝

= −𝜋𝜌∑ ∑ 𝑥𝑖𝑗𝑖 𝑥𝑗(
𝜕𝜌

𝜕𝑃
)𝑇

𝜕

𝜕𝜌
{𝜌 ∫ [𝑢𝑖𝑗(𝑟)]

2𝑔𝑖𝑗
ℎ𝑠(𝑟)𝑟2𝑑𝑟}

∞

0
                                    (2.1.17) 

Gross and Sadowski
[24]

 extended equations (2.1.16) and (2.1.17) to the chain molecules 

based on the work by Chiew:
[49]
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𝐴1
𝑑𝑖𝑠𝑝

𝑁𝑘𝑇
= −2𝜋𝜌∑ ∑ 𝑥𝑖𝑗𝑖 𝑥𝑗𝑚𝑖𝑚𝑗 (

𝜀𝑖𝑗

𝑘𝑇
) 𝐼1                                                                          (2.1.18) 

𝐴2
𝑑𝑖𝑠𝑝

𝑁𝑘𝑇
= −𝜋𝜌�̅�

1

1+𝑧ℎ𝑐+𝜌
𝜕𝑧ℎ𝑐

𝜕𝜌

∑ ∑ 𝑥𝑖𝑗𝑖 𝑥𝑗𝑚𝑖𝑚𝑗 (
𝜀𝑖𝑗

𝑘𝑇
)
2

𝐼2                                                    (2.1.19) 

where z
hc

 is the compressibility factor caused by the hard chain influence, and 𝜀𝑖𝑗 is the 

mean segment dispersion parameter between i and j: 

𝜀𝑖𝑗 = √𝜀𝑖𝜀𝑗(1 − 𝑘𝑖𝑗)                                                                                                     (2.1.20) 

where kij is the binary parameter to correct the dispersion interaction. I1 and I2 in equations 

(2.1.18) and (2.1.19) read: 

𝐼1 = ∑ ∑ ∫ 𝑢𝑖𝑗(𝑟)𝜀𝑖𝑗𝑔𝑖𝑗
ℎ𝑐(�̅�; 𝑟/𝜎𝑖𝑗)𝑟

2𝑑𝑟 
𝜆𝜎𝑖𝑗

𝜎𝑖𝑗
𝑗𝑖                                                              (2.1.21) 

𝐼2 = ∑ ∑
𝜕

𝜕𝜌
{𝜌 ∫ [𝑢𝑖𝑗(𝑟)]

2𝜀𝑖𝑗𝑔𝑖𝑗
ℎ𝑐(�̅�; 𝑟/𝜎𝑖𝑗)𝑟

2𝑑𝑟} 
𝜆𝜎𝑖𝑗

𝜎𝑖𝑗
𝑗𝑖                                                (2.1.22) 

where 𝑔𝑖𝑗
ℎ𝑐 is the average interaction segment-segment radial distribution function,

[49] 
 and a 

detailed discussion can  be found in [35]. 

However, using equations (2.1.21) and (2.1.22) to calculate I1 and I2 is time-consuming, 

and the results may have a large deviation compared with experimental data. Therefore, 

Gross and Sadowski
[24]

 substituted with two integrals (equations (2.1.21) and (2.1.22)) by 

power series:
[24]

 

𝐼1 = ∑ 𝑎𝑖(�̅�)6
𝑖=0 𝜂3

𝑖                                                                                                        (2.1.23) 

𝐼2 = ∑ 𝑏𝑖(�̅�)6
𝑖=0 𝜂3

𝑖                                                                                                        (2.1.24) 

where ai and bi are calculated by: 

𝑎𝑖(�̅�) = 𝑎0𝑖 +
�̅�−1

�̅�
𝑎1𝑖 +

�̅�−1

�̅�

�̅�−2

�̅�
𝑎2𝑖                                                                         (2.1.25) 

𝑏𝑖(�̅�) = 𝑏0𝑖 +
�̅�−1

�̅�
𝑏1𝑖 +

�̅�−1

�̅�

�̅�−2

�̅�
𝑏2𝑖                                                                          (2.1.26) 

The constants of a0i, a1i, a2i, b0i, b1i, and b2i were fitted to the experimental data of n-

alkanes and then set as universal parameters for all systems.
[24]

 

In summary, the dispersion term in PC-SAFT reads:
[24]

 

𝑎𝑑𝑖𝑠𝑝 =
𝐴1

𝑑𝑖𝑠𝑝
+𝐴2

𝑑𝑖𝑠𝑝

𝑁𝑘𝑇
=

−2𝜋𝜌∑ ∑ 𝑥𝑖𝑗𝑖 𝑥𝑗𝑚𝑖𝑚𝑗 (
𝜀𝑖𝑗

𝑘𝑇
) 𝐼1 − 𝜋𝜌�̅�

1

1+𝑧ℎ𝑐+𝜌
𝜕𝑧ℎ𝑐

𝜕𝜌

∑ ∑ 𝑥𝑖𝑗𝑖 𝑥𝑗𝑚𝑖𝑚𝑗 (
𝜀𝑖𝑗

𝑘𝑇
)
2

𝐼2            (2.1.27) 
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2.1.3 Ionic term 

 

ePC-SAFT without the ionic term can be applied to many systems with excellent 

performance. However, for the systems containing ILs, the influence of electrostatic force 

cannot be neglected. Unlike using the perturbation theory for the dispersion term, the 

electrostatic influence was treated as an additional term and added into the total Helmholtz 

free energy. In ePC-SAFT, the Debye-Hückel theory was used to account for the 

electrostatic force.
[25] 

Considering the complexity of the ionic system, simplifications were made in order to 

describe the ionic system. In the Debye-Hückel theory, the following assumptions were 

made to simplify the system containing electrostatic force: 

(1) The ions are modeled as point charges located at the center of the ion sphere, and 

there is the shortest distance dsi for ion i that other ions can approach (diameter of 

ion sphere). For ILs, it was set to be the same as the temperature-dependent 

segment diameter 𝜎𝑖.   

(2) The attraction energy between ions is less than the energy of their thermal motion.  

(3) The solution is modeled as a continuous medium, and the effect of the solution is 

reflected in the dielectric constant. 

In order to calculate the Helmholtz free energy contributed by electrostatic force, the first 

step is to obtain the expression for the internal energy change before and after the ions 

were charged. 

The electric potential outside the ion sphere (𝝓𝒐(𝒓), r > dsi) 

In the Debye-Hückel theory, the conceptual ionic atmosphere was used to represent the 

other ions surrounding the central ion, and it was described by the density profile of ion i 

(𝜌𝑖(𝑟)) around the central ion. The density profile outside the ion sphere was assumed to 

obey the Boltzmann distribution with the number density of bulk solution (𝜌𝑖0): 

𝜌𝑖(𝑟) = 𝜌𝑖0𝑒
−

𝑞𝑖𝜙𝑜(𝑟)

𝑘𝑇                                                                                                       (2.1.28) 

where qi is the charge quantity  (positive for cation, negative for anion) of ion i, and 𝜙𝑜(𝑟) 

is the electric potential outside the ion sphere where apart from the central ions at distance 

r (i.e., the summation of the potential caused by the ionic atmosphere and central ion). In 

order to calculate the electric potential energy of the central ion, the electric potential 

caused by the ionic atmosphere at the central ion is required.   

The Taylor expansion of equation (2.1.28) and the summation among all ions give: 

𝜌𝑒(𝑟) = ∑ 𝜌𝑖(𝑟)𝑞𝑖𝑖 = ∑ 𝜌𝑖0𝑞𝑖 −𝑖
𝜙𝑜(𝑟)

𝑘𝑇
∑ 𝑞𝑖

2
𝑖 𝜌𝑖0 + 𝜊 (

𝑞𝑖𝜙𝑜(𝑟)

𝑘𝑇
)                                     (2.1.29) 

The first term on the right side is zero due to the charge balance. Substituting equation 

(2.1.29) into the Poisson equation by neglecting the term higher than the second-order gets: 

𝛻2𝜙𝑜(𝑟) = −
4𝜋

𝜀𝐷
𝜌𝑒(𝑟) = 4𝜋𝜅2𝜙𝑜(𝑟)                                                                          (2.1.30) 
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where 𝜀𝐷 is the dielectric constant of a solution, and it was set to be the vacuum for pure 

ILs. 𝜅 is the inverse Debye-screening length: 

𝜅 = (
4𝜋

𝑘𝑇𝜀𝐷
∑ 𝜌𝑖0𝑞𝑖

2
𝑖 )1/2                                                                                                  (2.1.31) 

Equation (2.1.30) can be solved in the spherical coordinates combined with the constraint 

lim𝑟→∞ 𝜙𝑜(𝑟) = 0: 

𝜙𝑜(𝑟) =
𝐶𝑒−𝜅𝑟

4𝜋
                                                                                                               (2.1.32) 

The integral constant C can be determined by the charge balance. Integrating the first two 

terms in equation (2.1.29) from dsi to infinite in the spherical coordinate and considering 

the charge balance, we have: 

∫ 4𝜋𝑟2 𝜙𝑜(𝑟)

𝑘𝑇
∑ 𝜌𝑖0𝑞𝑖

2
𝑖 𝑑𝑟 = −𝑞𝑗

∞

𝑑𝑠𝑖
                                                                                (2.1.33) 

The physical meaning of equation (2.1.33) is that if j is the central ion with a charge 

quantity of 𝑞𝑗, the summation of charge quantities for all other ions is -𝑞𝑗.  

Solving equation (2.1.33), the expression for 𝜙𝑜(𝑟) can be derived: 

𝜙𝑜(𝑟) =
𝑒−𝜅𝑟

4𝜋𝑟𝜀𝐷

𝑒𝜅∙𝑑𝑠𝑖

1+𝜅∙𝑑𝑠𝑖
         (𝑟 ∈ (𝑑𝑠𝑖, +∞])                                                                 (2.1.34) 

 

The electric potential of the ionic atmosphere inside the ion sphere (𝜙𝑖) 

 

According to Gauss' law and the assumption (1), the surface integral of any closed surface 

inside the ion sphere with electric intensity �⃗�  corresponding to the ionic atmosphere should 

equal to zero: 

∯�⃗� ∙ 𝑑𝑆 = 0                                                                                                                (2.1.35) 

Therefore, �⃗�  should be equal to zero at any position inside the ion sphere and: 

 �⃗� = −∇ϕ𝑖 = 0                                                                                                             (2.1.36) 

The electric potential of the ionic atmosphere is equal for all positions inside the ion sphere, 

including the central point, and it can be calculated by the deviation of central ion electric 

potential and the total electric potential at the surface of the ion sphere (r = 𝑑𝑠𝑖): 

𝜙𝑖 = 𝜙𝑜(𝑠𝑖) −
𝑞𝑖

4𝜋𝜀𝐷

1

𝑑𝑠𝑖
=

𝑞𝑖

4𝜋𝜀𝐷

𝜅

1+𝜅∙𝑑𝑠𝑖
                                                                           (2.1.37) 
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Additional Helmholtz energy change caused by the ionic contribution  

 

The additional change for the internal energy U
ele 

which caused by the ionic contribution 

compared with the neutral hard-sphere system is equal to the electric potential energy of all 

ion-pairs: 

𝑈𝑒𝑙𝑒

𝑘𝑇
=

1

4𝜋𝜀𝐷
∑ ∑

𝑞𝑙𝑞𝑗

𝑟𝑙−𝑗
𝑙<𝑗𝑗 =

1

8𝜋𝜀𝐷
∑ ∑

𝑞𝑙𝑞𝑗

𝑟𝑙−𝑗
𝑙𝑗 =

1

2
∑ 𝑞𝑗𝑗 𝜙𝑖 = ∑ −

𝑞𝑖
2

8𝜋𝜀𝐷

𝑁𝑖𝜅

1+𝜅∙𝑑𝑠𝑖
𝑖                  (2.1.38) 

where 𝑟𝑙−𝑗  is the distance between molecules l and j, and Ni is the number of ion species i.  

According to the basic relation of thermodynamics: 

𝑑 (
𝐴

𝑇
) = 𝑑 (

𝑈

𝑇
− 𝑆) =

𝑑𝑈

𝑇
+ 𝑈𝑑(

1

𝑇
) − 𝑑𝑆                                                                       (2.1.39) 

and  

𝑑𝑆 =
𝑑𝑈

𝑇
+

𝑃

𝑇
𝑑𝑉 − ∑

𝜇𝑖

𝑇
𝑑𝑁𝑖𝑖                                                                                          (2.1.40) 

The following relationship can be obtained: 

 𝑑 (
𝐴

𝑇
) = 𝑈𝑑 (

1

𝑇
) −

𝑃

𝑇
𝑑𝑉 + ∑

𝜇𝑖

𝑇
𝑑𝑁𝑖𝑖                                                                             (2.1.41) 

Considering the fact that the volume change due to the charging-up is insignificant,
[50,51] 

at 

a constant volume and composition, the additional residual Helmholtz free energy for the 

electrostatic force can be calculated by: 

 𝑎𝑖𝑜𝑛(𝑇) − 𝑙𝑖𝑚𝑇→+∞ 𝑎𝑖𝑜𝑛 =
1

𝑁𝑘
∫ 𝑈𝑖𝑜𝑛𝑇

+∞
𝑑

1

𝑇
                                                               (2.1.42) 

When temperature approaches to infinite, from equations (2.1.31) and (2.1.37), the electric 

potential energy of central ions goes to zero. It indicates that the ionic contribution to the 

Helmholtz free energy should approach zero when the temperature approaches to infinite. 

Thus, the expression for a
ion

 is: 

 𝑎𝑖𝑜𝑛 = −
𝜅

12𝜋𝜀𝐷
∑ 𝑥𝑖𝑞𝑖

2𝜒𝑖𝑖                                                                                              (2.1.43)  

where 𝜒𝑖 reads: 

𝜒𝑖 =
3

(𝜅𝑑𝑠𝑖)
3
[𝑙𝑛(1 + 𝜅𝑑𝑠𝑖) +

(𝜅𝑑𝑠𝑖)
2

2
− 𝜅𝑑𝑠𝑖]                                                                 (2.1.44) 

 

2.1.4 The expression for calculating thermodynamic properties 

 

Upon the expression for 𝑎𝑟𝑒𝑠  is obtained, different thermodynamic properties can be 

calculated. 

The most commonly used thermodynamic properties are temperature, pressure, and density, 

and the relation between these three properties at fixed composition reads: 
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𝑃 = 𝑘𝑇𝜌[1 + 𝜂 (
𝜕�̃�𝑟𝑒𝑠

𝜕𝜂
)

𝑇,𝑥𝑖

]                                                                                          (2.1.45) 

where 𝜂 is the packing fraction which is equal to 𝜂3 in equation (2.1.10). In general, this 

equation is solved iteratively to obtain the density in a fixed temperature and pressure 

range.  

In a phase equilibrium calculation, the chemical potential is needed, which can be 

calculated by: 

𝜇𝑙
𝑟𝑒𝑠

𝑘𝑇
= 𝑎𝑟𝑒𝑠 + 𝜂(

𝜕𝑎𝑟𝑒𝑠

𝜕𝜂
)𝑇,𝑥𝑖

+ (
𝜕𝑎𝑟𝑒𝑠

𝜕𝑥𝑙
)𝑇,𝑣,𝑥𝑖≠𝑥𝑙

− ∑ [𝑥𝑗(
𝜕𝑎𝑟𝑒𝑠

𝜕𝑥𝑗
)𝑇,𝑣,𝑥𝑖≠𝑥𝑗

]𝑗=1,𝑁                    (2.1.46) 

For convenience, it is recommended to replace the chemical-potential equilibrium by the 

fugacity equilibrium: 

𝑓𝑖 = 𝑃𝜑𝑖𝑥𝑖                                                                                                                    (2.1.47) 

where fi represents the fugacity of component i, and 𝜑𝑖  is the fugacity coefficient 

calculated with equation (2.1.48): 

𝑙𝑛(𝜑𝑖) =
𝜇𝑖

𝑟𝑒𝑠

𝑘𝑇
+ 𝑙𝑛𝑧                                                                                                      (2.1.48) 

  

2.2 Thermodynamic derivative properties and gas solubility of ILs   

 

2.2.1 Thermodynamic derivative properties 

 

Based on the developed ePC-SAFT, the derivative properties, including isobaric heat 

capacity, isochoric heat capacity, speed of sound, isentropic compressibility coefficient, 

thermal expansion coefficient, isothermal compressibility coefficient, thermal pressure 

coefficient, and internal pressure of pure ILs, can be calculated with:  

 

Isochoric heat capacity 

𝑐𝑣 = 𝑐𝑣
𝑖𝑑 − 𝑇 ∙ (

𝜕2𝐴𝑟𝑒𝑠

𝜕𝑇2 )
𝜌

                                                                                                  (2.2.1) 

 

Isobaric heat capacity 

𝑐𝑝 = 𝑐𝑣 + 
𝑇

𝜌2 ∙
(𝜕𝑃 𝜕𝑇⁄ )𝜌

2

(𝜕𝑃 𝜕𝜌⁄ )𝑇
                                                                                                  (2.2.2) 

 

Speed of sound 

𝑢 = √
𝑐𝑝

𝑐𝑣
∙ (

𝜕𝑃

𝜕𝜌
)

𝑇
                                                                                                              (2.2.3)  

 

Isentropic compressibility coefficient 

𝜅𝑠 = 𝜅𝑇
𝑐𝑝

𝑐𝑣
                                                                                                                        (2.2.4)  
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Isothermal compressibility coefficient 

𝜅𝑇
−1 = 𝜌 (

𝜕𝑃

𝜕𝜌
)

𝑇
                                                                                                              (2.2.5)  

 

Thermal expansion coefficient  

𝛼 = 𝜅𝑇 (
𝜕𝑃

𝜕𝑇
)
𝜌

                                                                                                                  (2.2.6)  

 

Thermal pressure coefficient  

𝛾 = (
𝜕𝑃

𝜕𝑇
)
𝜌

                                                                                                                       (2.2.7) 

 

Internal pressure 

𝑃𝑖𝑛𝑡 = 𝑇 (
𝜕𝑃

𝜕𝑇
)
𝜌

− 𝑃 = 𝛾𝑇 − 𝑃                                                                                        (2.2.8) 

 

where cp
id

 and cv
id

 are the isobaric and isochoric ideal-gas heat capacities, respectively. 

 

2.2.2 Group contribution method for estimating cv
id 

 

The relation between cp
id

 and cv
id

 reads: 

𝑐𝑣
𝑖𝑑 = 𝑐𝑝

𝑖𝑑 − 𝑅                                                                                                                 (2.2.9) 

where R is the ideal gas constant.  

 

The ideal gas heat capacity cp
id

 is independent of ePC-SAFT. The values of cp
id

 for ILs are 

needed to obtain the thermodynamic derivative properties, such as isobaric heat capacity, 

isochoric heat capacity, speed of sound, and isentropic compressibility coefficient. 

However, cp
id
 of ILs cannot be determined experimentally, and can only be estimated 

theoretically. The group contribution method is the most promising one that can be 

extended to ILs conveniently for cp
id 

estimation. The group contribution method proposed 

by Joback et al.
[53]

 has been used by Ge et al.
[54]

 and Maghari et al.,
[55]

 and it was also used 

in this thesis to estimate cp
id

 for the studied ILs.  

 

In the group contribution method, each molecule is split into different small groups of 

atoms and assumed that all these small groups can be treated independently from their 

surroundings and the way that they are arranged to each other.
[56]

 For each of these groups, 

the descriptor values are computed with the quantum or molecular mechanical 

descriptions. The descriptor values of the small groups are then added as they appear in a 

certain substance in order to finally yield the property values. Based on the group 

contribution method, cp
id

 can be calculated with equation (2.2.10): 

 

𝑐𝑝
𝑖𝑑(𝑇) = [∑ 𝑛𝑘𝐴𝐶𝑝𝑘 − 37.93𝑘 ] + [∑ 𝑛𝑘𝐵𝐶𝑝𝑘 + 0.21𝑘 ] ∙ 𝑇 + [∑ 𝑛𝑘𝐶𝐶𝑝𝑘 − 3.91 ∙ 10−4

𝑘 ] ∙ 𝑇2 +

[∑ 𝑛𝑘𝐷𝐶𝑝𝑘 + 2.06 ∙ 10−7
𝑘 ] ∙ 𝑇3                                                                                                           (2.2.10)                             

where ACpk, BCpk, CCpk, and DCpk are the descriptor values for the molecular group k, and nk 

is the quantity of the molecular group k. 

 



 

16 

 

2.2.3 Gas solubility in ILs 

 

Following our previous work,
[29]

 IL was assumed not to vaporize into the gas-rich phase, 

and then the phase equilibrium can be represented by the following equation: 

 𝜑𝑗
𝑉(𝑇, 𝑣𝑉)  =  𝑥𝑗 ∙ 𝜑𝑗

𝐿(𝑇, 𝑣𝐿 , 𝑥𝑖)  (j is the gaseous component)                                   (2.2.11) 

where xi the mole fraction in the liquid phase, φi
L
 and φi

V
 are the fugacity coefficients for 

the component j in the liquid and vapor phases, respectively, and v
L
 and v

V
 are the molar 

volumes of liquid and vapor phases, respectively. 

 

2.3 Viscosity of ILs 

 

According to our previous work,
[32] 

both ePC-SAFT-FT (Friction Theory) and ePC-SAFT-

FVT (Free Volume Theory) can be used to represent the viscosity in a wide temperature 

and pressure range; ePC-SAFT-FT shows higher accuracy but with more parameters while 

ePC-SAFT-FVT shows acceptable accuracy with less parameters. Considering the number 

of parameters, ePC-SAFT-FVT is a preferable option, and it was chosen in this thesis.  

In the free volume theory, the viscosity η of a fluid can be described as the summation of a 

dilute gas viscosity term η0 and a dense state correction term η
res

:
 

res

0 =                                                                                                                        (2.3.1) 

 

2.3.1 The dilute gas viscosity term η0 

 

Compared with η
res

, the contribution of η0 is very small. In this thesis, the model proposed 

by Chung et al.
[57]

 based on the modified Chapman-Enskog theory was used, in which η0 is 

expressed as  

2/30 * *
 40.785 cc

MT
F

V T
 


        (μP)                                                                                (2.3.2) 

where M (g/mol) is the molecular weight, V
c
 (cm

3
/mol) is the critical volume, and T

*
 is the 

reduced temperature, i.e., T* = T/Tc with T and Tc being the absolute and critical 

temperatures in Kelvin, respectively. Ω
* 

is the reduced collision integral. The detailed 

expressions of Ω
*
 and Fc can be found in paper I. For ILs, V

c 
and Tc can be evaluated by the 

group contribution method proposed by Valderrama and Robles.
[58] 

 

2.3.2 The dense state correction term η
res

 

 

In this thesis, FVT was used to obtain η
res

 that is related to the free volume fraction fv. 

Doolittle
[59] 

proposed an empirical relation between η
res 

and fv: 
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 expres

v

B
A

f
 

                                                                                                                (2.3.3) 

Combining the expression of fv derived by Allel et al.,
[60]

 η
res

 can be expressed as: 

3/ 2( )1
= 

3

E
B

res RTlE e
MRT

           (10
-7 

mPas)                                                                   (2.3.4) 

  
PM

E 


                                                                                                                (2.3.5) 

where E is the molecular potential energy of interaction per mole for a molecule with its 

neighbors.  

For each pure fluid, there are three parameters α, l, and B. α (J·m
3
/(mol·kg)) represents the 

energy barrier that a molecule has to pass in order to diffuse, B is a characteristic parameter 

for the free volume overlap, and l (Å) is a length parameter that accounts for the molecular 

size of the fluid. 

The following mixing rules were used when applied in mixtures: 

 mix i j ij

i j

x x                                                                                                           (2.3.6) 

0.5 (1 k )( )ij i j                                                                                                         (2.3.7) 

 mix i i

i

l x l                                                                                                                      (2.3.8) 

1
 mix

i

i
i

B
x

B




                                                                                                                (2.3.9) 

where k is an adjustable parameter. 

 

In modeling, ePC-SAFT was used to calculate the density of IL-containing systems based 

on the residual Helmholtz energy and then used as inputs for FVT model. 

 

2.4 Interfacial properties 

 

Theoretical models that can provide the microscopic structure of interface are required. 

The two most promising approaches are classical density functional theory (DFT) and 

density gradient theory (DGT). Among them, DGT has been widely used to predict the 

vapor-liquid interfacial properties for a wide class of fluids due to its accuracy and 

simplicity in the calculation. In this thesis, DGT was chosen. 

 

2.4.1 DGT model 

 

In the local density approximation, the Helmholtz free energy can be expressed as the 

functional of density profile:
[61] 
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𝐴 [𝜌(𝑟)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ] = ∫ �̂� [𝜌(𝑟)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ] + 𝜌(𝑟)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑉(𝑟)⃗⃗ ⃗⃗ ⃗⃗⃗⃗  ⃗ −
1

4
∗ (𝜌(𝑟′)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  − 𝜌(𝑟)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  )𝑇𝜺(|𝑟 − 𝑟′|)(𝜌(𝑟′)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  −

𝜌(𝑟)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  )𝑑𝑟𝑑𝑟′                                                                                                                      (2.4.1) 

where �̂� is the local Helmholtz free energy, 𝜌(𝑟)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is the density vector (composed by the 

density of all components) at position r, and  𝑉(𝑟)⃗⃗⃗⃗ ⃗⃗⃗⃗  ⃗  is the external field potential vector. 

The matrix 𝜺  is composed by the intermolecular potential between component i and 

component j. 

At the liquid-vapor interface, the density profile does not change dramatically, and the 

density of component i at r can be expanded as Taylor series and truncated at the second-

order: 

𝜌𝑖(𝑟′) = 𝜌𝑖(𝑟) + 𝛻𝜌𝑖(𝑟) ∙ (𝑟′ − 𝑟) + (𝑟′ − 𝑟)𝑇𝐻(𝑟′ − 𝑟)                                            (2.4.2) 

where H represents the Hessian matrix of 𝜌𝑖(𝑟). 

Substituting equation (2.4.2) into equation (2.4.1), using Percus-Yevick approximation,
[42] 

and assuming no external field existing at the liquid-vapor interface, the final expression 

for the Helmholtz free energy is: 

𝐴 [𝜌(𝑟)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ] = ∫ �̂� [𝜌(𝑟)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ] +
1

2
∑ 𝜅𝑖𝑗𝛻𝜌𝑖(𝑟)𝛻𝜌𝑗(𝑟)𝑑𝑟𝑖,𝑗                                                         (2.4.3) 

where 𝜅𝑖𝑗  reads: 

𝜅𝑖𝑗 =
𝑘𝑇

2
∫ 𝑠2𝑐𝑖𝑗

ℎ𝑠[𝜌(𝑟)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  , 𝑠]𝑑𝑠                                                                                          (2.4.4) 

In equation (2.4.4), 𝑐𝑖𝑗
ℎ𝑠 means the direct correlation function between components i and j 

for the hard-sphere potential of an inhomogeneous system. In practice, the value of 𝜅𝑖𝑗 is 

often adjusted by surface tension data instead of calculating theoretically by equation 

(2.4.4). 

In a planar liquid–vapor interface, the equilibrium density profile in the interface obeys the 

following relationship: 

𝜿 (
d2�⃗⃗� 

dz2) = (
𝜕𝑎

𝜕�⃗⃗� 
)𝑇,𝑉 − 𝜇𝑏⃗⃗⃗⃗ = 𝜇 − 𝜇𝑏⃗⃗⃗⃗                                                                                   (2.4.5) 

where μib is the chemical potential in the bulk phase for component i, and 𝜇 =(∂a[𝜌 ]/ ∂𝜌 )T,V 

is the local chemical potential. This seconder-order differential equation is the basic 

equation for calculating the density profile in the interface. After the density profile is 

obtained, the surface tension of fluid can be calculated by: 

𝛾 = ∫𝑑𝑧[2𝑡𝑝𝑑(𝜌 )]                                                                                                         (2.4.6) 

where the tangent plane distance (tpd) reads 

𝑡𝑝𝑑(𝜌 ) = 𝑎[𝜌 ] − 𝜌 ∙ 𝜇𝑏⃗⃗⃗⃗ + 𝑃 = (
𝑑�⃗⃗� 

𝑑𝑧
)
𝑇

𝜿(
𝑑�⃗⃗� 

𝑑𝑧
)                                                                (2.4.7) 
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2.4.2 Representing surface tension of ILs by combining DGT and ePC-SAFT 

 

To obtain the surface tension, thermodynamic properties, such as pressure, local Helmholtz 

free energy, chemical potential, and density, are needed. In this work, these properties were 

calculated with ePC-SAFT, and the model was then termed as ePC-SAFT-DGT. 

For pure ILs, it was proposed that a Z-bond is between IL-cations and IL-anions,
[62] 

forming a grid structure. Therefore, to further simplify the numerical calculation and avoid 

the numerical problem for geometric DGT,
[63]

 in this thesis, the ILs are modeled as ion-

pairs (molecules). The chemical potential of IL ion-pair 𝜇𝐼𝐿  can be expressed as the sum of 

chemical potentials of IL-cation 𝜇+ and IL-anion 𝜇−: 

𝜇𝐼𝐿 = 𝜇+ + 𝜇−                                                                                                                (2.4.8) 

Based on this assumption, for a pure IL, the density profile can be calculated by: 

𝑧 = 𝑧0 + ∫ √
𝜅

2𝑡𝑝𝑑(𝜌)
𝑑𝜌

𝜌(𝑧)

𝜌(𝑧0)
                                                                                             (2.4.9) 

where the κ is the influence parameter for IL ion-pairs.  

Subsequently, the surface tension of a pure IL can be calculated by 

𝛾 = ∫ 2𝑡𝑝𝑑(𝜌)𝑑𝑧
+∞

−∞
= ∫ √2𝜅𝑡𝑝𝑑(𝜌)𝑑𝜌

𝜌𝑙

𝜌𝑣
                                                                   (2.4.10) 

where the limits of integration are the densities of the IL in the bulk liquid (ρl) and bulk 

vapor (ρv).  

 

2.5 Pitfalls in ion-specific ePC-SAFT when modeling IL-system 

 

In SAFT, the model parameters are fitted to experimental data, and the model with the 

fitted parameters will be used to predict other properties. However, it has been pointed out 

that SAFT-based models can lead to a pitfall, generating an additional phase critical line 

connected to an additional mechanically stable critical point for a pure component, which 

is considered as a pitfall.
[27,66-77] 

 

The pitfall of SAFT-based models is caused by the existence of an additional physically 

stable packing fraction root when solving SAFT-based EOS at a specified temperature and 

pressure. For a pure substance, the additional fictitious liquid phase (L’) and additional 

fictitious liquid-liquid phase equilibrium (LL’E) can be obtained with the SAFT-based 

models. The LL’E vanishes when the temperature is higher than that of the additional 

fictitious critical point. In other words, when the additional fictitious critical temperature is 

extremely low, the pitfall will only occur in the temperature range outside of interest. 

Therefore, as illustrated in Scheme 2, the first step of checking for a pitfall is to look for 

the additional fictitious critical temperature of ILs. For the case when the temperature of 

interest is lower than the additional fictitious critical temperature, LL’E needs to be studied 

in order to investigate where a possible pitfall may occur. 

 



 

20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Scheme for detecting a pitfall in ILs at the interested temperature and pressure 

range. TC is the additional fictitious critical temperature, {T,P} represents the temperature 

and pressure range of interest, and φ denotes an empty set. 

 

For SAFT-based models, to calculate the fictitious critical point, the following nonlinear 

equations ((2.5.1) and (2.5.2)) need to be solved:
[77]

 

{

(
𝜕𝑃

𝜕𝜂
)

𝑇,𝑥
= 0

(
𝜕2𝑃

𝜕𝜂2)
𝑇,𝑥

= 0

                                                                                                                                                                        
(2.5.1)

             

𝑃(𝑇𝑐 , 𝜂𝑐) − 𝑃𝑐 = 0                                                                                                                                                              
(2.5.2)

 

where Tc and ηc are the critical temperature and the packing-fraction, respectively, and Pc is 

the critical pressure.  

In the case that the temperature of interest is lower than the additional fictitious critical 

temperature, a possible pitfall occurrence in the temperature and pressure range of interest 

needs to be further controlled by calculating LL’E. 

The LL’E can be obtained by solving the following nonlinear equation: 

Yes 

Calculate Tc 

No 

Yes 
ILs Tc < 273.15 

K 

No pitfall 

at {T,P} 

No 

pitfall at 

{T,P} 

LL’E∩{T,P}

=φ 

No 

Pitfall occurred in 

the region of L’ for 

pure IL 

Calculate LL’E for pure IL 
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{
𝑃(𝑇, 𝜂) = 𝑃(𝑇, 𝜂𝑎𝑑𝑑)

𝜇𝐼𝐿(𝑇, 𝜂) = 𝜇𝐼𝐿(𝑇, 𝜂𝑎𝑑𝑑)
                                                                                             (2.5.3) 

where 𝜇𝐼𝐿  is the chemical potential of the IL molecule, 𝜂 is the original physically stable 

packing fraction root, and 𝜂𝑎𝑑𝑑  is the additional one. 
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3. Results and discussion 

 

3.1 Pitfalls in modeling pure ILs 

 

The validation for all the ILs (in total 96 ILs) considered in this thesis was conducted. For 

IL-applications, in general, the temperature of interest is higher than 273.15 K. Therefore, 

273.15 K was set as the lowest boundary to decide whether a pitfall needs to be considered 

for the studied ILs as a first step. The pressure range was set to be 1 ~ 200 bar, considering 

the applications in CO2 separation.  

Among all 96 ILs considered in this thesis, there are 86 ILs with an additional fictitious 

critical temperature lower than 273.15 K as illustrated in Fig. 3.1.1, indicating that ePC-

SAFT with the ion-specific parameters will not generate the pitfall at the temperatures of 

interest for most ILs.  
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(a)                                                                    (b) 

Fig. 3.1.1 (a) The additional fictitious critical temperatures for the studied ILs. (b) The ILs 

with the additional fictitious critical temperature higher than 273.15 K 

Although the additional fictitious critical temperatures of 10 ILs are higher than 273.15 K, 

whether LL’E will affect the solution in the temperature and pressure range of interest  still 

needs to be investigated. In this thesis, the LL’E lines for these 10 ILs were calculated at 

the temperature higher than 273.15 K.   

In Fig. 3.1.2, the LL’E lines of these 10 ILs are presented, where the shadowed area 

represents the region with the temperature and pressure of interest. As we can see from Fig. 

3.1.2, except [C8mpy][BF4], for all other 9 ILs, their LL’E lines are well-separated from 

the shadowed area, indicating no risk for a pitfall at the temperature and pressure of 

interest. 
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Fig. 3.1.2. LL’E (lines) calculated with ePC-SAFT for the ILs with an additional critical 

temperature higher than 273.15 K. The left side of lines is L’ region for each IL (pitfall 

region) and the right side of lines is L region for each IL.  

For [C8mpy][BF4], the LL’E line across the shadowed area at temperatures of 290.27 ~ 

291.78 K, which means that ePC-SAFT may generate a pitfall for this particular IL at the 

temperature and pressure of interest. When the temperature and pressure are inside the 

region of the left side of LL’E line, a pitfall will occur for the ePC-SAFT. 

It should be pointed out that the LL’E line of [C8mpy][BF4] reaches a fictitious triple point 

at 290.20 K, which is higher than 273.15 K. When the temperature is within the range of 

273.15 ~ 290.20 K, there is always a pitfall at any given pressures. However, for other 

studied ILs, their temperatures at the fictitious triple point are all lower than 273.15 K. 

According to the work from Polishuk et al.,
[27]

 the additional fictitious critical temperature 

mainly depends on the dispersion energy, and a large value may lead to a relatively high 

additional fictitious critical temperature.
[27]

 In our previous work,
[29,34]

 the parameters of 

IL-ions in the same homologous series were linearized with the molar weights. For 

[Cnmpy]
+
, only three IL-ions in this homologous series were used to obtain the linear 

relation for predicting the parameters of other IL-ions in the same homologous series, such 

as [C8mpy]
+
. The predicted large dispersion parameter for [C8mpy]

+
 may lead to the pitfall 

occurring in the normal temperature and pressure range. Adding more IL-ions in this series 

to obtain a new set of linear relations may help to overcome this problem, which will be 

further studied in our future work with more available experimental data points. 
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3.2 Modeling thermodynamic derivative properties and gas solubilities of ILs with ePC-

SAFT 

 

3.2.1 Experimental data survey 

 

In order to verify the performance of ePC-SAFT in predicting thermodynamic derivative 

properties and gas solubilities of ILs, the available experimental results for the isobaric 

heat capacity, isochoric heat capacity, speed of sound, isentropic compressibility 

coefficient, isothermal compressibility coefficient, thermal expansion coefficient, thermal 

pressure coefficient, internal pressure and gas solubilities, were collected. 

The collection shows that, for all these properties, in general, the experimental results for 

one IL are only reported from one or two sources, making it impossible to conduct data-

evaluation. Meanwhile, the experimental results from different sources show a relatively 

large deviation, due to several factors, for example, the water content in the IL sample. To 

further quantify the deviation of the experimental data from different sources, the mean 

relative deviation (MRD) was estimated with the following equation: 

1
100

Ns
j

iiNc
j

i i

MRD(%)= %
Nc Ns

 









                                                                              (3.2.1)                                                             

where Nc is the number of data points at the same temperature and pressure, Ns is the 

number of sources offered the data, 𝛷𝑖
𝑗
 is the experimental data, and 𝛷�̅� is the mean value 

of the experimental data points at the same temperature and pressure. MRD was used to 

decide whether the model prediction results are acceptable for most of the properties.  

 

3.2.2 Results and discussion 

 

The average relative deviation (ARD) was used to evaluate the model performance with  

𝐴𝑅𝐷(%)  =  
100

𝑁𝑃
∙ ∑ |1 −

𝛷𝑖
𝑐𝑎𝑙𝑐

𝛷
𝑖
𝑒𝑥𝑝 |𝑁𝑃

𝑖=1                                                                                 (3.2.2) 

where NP is the number of data points, Φi
calc

 is the calculated value, and Φi
exp

 is the 

experimental value. 

In this thesis, the model predictions with ARD smaller than the double of MRD were 

considered as acceptable. However, for the isochoric heat capacity and internal pressure, 

the available data is only from one single source, and ARD of 10% (i.e., assuming MRD = 

5%) was used to judge the model predictions. The number of ILs with acceptable results 

for different properties are listed in Table 3.2.1. 

 

 

 



 

25 

 

Table 3.2.1 Model prediction of different properties 

Properties No. of ILs 

considered 

Mean MRD(%) No. of ILs with 

acceptable ARD 

Isobaric heat capacity 69 10.2 49 

Isochoric heat capacity 6 - 4 

Speed of sound 52 5.0 39 

Isentropic compressibility coefficient 18 7.8 14 

Isothermal compressibility coefficient 33 6.9 32 

Thermal expansion coefficient 58 7.2 47 

Thermal pressure coefficient 24 7.5 20 

Internal pressure 11 - 10 

 

 

3.2.3 Second-order thermodynamic derivative properties 

 

According to the results listed in Table 3, the model prediction results are acceptable for 

most ILs. Some typical examples were presented here to show the model performance. 

The comparison with the available experimental isobaric data for [Cnmim][BF4] is shown 

in Fig. 3.2.1. The ePC-SAFT prediction results follow the trend that the isobaric heat 

capacity increases with increasing temperature and the length of alkyl-chain in the cation, 

while the effect of pressure on the results is insignificant. These observations are the same 

for other ILs. For some ILs, ARDs are a little bit higher. As the ideal gas heat capacity is 

estimated by the group contribution method, the model discrepancies of heat capacity may 

be partially from the ideal term.  

 

 



 

26 

 

240 280 320 360

300

450

600

 

 

[C
2
mim][BF

4
]

[C
4
mim][BF

4
]

[C
6
mim][BF

4
]

[C
8
mim][BF

4
]

C
p

,J
/ (

m
o
l 
K

)

Temperature, K

(a)

     

0 20 40 60

300

450

600

 

 

 [C
2
mim][BF

4
]

 [C
4
mim][BF

4
]

 [C
6
mim][BF

4
]

 [C
8
mim][BF

4
]

C
p

,J
/(

m
o
l
K

)

Pressure, MPa

(b)

 

Fig. 3.2.1. Isobaric heat capacity of [Cnmim][BF4] at (a) atmospheric pressure and (b) 

303.15 K. Symbols: experimental data. Lines: model prediction with ePC-SAFT. 

 

Figs. 3.2.2 and 3.2.3 show the comparisons for the speed of sound between the model 

prediction and experimental data. The model predictions agree well with the experimental 

data at low pressures, but show relatively large deviations at high pressures. According to 

original ePC-SAFT [29,34], the density data up to high pressures used in parameter fitting 

is limited, which may be responsible for the deviations at high pressures. 
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Fig.3.2.2. Speeds of sound for [C4py]-based 

ILs. Symbols: experimental data. Lines: 

model prediction with ePC-SAFT. 
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Fig.3.2.3. Speeds of sound for 

[C5mim][Tf2N]. Symbols: experimental data. 

Lines: model prediction with ePC-SAFT. 

 

Fig.3.2.4 shows the isentropic compressibility coefficient of [C4mim][PF6] together with 

the experimental data from different sources. ePC-SAFT model underestimates the slope of 

the curve both in κs-T and κs-P. However, considering the mean MRD of isentropic 

compressibility coefficient (7.8%), the model predictions are still acceptable (ARD = 5.6%) 

for this IL. 
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Fig. 3.2.4. Isentropic compressibility coefficient for [C4mim][PF6] at (a) high pressure and 

(b) atmospheric pressure. Symbols: experimental data. Lines: model prediction with ePC-

SAFT. 

 

For most ILs, the ePC-SAFT prediction of isothermal compressibility coefficient agrees 

well with experimental data at high temperatures but overestimates at low temperatures as 

shown in Fig. 3.2.5 for [C4mim][Ac]. Similar results were also observed in our previous 

work.
[31]
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Fig. 3.2.5. Isothermal compressibility 

coefficient for [C4mim][Ac]. Symbols: 

experimental data. Lines: model 

prediction with ePC-SAFT. 
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SAFT

 

However, ePC-SAFT model performance for some ILs containing the anions of [C1SO4]
-
 

and Br
-
 is inacceptable. For example, according to Fig. 3.2.6, ePC-SAFT model predictions 

are much higher than the experimental results.  
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3.2.4 CO2 solubility 

 

In this section, we considered that the ePC-SAFT prediction with ARD less than 15% is 

acceptable. The comparison with the available experimental data shows that for most ILs 

(36 ILs in 46 ILs), the model predictions are acceptable with ARDs lower than 15%. 

A typical example of comparing the experimental results and model predictions of CO2 

solubility in [C4mim][DCA] is shown in Fig. 3.2.6 at three temperatures, which illustrates 

good agreement.    
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Fig. 3.2.6. Phase equilibria of the binary system CO2/[C4mim][DCA]. Symbols: 

experimental data. Lines: model prediction with ePC-SAFT. 

 

In general, ePC-SAFT can be used to predict the CO2 solubility in ILs accurately. However, 

for 10 ILs (Fig. 3.2.7), the prediction results are not accurate enough. Ion-specific binary 

parameters (kij in equation (2.1.20)) were added to improve the model performance.  
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Fig 3.2.7. The ARD of modeling results with and without the binary parameter.  

 

As depicted in Fig. 3.2.7, for these 10 ILs, the ARD of modeling results with a binary 

parameter decreased significantly compared with the predictions. Fig. 3.2.8 shows the 

modeling results with and without an adjustable parameter, which indicates that the binary 

parameter improves the model performance significantly.  
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Fig. 3.2.8. Phase equilibria of the binary system CO2/[C4mim][C1SO4]. Symbols: 

experimental data. Dashed lines: model prediction results of ePC-SAFT. Solid lines: model 

results with binary parameters. 

 

 



 

29 

 

3.3 Modeling viscosity of ILs-system with ePC-SAFT-FVT model 

 

 

3.3.1 Survey and evaluation of experimental viscosity data 

 

For the viscosity of ILs, a huge amount of experimental data exists. Meanwhile, it is well 

known that the value of experimental viscosity of ILs may strongly depend on the water 

content, the impurity of ILs, and so on, and the experimental results from different sources 

can be quite different.
[78]

 This makes it important to evaluate the available experimental 

data in order to identify the experimental uncertainty and recommend reliable experimental 

data for model development. 

The survey shows that most of the experimental data was determined at 1 bar, and the 

experimental uncertainties at low temperatures are much higher compared to those at high 

temperatures. Based on the comparison of the available experimental data, the suspicious 

data points were discarded, and only the consistent data points were used to obtain the FVT 

parameters. 

 

3.3.2 Modeling strategy 

 

In modeling the viscosity of pure ILs, the model parameters in FVT can be obtained by 

fitting the experimental data of viscosity, i.e., the molecular-based approach with FVT 

parameters for each IL (strategy 1). Meanwhile, the research has shown that the viscosity 

of ILs mainly depends on the IL-anion. Also, the viscosity increases with increasing the 

length of alkyl-chain for the IL-cations in a homologous series of ILs with the same anion. 

As a result, in this thesis, strategy 2 was also used to study the viscosity of a homologous 

series of ILs with a linear relationship for the IL-cation parameters in the FVT model, i.e., 

the approach using IL-cation linearized parameters in the viscosity model (strategy 2). It 

should be mentioned here that strategy 2 can only be conducted when there are at least 

three ILs in the same homologous series.  

 

3.3.3 Viscosity of pure ILs 

 

In this work, 89 ILs were considered, and the modeling results are summarized in Table 

3.3.1. 

 

Table 3.3.1. Modeling results of viscosities for pure ILs 

ILs No. of ILs in this 

series 

Mean ARD of 

strategy 1 (%) 

Mean ARD of 

strategy 2 (%) 

[Cnpy][Tf2N] 6 4.38 4.60 

[Cnmpy][Tf2N] 5 4.09 5.18 

[Cnmim][Tf2N] 11 4.42 7.11 
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Other [Tf2N]-based ILs 5 4.42  

[Cnpy][BF4] 4 4.58 6.40 

[Cnmpy][BF4] 3 4.85 5.83 

[Cnmim][BF4] 7 4.51 8.02 

Other [BFf4]-based ILs 2 6.44  

[Cnmim][PF6] 7 4.35 6.64 

Other [PF6]-based ILs 1 1.97  

[Cnmim][tfo] 4 3.53 6.98 

Other [tfo]-based ILs 4 3.10  

[Cnmim][DCA] 3 5.47 5.61 

Other [DCA]-based ILs 3 5.30  

[SCN]-based ILs 5 3.50  

[C1SO4]-based ILs 6 3.22  

[C2SO4]-based ILs 4 6.07  

[Cnmim][eFAP] 3 4.15 4.27 

Other [eFAP]-based ILs 3 5.93  

[Cnmim]Cl 4 15.72 22.84 

Other Cl-based ILs 1 8.93  

[Ac]-based ILs 3 9.29  

Br-based ILs 1 4.47  

 

According to the results listed in Table 3.3.1, both two strategies give reliable descriptions 

for the viscosity of pure ILs. A typical example is illustrated in Fig. 3.3.1 for [Cnpy][Tf2N] 

at 1 bar, showing ePC-SAFT-FVT gives acceptable modeling results for all ILs in this 

homologues series. The ARD for [C6py][Tf2N] is slightly high, and this most probably is 

due to the discrepancies of two sets of experimental data at low temperatures (in Fig. 3.3.1, 

the solid triangles represent the experimental data from Crosthwaite et al.
[78]

 and the 

hollow triangles represent the experimental data from Oliveira et al.
[80]

). The modeling 

results at low temperatures do not agree very well with experimental data, but still 

acceptable considering the experimental uncertainty at low temperatures.  
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Fig. 3.3.1. Viscosity of [Cnpy][Tf2N] at atmospheric pressure. Symbol, experimental data. 

Solid blue line, results of strategy 1. Dashed yellow line, results of strategy 2. 

 

Fig. 3.3.2 illustrates the modeling results for [C8mpy][BF4]. Both two strategies show good 

modeling results in a wide temperature (a) and pressure (b) range. Strategy 1 obtains 

slightly better modeling results at low temperatures, while strategy 2 obtains slightly better 

modeling results at high pressures. 
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Fig. 3.3.2. Viscosity of [C8mpy][BF4] (a) at atmospheric pressure and (b) at high pressures. 

Symbol, experimental data. Dashed line, results of strategy 1. Solid line, results of strategy 

2. 
 

ePC-SAFT fails to model [Cnmim][Ac] with ARDs larger than 10%. The reported viscosity 

data for [C2mim][Ac] and [C4mim][Ac] differ obviously and cannot tell which source is 

unreliable and to be excluded. The comparison of experimental data with the model 

predictions of [C4mim][Ac] is illustrated in Fig. 3.3.3. 
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Fig.3.3.3. Comparison of modeling results of [C4mim][Ac] with experimental data at 

different temperatures and atmospheric pressure (a), and partial enlargement of (a) at 

temperature range 300 ~ 392 K (b). Symbols: experimental data; Lines: modeling results. 

 

The viscosity of Cl-based ILs increases dramatically with decreasing temperature, and, at 

low temperatures, the viscosity is often up to 10
4
 mPa·s and even 10

5
 mPa·s. [THTDP]Cl 

was selected as a typical example for illustration. The investigation shows that the 

temperature-independent FVT parameters are impossible to describe the viscosity with a 

sharp change in such a narrow temperature range.  
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Fig.3.3.4. Viscosity of [THTDP]Cl at atmospheric pressure. Symbol, experimental data. 

Dashed line, modeling results 

 

3.3.4 Viscosity for IL-mixtures 

 

With the parameters of pure ILs and the mixing rules (see equations (2.3.7-2.3.9)), ePC-

SAFT-FVT was used to study the viscosity of IL-mixtures.  
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After the literature survey, it shows that, the data is only available at atmospheric pressure 

for 10 binary IL-mixtures and are divided into three cases, i.e., ILs with the same anion, 

ILs with the same cation, and ILs without any common ion. The model prediction results 

are summarized in Table 3.3.4.  

 

Table 3.3.2. Summary of viscosity-prediction results for IL-mixtures.   

 
No. of IL-mixtures Mean ARD of prediction (%) 

ILs with the same anion 2 5.85 

ILs with the same cation 5 8.08 

ILs without any common ion 3 15.07 

 

The viscosity model was firstly used to predict the viscosity of the IL-mixtures, i.e., the 

binary adjustable parameter kα in equation (2.3.7) was set to be zero.  

According to Table 3.3.2, for the IL-mixtures with the same anion or with the same cation, 

the model prediction results are acceptable for most cases. For the IL-mixtures without any 

common ion, the model prediction results are worse. However, the model performance can 

be improved by adding a binary parameter, which was obtained from the fitting of the 

viscosity data for IL-mixtures. [C2mim][C2SO4] + [C4m4py][Tf2N] was selected here to 

illustrate the improvement of model performance (Fig. 3.3.5). The ARD was reduced from 

18.09 to 3.46 % after the binary parameter was added. 
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Fig.3.3.5. Comparison of modeling results of [C2mim][C2SO4]+[C4m4py][Tf2N] with 

experimental data at different temperatures and atmospheric pressure. Symbols: 

experimental data; Solid lines: modeling results; Dashed lines: prediction results. 

 

In conclusion, ePC-SAFT can be combined with FVT to model the viscosity of ILs with 
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acceptable results. Both two strategies can represent the viscosity of ILs well. ePC-SAFT-

FVT with the parameters can be used to predict the viscosity for IL-mixtures.  

 

3.4 Modeling interfacial properties of ILs with ePC-SAFT-DGT model 

 

3.4.1 Survey and evaluation of experimental viscosity data 

 

The surface tensions of pure ILs studied in this work were surveyed and summarized. It 

shows that the surface tension of pure ILs has been measured intensively, mainly with the 

approaches of Pendant drop shape and Ring tensiometer. The survey and evaluation of the 

experimental surface tensions show that most sets of the experimental data are consistent 

with each other, and the surface tensions of an IL measured with different methods do not 

show obvious discrepancies.  

 

3.4.2 Modeling results for surface tension 

 

Two strategies were used to model the surface tension of ILs: a molecular-based approach 

with one influence parameter for each IL (strategy 1), and an approach using IL-cation 

linearized parameters in the surface tension model (strategy 2). In order to test the 

prediction ability of strategy 2, ILs were separated into two groups: one is used to adjust 

the linear relationship of influence parameters for the ILs in a same homologous series, and 

the other is used to test the model prediction abilities by using the influence parameter 

evaluated by the linear relationship. The following criterion was used to separate the ILs: 

the IL with the ions whose ePC-SAFT parameters are evaluated by the linear 

relationship
[29,34]

 were selected as the predicted group, while other ILs belonged to the 

adjusted group. The modeling results are summarized in Table 3.4.1. 

 

Table 3.4.1 Modeling surface tension of ILs 

ILs 

No. of ILs 

in this 

series 

Mean modeling 

ARD of strategy 1 

(%) 

Mean modeling 

ARD of strategy 2 

(%) 

Mean Prediction 

ARD of strategy 2 

(%) 

[Cnmim][Tf2N] 10 2.75 2.61 3.80 

[Cnpy][Tf2N] 5 0.95 2.60 1.62 

Other [Tf2N]-based ILs 7 1.85   

[Cnpy][BF4] 2 0.46   

[Cnmpy][BF4] 2 2.23   

[Cnmim][BF4] 9 1.32 3.09 2.26 

Other [BFf4]-based ILs 2 0.33   
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[Cnmim][PF6] 7 1.08 1.38 1.74 

Other [PF6]-based ILs 1 0.21   

[Cnmim][tfo] 3 1.32 1.34  

Other [tfo]-based ILs 3 0.63   

[Cnmim][DCA] 3 1.54 3.06  

[Cnpy][DCA] 4 0.48 0.98  

Other [DCA]-based ILs 3 0.87   

[SCN]-based ILs 4 3.26   

[C1SO4]-based ILs 3 1.23 1.33  

[C2SO4]-based ILs 1 0.77   

[Cnmim][eFAP] 3 0.87 1.13  

Other [eFAP]-based ILs 2 0.60   

[Cnmim]Cl 3 0.65 3.97  

Other Cl-based ILs 1 1.72   

[Ac]-based ILs 3 1.43   

Br-based ILs 1 2.57   

 

 

Both two strategies provide well acceptable modeling results for most ILs. For example, 

[C4mim][PF6], [C6mim][PF6] and [C8mim][PF6] were used in adjusting influence 

parameters for both two strategies, and the modeling results are illustrated in Fig. 3.4.1. 

Modeling results from both two strategies are almost the same and agree well with 

experimental data. However, the model deviation from the experimental data of 

[C8mim][PF6] is relatively high at high temperatures. Since only one set of data is available 

in this temperature range, it is difficult to judge if the discrepancy is from experimental 

data or the model. 
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Fig. 3.4.1 Surface tension of 

[Cnmim][PF6]. Symbol, experimental 

data; □, [C4mim][PF6]; ○, 

[C6mim][PF6]; △, [C8mim][PF6]; Solid 

line, modeling results with strategy 1; 

Dashed line, modeling results with 

strategy 2. 
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Fig. 3.4.2 Surface tension of 

[C4mim][DCA]. Symbol, experimental 

data; □, reference [81]; ○, reference 

[82]; △, reference [83]; Solid line, 

modeling results with strategy 1; Dashed 

line, modeling results with strategy 2. 

 

There are other ILs with poor modeling results caused by the deviation of experimental 

results. For some cases, it is impossible to decide which sets of data are reliable. For 

example, the ARDs of [C4mim][DCA] are 2.99% and 4.20% for strategy 1 and strategy 2, 

respectively. As shown in Fig. 3.4.2, the experimental results from different sources show 

large deviations, which indicates that the ARDs of two strategies are still in the acceptable 

range.  

In strategy 2, the model can also provide acceptable predictions for the ILs in the same 

homologous series, and most predictions have ARDs < 5%. The only case with an ARD 

larger than 5% is [C5mim][Tf2N] (6.28%), and the results are shown in Fig. 3.4.3. In 

strategy 2, the influence parameter of [C5mim][Tf2N] was predicted with the linear 

relationship obtained from [Cnmim][Tf2N] (n = 2, 4, 6, 8), and the prediction is consistent 

with the experimental data from the results by Tariq et al.
[84] 

as illustrated in Fig. 3.4.3 but 

shows a systematic discrepancy from the experimental data by Carvalho et al.
[85] 

In 

strategy 1, the influence parameter of this IL was fitted to the experimental data from both 

references. As the data points from Tariq et al.
[84] 

 is much more than those from Carvalho 

et al,
[85] 

the fitting results are more consistent with the data from Tariq et al.
[84] 

However, 

only two sets of data are available, and it is hard to tell which set is more reliable if we 

compared the experimental data itself. Since the prediction in strategy 2 agrees well with 

the data from Carvalho,
[85] 

this set may be more reliable. 
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Fig. 3.4.3 Surface tension of [C5mim][Tf2N]. Symbol, experimental data; □, Tariq’s data; 

∆, Carvalho’s data; Solid line, modeling results of strategy 1. Dashed line, model results of 

strategy 2. 

 

3.4.3 Density profile among vapor-liquid interface 

 

Using the developed model with the obtained influence parameters, the density profile 

across the vapor-liquid interface can be predicted. Fig. 3.4.4 illustrates the density profile 

for [Cnpy][DCA], and the density profiles of three [C3py]-based ILs at 293.15 K are 

depicted in Fig. 3.4.5. Comparing the results in these two figures, the anion shows a 

stronger impact on the density profile than the cation.  
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In summary, the surface tension described by ePC-SAFT-DGT with two strategies agrees 

well with the experimental data in a wide temperature range. Strategy 2 can be used to 

predict the surface tension of ILs in the same homologous series. The adjusted influence 

parameters can be further used to predict the density profile of ILs at the vapor-liquid 

interface. 
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4. Conclusion 
 

In the thesis, ePC-SAFT-based models for representing the properties of ILs developed in 

our previous work were further developed and extended to the commonly-used ILs. 

The pitfall occurrence of the developed ePC-SAFT was investigated with the method 

developed in the thesis, and it indicates that ePC-SAFT with the density-fitted parameters 

is virtually free of the undesired pitfall for almost all ILs with only one exemption 

([C8mpy][BF4]). The ePC-SAFT parameters for [Cnmpy]
+
 may need to be reconsidered in 

the future work.  

The developed ePC-SAFT was used to predict gas solubilities and second-order 

thermodynamic properties, such as heat capacities, isothermal and isentropic 

compressibilities, speeds of sound, thermal expansion coefficients, and internal pressures. 

The model prediction results were evaluated by comparing with the experimental data. For 

most ILs, the prediction results are in an acceptable range. The ILs with poor prediction 

results are those with Br
-
 and [C1SO4]

-
, and their parameters may need to be modified in 

the future work. 

ePC-SAFT combined with the Free Volume Theory (FVT) and Density Gradient Theory 

(DGT) was used to represent the viscosity and surface tension, respectively. The additional 

parameters in FVT and DGT were obtained from the fitting of experimental data with two 

strategies, i.e. molecular-based approach with parameters for each IL (strategy 1) and IL-

cation molecular-weight linearized parameters for ILs in same homologous series (strategy 

2).  

For ePC-SAFT-FVT, both two strategies can represent the viscosity of pure ILs in a wide 

temperature and pressure. The model performance of Cl-based ILs at low temperatures is 

poor, and the temperature-dependent FVT parameter may be used to improve the model 

results. The parameters obtained from pure ILs can be used to predict the viscosity of IL-

mixtures reliably.  

For ePC-SAFT-DGT, both two strategies can provide reliable modeling results in a wide 

temperature range, while strategy 2 can give acceptable predictions for the ILs in the same 

homologous series. ePC-SAFT-DGT with the parameters can be further used to describe 

the density profile in the interface. 
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5. Future work 
 

The pitfall occurrence in modeling pure ILs with ePC-SAFT has been checked in this 

thesis, and further investigation of IL-mixtures will be conducted in the future.  

ePC-SAFT is promising to model the physical properties of ILs. It will be further extended 

to the ILs with functional groups and the ILs in the applications other than CO2 separation.   

Currently, ePC-SAFT-DGT is only used for pure ILs. It will be developed to describe the 

interfacial properties of IL-CO2. Besides, ePC-SAFT will be developed for aqueous ILs 

due to their great potential applications in CO2 separation. 
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ABSTRACT: In this work, the ion-specific electrolyte perturbed-chain
statistical associating fluid theory (ePC-SAFT) was extended to predict the
second-order thermodynamic derivative properties and gas solubility of the
ionic liquids (ILs) containing one of the IL cations ([Cnmim]+, [Cnpy]

+,
[Cnmpy]+, [Cnmpyr]+, and [THTDP]+) and one of the IL anions ([Tf2N]

−,
[PF6]

−, [BF4]
−, [tfo]−, [DCA]−, [SCN]−, [C1SO4]

−, [C2SO4]
−, [eFAP]−, Cl−,

[Ac]−, and Br−). The ideal-gas isobaric heat capacities of ILs were estimated
by the group contribution method for obtaining the heat capacity. The model
prediction results were compared with the available experimental data, and the
comparison shows that the ePC-SAFT prediction is reliable for most ILs.
Furthermore, one adjustable ion-specific binary interaction parameter between
the IL ion and CO2 can be used to further improve the model prediction
performance for the CO2 solubility in ILs.

1. INTRODUCTION

Climate change has been one of the most discussed topics
within the world in the last decades. The increased greenhouse
gas concentrations (GHG) in the atmosphere are believed to
be the main cause of the global warming, and CO2 is the most
significant anthropogenic GHG. To mitigate CO2 emission,
CO2 capture and storage have been proposed, in which CO2

separation is an important step. Another option is to produce
biofuels via biomass gasification or anaerobic digestion as the
vehicle fuels, and CO2 separation is also needed in these
processes to purify or upgrade the gases. Currently, the amine-
based technology is widely used for CO2 separation,

1,2 but this
technology suffers from the high corrosion to the equipment
and the high energy demand for the solvent regeneration.3,4

Developing new solvents for CO2 separation still remains a hot
topic today.
Ionic liquids (ILs) have been proposed as promising

absorbents for CO2 separation, and the advantages and
challenges of using ILs for CO2 separation have been discussed
broadly in several reviews.5,6 To develop IL-based technology,
properties such as density, heat capacity, viscosity, and gas
solubility of ILs are the prerequisites. As the number of ILs
that can be theoretically synthesized is 1018,7 determining all
the properties experimentally is impractical, not mention to
time-consuming with high cost. Therefore, it is highly desirable

to develop predictive theoretical models to represent the
properties of ILs.
Several theoretical models have been developed to model

the thermodynamic properties and gas solubilities. Among
them, the statistical associating fluid theory (SAFT) equation
of state (EoS) and its variants are considered as the promising
ones to represent the thermodynamic properties and phase
equilibria of complex fluids.7 Several SAFT models have been
developed to describe the gas solubility in ILs.5,7 For example,
Karakatsani et al.8,9 used the truncated perturbed-chain polar
SAFT (tPC-PSAFT) to describe the solubility of CO, CO2, O2,
and CHF3 in eight imidazolium-based ILs, where each IL was
modeled as a polar chain molecule. Andreu et al.10−12 applied
soft-SAFT to calculate the solubility of CO2, H2, and Xe in the
imidazolium-based ILs with [BF4]

−, [PF6]
−, and [Tf2N]

−

anions, but the extension to other ILs has not been reported.
Another approach for calculating the solubility of CO2 is the
heterosegmented SAFT, and the molar volume and density of
ILs were studied as well.13−15 However, for most SAFT-based
models, to study the gas solubility in ILs, additional binary
adjustable parameters are required and obtained from the
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fitting of the experimental gas-solubility. SAFT-based models
have also been developed to study the thermodynamic
properties of ILs, especially the density. However, only limited
work has been conducted to investigate the model perform-
ance for predicting the second-order derivative properties such
as isentropic compressibility coefficients, heat capacities,
speeds of sound, isentropic/isothermal compressibility coef-
ficients, thermal expansion coefficients, internal pressure, and
thermal pressure coefficients.7 Generally, even though the first-
order thermodynamic derivative properties can be obtained
with sufficient accuracy by an EoS, most EoSs cannot predict
the second-order thermodynamic derivative properties accu-
rately.7 Llovell et al.16,17 applied the soft-SAFT to model the
density, thermal expansion coefficient, and isothermal
compressibility coefficient for [Cnmim][BF4] and [Cnmim]-
[Tf2N]. The model prediction of the second-order thermody-
namic derivative properties shows discrepancy with exper-
imental results. The heterosegmented SAFT-Back was used to
predict the speed of sound, isothermal compressibility, and
thermal expansion coefficient for the selected imidazolium-
based ILs reliably, but the model performance for other ILs has
not been reported.18,19 Polishuk20 used three models
(generalized SAFT + cubic EoS, CPA, and perturbed-chain
SAFT (PC-SAFT)) with the fitted parameters from the
experimental density to predict the thermodynamic derivative
properties of the imidazolium-based ILs, and the results show
that PC-SAFT is the most promising model. Later, Polishuk21

further developed a critical-point-based modified PC-SAFT to
predict the thermodynamic properties of [Cnmim][Tf2N] with
acceptable results. In summary, the current work on the gas
solubility and the second-order derivative properties mainly
focuses on the imidazolium-based ILs, and the model
prediction capacity for all the models is still limited.
In our previous work,22,23 an ion-specific electrolyte SAFT

(ePC-SAFT) has been developed and extended to describe the
density,22,23 gas solubility,22,24 viscosity,25,26 and surface
tension27 for ILs, and the derivative properties of ILs were
also predicted with acceptable accuracy.7 However, the gas
solubility and the derivative properties were only studied for
the imidazolium-based ILs,7,22,24 and the model performance
for other commonly used ILs has not been investigated.
Moreover, the ideal-gas heat capacity of ILs needed to obtain
the derivative properties was taken from the quantum chemical
calculation in our previous work,7 which also limits the model
extension due to the limited number of ILs that have been
simulated.
In this work, to verify the prediction capacity, ePC-SAFT

was used to predict the gas solubility and the derivative
properties for the ILs which are composed of the IL cations
([Cnmim]+, [Cnpy]

+, [Cnmpy]+, [Cnmpyr]+, and [THTDP]+)
and the IL anions ([Tf2N]

−, [PF6]
−, [BF4]

−, [tfo]−, [DCA]−,
[SCN]−, [C1SO4]

−, [C2SO4]
−, [eFAP]−, Cl−, [Ac]−, and Br−).

The group contribution method was used to estimate the ideal-
gas heat capacity of ILs, making it possible to extend the work
to all the ILs under investigation. Finally, the performance of
ePC-SAFT to model the CO2 solubility in ILs was further
improved by applying the binary parameters between IL ions
and CO2 that were independent of the kind of IL.

2. THEORY

2.1. ePC-SAFT Model. The ePC-SAFT developed by
Cameretti and Sadowski28 is an extension of the PC-SAFT

proposed by Gross and Sadowski.29,30 In ePC-SAFT, the
dimensionless residual Helmholtz energy (ares) is expressed as

= + +a a a ares hc disp ion (1)

The expressions of hard chain and dispersive terms (ahc,
adisp) have been described in the literature,30 and the Debye−
Hückel theory was used to represent the ionic term:28

∑κ
πε ε

χ= − ·a x q
12 j

j j j
ion

r 0

2

(2)

where xj and qj are the mole fraction and the charge in
coulomb of ion j, respectively, εr is the relative dielectric
constant of the medium that is set to be unity for pure ILs,22 ε0
is the dielectric constant of vacuum in F/m, and κ is the
inverse Debye-screening length with a unit of reciprocal meter.
The definitions of κ and χj can be found in the original ePC-
SAFT publication.30

To model ILs with ePC-SAFT, each IL was assumed to be
fully dissociated into IL anion and IL cation,22 and three
parameters were used to describe each IL ion. These three
parameters are the segment number mseg, the segment diameter
σ (Å), and the segment energy parameter u/k (K). The IL ion
parameters were fitted to the experimental liquid-density data
of pure ILs23 or predicted by the linear equation with molar
mass of ions obtained in our previous work.23

For mixtures, the Lorenz−Berthelot combining rules were
described in eqs 3 and 4.

σ σ σ= +1
2

( )ij i j (3)

= · −u u u k(1 )ij i j ij (4)

2.2. Modeling. 2.2.1. Thermodynamic Derivative Proper-
ties. In this work, the derivative properties including isobaric
heat capacity, isochoric heat capacity, speed of sound,
isentropic compressibility coefficient, thermal expansion
coefficient, isothermal compressibility coefficient, thermal
pressure coefficient, and internal pressure of pure ILs were
investigated.
For the isobaric heat capacity7

ρ ρ
= + ·

∂ ∂
∂ ∂

ρc c
T P T

P

( / )

( / )T
p v 2

2

(5)

where cv is the isochoric heat capacity.

= − · ∂
∂ ρ

i
k
jjjj

y
{
zzzzc c T

A
Tv v

id
2 res

2
(6)

= +c c Rp
id

v
id

(7)

= − − · ∂
∂ ρ

i
k
jjjj

y
{
zzzzc c R T

A
Tv

id
p
id

2 res

2
(8)

where cp
id and cv

id are the ideal-gas heat capacities in constant
volume and pressure, T, P, and ρ are temperature, pressure and
density, respectively, and R is the ideal-gas constant.
The ideal-gas isobaric heat capacity can be calculated with

an appropriate group contribution method as described in
section 2.2.2.
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With the combination of eqs 5 and 1, the speed of sound u
and the isentropic compressibility coefficient κs can be
calculated with eqs 9 and 10, respectively.7

ρ
= · ∂

∂
i
k
jjjj

y
{
zzzzu

c

c
P

T

p

v (9)

κ κ=
c

cTs
p

v (10)

where κT is the isothermal compressibility coefficient and
defined by7

κ ρ
ρ

= ∂
∂

− i
k
jjjj

y
{
zzzz

P
T

T

1

(11)

The thermal expansion coefficient can be calculated using eq
12

α κ= ∂
∂ ρ

i
k
jjj

y
{
zzz

P
TT

(12)

The thermal pressure coefficient (γ) and internal pressure
(Pint) are given by

γ = ∂
∂ ρ

i
k
jjj

y
{
zzz

P
T (13)

γ= ∂
∂

− = −
ρ

i
k
jjj

y
{
zzzP T

P
T

P T Pint
(14)

The expressions for the second derivative of Helmholtz free
energy and the derivative of pressure with respect to
temperature in eqs 5 and 14 can be found in our previous
work.7

2.2.2. Group Contribution Method for Estimating cp
id. The

ideal gas heat capacity cp
id is independent of ePC-SAFT. The

values of cp
id for ILs are needed to obtain the thermodynamic

derivative properties, such as isobaric heat capacity, isochoric
heat capacity, speed of sound, and isentropic compressibility
coefficient. However, the cp

id of ILs cannot be determined
experimentally, and can only be estimated theoretically. The
group contribution method is the most promising one that can
be extended to ILs conveniently for cp

id estimation. The group
contribution method proposed by Joback et al.31 has been used
by Ge et al.32 and Maghari et al.,18 and it was also used in this
work to estimate cp

id for the studied ILs.
In the group contribution method, each molecule is split

into different small groups of atoms and assumed that all these
small groups can be treated independently from their
surroundings and the way that they are arranged to each
other.33 For each of these groups, the descriptor values are
computed with the quantum or molecular mechanical
descriptions. The descriptor values of the small groups are
then added as they appear in a certain substance in order to
finally yield the property values. On the basis of the group
contribution method, cp

id can be calculated with eq 15:

∑ ∑

∑
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k
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Cp Cp

Cp
4 2
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7 3

(15)

where ACpk, BCpk, CCpk, and DCpk are the descriptor values for
the molecular group k, and nk is the quantity of the molecular
group k.

2.2.3. Gas Solubility in ILs. Following our previous work,22

the IL was assumed not to vaporize into the gas-rich phase, and
then the phase equilibrium can be represented by the following
equation:

φ φ= ·T v x T v x

j

( , ) ( , , )

( is the gaseous component)

j j j i
V V L L

(16)

where xi the mole fraction in the liquid phase, φi
L and φi

V are
the fugacity coefficients for the component j in the liquid and
vapor phases, respectively, and vL and vV are the molar volumes
of liquid and vapor phases, respectively.

3. EXPERIMENTAL DATA SURVEY

The experimental thermodynamic derivative properties and the
experimental solubility of one gas in one IL were surveyed and
collected thoroughly. The information on the available
experimental results34−154 for the isobaric heat capacity,
isochoric heat capacity, speed of sound, isentropic compres-
sibility coefficient, isothermal compressibility coefficient,
thermal expansion coefficient, thermal pressure coefficient,
and internal pressure is summarized in Tables S1−S8. The
sources of the CO2 solubility in ILs are listed in Table S9, and
those for other gases are listed in Table S10.
On the basis of the survey, it shows that the experimental

results of the isochoric heat capacity and internal pressure are
only available for several ILs. For other properties, there are
enough experimental data points for evaluating the ePC-SAFT
prediction performance for a wide range of ILs.
For the thermal expansion coefficient, experimental results

have been reported for many ILs, while some of them are only
available at one temperature and at the atmospheric pressure.
The comparison of the available experimental results shows
that the effects of pressure and temperature on the thermal
expansion coefficient are not significant; thus, it is sufficient to
verify the model performance with the data at one temperature
and at the atomspheric pressure.
In addition, for all these second-order thermodynamic

derivative properties, in general, the experimental results for
one IL are only reported from one or two sources, making it
impossible to conduct data-evaluation. Meanwhile, the
experimental results from different sources show relative
large deviation. Several factors can affect the experimental
results; for example, the water content in the IL sample affects
some properties significantly. To further quantify the deviation
of the experimental data from different sources, the mean
relative deviation (MRD) was estimated with the following
equation:
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ϕ ϕ

ϕ
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·

Nc Ns
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1
100%

Nc
j
Ns

i
j

i

ii (17)

where Nc is the number of data points at the same temperature
and pressure, Ns is the number of sources offered the data, Φi

j

is the experimental data, and Φi is the mean value of the
experimental data points at the same temperature and pressure.
For most ILs, the available CO2 solubility data is from one

source. There are only nine ILs that have been studied with
more than one data source, and the comparison of the data
from different sources shows a good agreement with a MRD
lower than 15%. Meanwhile, for most ILs, the experimental
CO2 solubility is available in a wide temperature and pressure
range. However, for [C4m4py][BF4], [C3mpy][Tf2N],
[C6mpy][Tf2N], [C5mpyr][Tf2N], and [C6mim][SCN], the
available CO2 solubility data was determined at low pressures
(below 50 bar), and the data is only available at one
temperature for [C4mim][eFAP].
The solubility data of other gases (i.e., CH4, CO, H2, N2,

and O2) in the imidazolium-based ILs has been discussed in
our previous work.22,24 Besides, only a few data points were
found in literatures for other ILs as summarized in Table S10.
No further evaluation was conducted because of the limited
available experimental data.

4. MODELING RESULTS AND DISCUSSION
On the basis of the available experimental data surveyed in the
foregoing section, the studied IL ions are listed in Table S11,
and their ePC-SAFT parameters are shown in Table S12.
To calculate cp

id with the group contribution method, the
corresponding descriptor values of all the small groups are
listed in Table S13, in which the caption “ring/no ring” tells
whether the considering part is located in a ring structure or
elsewhere in the molecule.
The average relative deviation (ARD) was used to evaluate

the model performance with

∑= · −
Φ
Φ=

ARD (%)
100
NP

1
i

i

i1

NP calc

exp
(18)

where NP is the number of data points, Φi
calc is the calculated

value, and Φi
exp is the experimental value.

Other gases except CO2 (e.g., O2, CH4, etc.) usually have
very low solubility in ILs. For such low solubility, ARD is not a
proper indicator for evaluating the model performance.
Therefore, the average absolute deviation (AAD) was used,
which was also used by Jacquemin et al.146,147

∑= · | − |
=

x xAAD
1

NP i
i i

1

NP
exp calc

(19)

Before evaluating the model performance on the gas
solubility and the thermodynamic derivative properties for
ILs, the ePC-SAFT parameters for the ILs that have not been
considered in our previous work23,26 were verified by
comparing the predicted density with the available exper-
imental results. The model performance on the density is
summarized in Table S14. The ePC-SAFT predictions for most
ILs are consistent with the experimental results except those
for the Br-based ILs. It should be pointed out that, due to the
lack of experimental density for [C2py]Br, only the ILs of
[Cnmim]Br were used for obtaining the model parameters of
Br−. The results show that the ePC-SAFT prediction is

acceptable for the ILs except [C2mim]Br, with ARDs lower
than 4%, as listed in Table S14. For [C2mim]Br, only one data
point can be found in literature, and the ARD on the density
prediction is 6.3%. Therefore, it is needed to determine the
densities of [C2mim]Br and [C2py]Br by experiment in order
to verify the ePC-SAFT model parameters in the future.

4.1. Isobaric and Isochoric Heat Capacity. The
modeling results on the isobaric heat capacity prediction are
summarized in Table 1. While for the available experimental

data, the MRD varies from 4.2 to 16.5%, and the deviation may
be caused by the impurity in the ILs samples and/or the
different measurement methods such as the sample scanning
calorimetry, differential scanning calorimeter and vacuum
adiabatic calorimetry. Considering the value of MRD and the
modeling prediction performances from others, an ARD below
21% was considered as “acceptable” in this part.7 Following
this, the ePC-SAFT prediction for the ILs based on [BF4]

−,
[Ac]−, [eFAP]−, [tfo]−, and [DCA]− as well as [C2mim]-
[C2SO4] is acceptable.
To further illustrate the performance of ePC-SAFT, the

comparison with the available experimental data for [Cnmim]-
[BF4] is shown in Figure 1. The ePC-SAFT prediction results
follow the trend that the isobaric heat capacity increases with
increasing temperature and the length of alkyl-chain in the

Table 1. Model Prediction Performances for Isobaric Heat
Capacity

IL
ARD
(%) IL

ARD
(%) IL

ARD
(%)

[C2mim]
[Ac]

1.7 [C8mim]
[Tf2N]

9.0 [C2py]Br 2.2

[C4mim]
[Ac]

4.4 [C2py][Tf2N] 19.7 [C4mim]
[C1SO4]

22.3

[C6mim]
[Ac]

5.1 [C4py][Tf2N] 18.4 [C2mim]
[C2SO4]

16.1

[C2mim]
[BF4]

2.6 [C3mpy]
[Tf2N]

20.8 [C2mim]
[DCA]

2.8

[C4mim]
[BF4]

4.3 [C4mpy]
[Tf2N]

29.9 [C4mim]
[DCA]

5.1

[C6mim]
[BF4]

4.4 [C4m4py]
[Tf2N]

10.9 [C4mpyr]
[DCA]

16.3

[C8mim]
[BF4]

4.4 [C3mpyr]
[Tf2N]

17.8 [C4mim]
[eFAP]

10.3

[C3py][BF4] 2.7 [C4mpyr]
[Tf2N]

14.8 [C6mim]
[eFAP]

15.5

[C4py][BF4] 1.6 [THTDP]
[Tf2N]

14.8 [C4mpyr]
[eFAP]

6.6

[C4mpy]
[BF4]

0.1 [C4mim]
[PF6]

8.6 [C2mim]
[SCN]

14.8

[C8mpy]
[BF4]

6.8 [C6mim]
[PF6]

20.4 [C4mim]
[SCN]

23.8

[C4m2py]
[BF4]

11.4 [C2py][PF6] 8.3 [C2mim][tfo] 8.8

[C4m4py]
[BF4]

0.2 [C3py][PF6] 10.8 [C4mim][tfo] 9.2

[C2mim]
[Tf2N]

13.7 [C5py][PF6] 34.0 [C6mim][tfo] 7.1

[C3mim]
[Tf2N]

20.6 [C2mim]Br 12.9 [C8mim][tfo] 4.5

[C4mim]
[Tf2N]

17.9 [C3mim]Br 14.3 [C2py][tfo] 19.0

[C5mim]
[Tf2N]

20.6 [C4mim]Br 13.9 [C4py][tfo] 5.6

[C6mim]
[Tf2N]

19.3 [C6mim]Br 25.1 [C4mpy][tfo] 12.9
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cation, while the effect of pressure on the results is
insignificant. These observations are the same for other ILs.
For [PF6]-based and Br-based ILs as well as [C4mim]-

[C1SO4], ePC-SAFT overestimates the isobaric heat capacities
compared with the experimental data, and the ARD increases
with increasing the length of alkyl chain. The prediction
becomes worse when the length of the alkyl chain (Cn) in the
IL cation is longer than 5. For example, the ARD for [C6mim]
Br is up to 25%. Since only one source with 7 data points is
available for the isobaric heat capacities of [C6mim]Br, it is
difficult to state whether the high ARD origins from the
experimental data or from the ePC-SAFT prediction. There is
a need to measure more data points experimentally in order to
further evaluate the model performance for [C6mim]Br. In
addition, in ePC-SAFT, the parameters of Br− were obtained
based on the experimental densities of three Br-based ILs, and
the fitted parameters may not be the best set, causing less
accurate predictions of other properties than density.
ePC-SAFT overpredicts the heat capacity for [C4mim]-

[C1SO4] significantly as illustrated in Figure 2. The two sets of
experimental results also show relatively large discrepancies.
Moreover, the parameters of [C1SO4]

− in ePC-SAFT were
obtained based on the experimental densities only from two
ILs and may not be the best set.

For all the [Tf2N]-based ILs, ePC-SAFT overestimates the
isobaric heat capacities throughout whole pressure and
temperature range. However, except [C4mpy][Tf2N], the
prediction of [Tf2N]-based ILs is still acceptable (ARD <
21%). Further analysis of the contribution from each part in
eqs 5−6 shows that the ideal-gas contribution of [Tf2N]

−

estimated by the group contribution method is higher than
that from the quantum chemical calculations,150 which may be
the main reason for the overestimation of the isobaric heat
capacities for the [Tf2N]-based ILs.
Some methods have been proposed to improve the

performance of the group contribution method. For example,
in the work by Valderrama et al.,155 an additional correction
was used to model the critical properties and boiling
temperature for the ILs with molar mass lager than 500 g/
mol.156 However, in this work, the deviation of the model
predictions does not reflect any obvious trend with the molar
mass. While as discussed by Rihani,157 the symmetry of
[Tf2N]

− may influence its ideal gas heat capacity, as a result,
the group contribution method proposed by Joback et al.31 can
be modified by adding the new descriptors considering the
symmetry of molecule in order to improve the prediction
performance for such ILs.
In addition, ePC-SAFT overestimates the isobaric heat

capacity of [C4mpy][Tf2N] but yields acceptable results for
[C4m4py][Tf2N]. In our previous work,23 it was assumed that
the ePC-SAFT model parameters for these two IL cations are
identical due to the similar experimental density data. The
group contribution method also provides the same ideal-gas
contribution for these two ILs. All these lead to exactly the
same prediction for the isobaric heat capacity of these two ILs.
However, the isobaric heat capacity of [C4m4py][Tf2N]

52 was
found to be 100 J/(mol·K) greater than that of [C4mpy]-
[Tf2N].59 Thus, there is a need to determine more
experimental data in order to confirm or improve the model
performance.
The ePC-SAFT prediction performance for the isochoric

heat capacity is summarized in Table 2. Similar to the isobaric
heat capacity, the ePC-SAFT prediction results are good for
[C4mim][Ac], [C4mim][BF4], and [C4mim][PF6], and accept-
able for [C4mim][eFAP]. The ePC-SAFT prediction results of
the isochoric heat capacity for [C4mim][Tf2N] and [C6mim]-

Figure 1. Isobaric heat capacity of [Cnmim][BF4] at (a) atmospheric
pressure and (b) 303.15 K. Symbols: experimental data. Lines: model
prediction with ePC-SAFT.

Figure 2. Isobaric heat capacity for [C4mim][C1SO4]. Symbols:
experimental data. Lines: model prediction with ePC-SAFT.
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[Tf2N] are much worse than those of the isobaric heat
capacity.
We further estimated the value of (Cp − CV) based on the

predicted Cp and CV for the [Tf2N]-based ILs. It shows that
the ARD of (Cp − CV) is only 3.8%. It can be concluded that
the deviation for the heat capacity is mainly caused by the first-
term in eqs 5 and 6, which is mainly influenced by the ideal-gas
contribution. Therefore, the group contribution method may
not be suitable to estimate the ideal-gas heat capacity for the
[Tf2N]-based ILs.
4.2. Speed of Sound and Isentropic Compressibility

Coefficient. From eqs 9 and 10, it can be observed that the
ideal-gas contribution is still needed in order to predict the
properties of speed of sound and isentropic compressibility
coefficient. Unlike the heat capacity, these two properties do
not strongly depend on the ideal-gas contribution. In the
prediction of these two properties, the division of the isobaric
and isochoric heat capacities is needed as shown in eqs 9 and
10, which may decrease the influence of the deviation caused
by the ideal-gas contribution.
Unlike the heat capacity, for the speed of sound, the

experimental results from different sources do not show large
deviations. As a result, the systems with ARDs less than 10%
were considered as acceptable. On the basis of the results listed
in Table 3, ePC-SAFT failed to predict the speed of sound for
the [C1SO4]-based and Br-based ILs, while the model
predictions are acceptable for all the [Tf2N]-based ILs except
[C2mpy][Tf2N]. The further exploration shows that the ePC-
SAFT parameters of [C2mpy]+ were extrapolated from the
linear relationship with molar weight,23 and adding the
[C2mpy]-based ILs in the parameter fitting for the [Cnmpy]-
based IL may improve the model performance of the ILs with a
short alkyl-chain.Figure 3 illustrates the ePC-SAFT prediction
for the [C4py]-based ILs at 1 bar, showing that ePC-SAFT
underestimates the slope of the curve in the u−T diagram.
Figure 4 illustrates the ePC-SAFT predictions for [C5mim]-
[Tf2N] up to high pressure. ePC-SAFT underestimates the
slope of the curve in the u−P diagram but still provides
acceptable results in a wide temperature and pressure range.
The ePC-SAFT predictions for the [C1SO4]-based ILs and

Br-based ILs are not as good as those for other ILs. This is
similar to the case of heat capacity. Therefore, the ePC-SAFT
model parameters for these two ions (i.e., [C1SO4]

− and Br−)
may be one reason. Meanwhile, the parameters for the cations
of [C1py]

+ and [C2mpy]+ were estimated with the linear
relationship, and the extrapolation may be unsuitable for such
the ILs with a short side chain as discussed in the previous
paragraph. This may be another reason for the worse
predictions for [C1py][C1SO4] and [C2mpy][C1SO4].
Compared to the speed of sound, few experimental results of

isentropic compressibility coefficients are available in the
literature, and the MRD varies from 3.7 to 11.9%. Table 4
summarized the model prediction performance. The ePC-
SAFT prediction for most ILs agrees well with experimental

data. [C4mim][PF6] was chosen as an example and illustrated
in Figure 5. ePC-SAFT also slightly underestimates the slope
of the curve both in κs−P and κs−T diagrams but still provides
reliable predictions in a wide pressure and temperature range.
The ARDs of the ePC-SAFT predictions for the [Tf2N]-based
ILs are slightly higher compared with other ILs. Figure 6 shows

Table 2. Model Prediction Performances for Isochoric Heat
Capacity

IL
ARD
(%) IL

ARD
(%) IL

ARD
(%)

[C4mim]
[Ac]

4.4 [C4mim]
[Tf2N]

35.3 [C4mim]
[PF6]

9.7

[C4mim]
[BF4]

5.7 [C6mim]
[Tf2N]

23.1 [C4mim]
[eFAP]

12.9

Table 3. Model Prediction Performances for Speed of
Sound

IL
ARD
(%) IL

ARD
(%) IL

ARD
(%)

[C2mim]
[Ac]

3.4 [C3mpy]
[Tf2N]

7.7 [C8mim]Cl 8.0

[C4mim]
[Ac]

3.3 [C4mpy]
[Tf2N]

2.5 [C4mim]Br 23.6

[C4mim]
[BF4]

6.0 [C3mpyr]
[Tf2N]

10.0 [C5mim]Br 20.1

[C5mim]
[BF4]

3.6 [C4mpyr]
[Tf2N]

3.0 [C6mim]Br 16.9

[C8mim]
[BF4]

1.6 [C4mim][PF6] 6.3 [C8mim]Br 7.3

[C3py][BF4] 1.2 [C6mim][PF6] 2.0 [C4mim]
[eFAP]

3.3

[C4py][BF4] 1.6 [C8mim][PF6] 1.7 [C4mim]
[DCA]

6.3

[C4mpy]
[BF4]

2.1 [C2mim]
[C1SO4]

18.8 [C6mim]
[DCA]

5.8

[C8mpy]
[BF4]

3.1 [C4mim]
[C1SO4]

14.8 [C4mpyr]
[DCA]

6.8

[C4m2py]
[BF4]

1.1 [C1py]
[C1SO4]

20.6 [THTDP]
[DCA]

2.1

[C4m4py]
[BF4]

3.8 [C1mpy]
[C1SO4]

12.6 [C6mim]
[SCN]

7.4

[C2mim]
[Tf2N]

4.9 [C2mpy]
[C1SO4]

38.5 [C8mim]
[SCN]

7.8

[C3mim]
[Tf2N]

8.2 [C4mpyr]
[C1SO4]

14.6 [C4mim][tfo] 2.6

[C4mim]
[Tf2N]

7.5 [C2mim]
[C2SO4]

2.3 [C6mim][tfo] 1.1

[C5mim]
[Tf2N]

7.6 [C2py]
[C2SO4]

2.0 [C2py][tfo] 4.1

[C6mim]
[Tf2N]

7.5 [C2mpyr]
[C2SO4]

13.8 [C4py][tfo] 2.2

[C2py]
[Tf2N]

3.7 [C4mim]Cl 14.4 [C4mpyr]
[tfo]

3.5

[C2mpy]
[Tf2N]

15.0

Figure 3. Speeds of sound for [C4py]-based ILs. Symbols:
experimental data. Lines: model prediction with ePC-SAFT.
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the ePC-SAFT prediction and experimental results for
[C4mim][Tf2N]. ePC-SAFT significantly overestimates the
isentropic compressibility coefficient at high pressures for the
[Tf2N]-based ILs, but the predictions at the atmospheric
pressure are still acceptable.
Similar to the speed of sound and isobaric heat capacity, the

ePC-SAFT prediction for the [C1SO4]-based ILs is poorer
than average, which further confirms that the ePC-SAFT
model parameters for [C1SO4]

− are not reasonable and need
to be updated with the new measured experimental density
data up to high pressures.
4.3. Isothermal Compressibility Coefficient, Thermal

Pressure Coefficient, Thermal Expansion Coefficient,
and Internal Pressure. The properties considered in this
part are thermal pressure coefficient, isothermal compressibility
coefficient, thermal expansion coefficient, and internal
pressure. Modeling these properties does not require the
ideal-gas heat capacity contribution. In our previous work,7

these properties were modeled for the imidazolium-based ILs.
In this part, some additional imidazolium-based ILs were
studied together with the ILs other than the imidazolium-
based.
The model performance on the isothermal compressibility

coefficient is listed in Table 5. On the basis of the results listed
in Table S5, the experimental results considered in this work
are available for most ILs in a wide temperature and pressure
range, while most ILs have only one set of data except

Figure 4. Speeds of sound for [C5mim][Tf2N]. Symbols:
experimental data. Lines: model prediction with ePC-SAFT.

Table 4. Model Prediction Performances on Isentropic
Compressibility Coefficient

IL
ARD
(%) IL

ARD
(%) IL

ARD
(%)

[C4mim]
[BF4]

11.3 [C5mim]
[Tf2N]

13.0 [C1mim]
[C1SO4]

46.5

[C8mim]
[BF4]

2.9 [C6mim]
[Tf2N]

7.3 [C2mim]
[C1SO4]

43.1

[C4mpy]
[BF4]

7.4 [C2py]
[Tf2N]

7.3 [C4mim]
[C1SO4]

31.7

[C2mim]
[Tf2N]

12.1 [C4mim]
[PF6]

5.2 [C4mim]
[eFAP]

6.6

[C3mim]
[Tf2N]

14.5 [C6mim]
[PF6]

2.3 [C8mim]Cl 11.4

[C4mim]
[Tf2N]

17.3 [C8mim]
[PF6]

2.1 [C2py][tfo] 8.9

Figure 5. Isentropic compressibility coefficient for [C4mim][PF6] at
(a) high pressure and (b) atmospheric pressure. Symbols:
experimental data. Lines: model prediction with ePC-SAFT.

Figure 6. Isentropic compressibility coefficient for [C4mim][Tf2N].
Symbols: experimental data. Lines: model prediction with ePC-SAFT.
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[THTDP]Cl and [THTDP][Tf2N] with MRDs of 5.6 and
7.1%, respectively. As a result, we considered that the
prediction with ARD lower than 15% is acceptable. Following
this, the ePC-SAFT predictions are acceptable in a wide
temperature and pressure range for the ILs except [C4mim]-
[Tf2N] and [C4mim][C1SO4]. For most ILs, the ePC-SAFT
prediction agrees well with experimental data at high
temperatures but overestimates the data at low temperatures
as shown in Figure 7 for [C4mim][Ac]. Similar results were
also observed in our previous work.7

For [C4mim][Tf2N], only one source offers experimental
data, and the ARD is 15.4%. The ePC-SAFT predictions for
other [Cnmim][Tf2N] except [C4mim][Tf2N] are acceptable.
Therefore, further investigation on [C4mim][Tf2N] is needed
in the future when more experimental results are published.

For [C4mim][C1SO4], the ePC-SAFT model parameters may
be the main reason for the inaccurate prediction, which has
been discussed in the foregoing sections.
According to eq 12, the thermal expansion coefficient is

linked with the isothermal compressibility coefficient. The
MRDs of the available experimental data are from 1.1 to
10.7%. The comparison of the ePC-SAFT prediction with the
experimental data, as listed in Table 6, shows that for most ILs

ePC-SAFT overestimates the thermal expansion coefficients,
and the ARDs for the ILs based on [Tf2N]

−, [PF6]
−, [tfo]−,

[Ac]−, [DCA]−, [SCN]−, and [eFAP]− are all below 15%.
Figure 8 shows the ePC-SAFT predictions for [C3mpy]-

[Tf2N]. The model predictions are acceptable and capture the
slope of the experimental data in the αp−P diagram, but it
overestimates the slope of the experimental data in the αp−T
diagram. As a result, the deviation of the ePC-SAFT prediction
at high temperatures is relatively large.
The ePC-SAFT prediction for the Br-based ILs yields ARDs

greater than 20%, which is not promising. Considering the
inaccurate results on the heat capacity and speed of sound for
the same ILs, the ePC-SAFT parameters obtained from the

Table 5. Model Prediction Performances for Isothermal
Compressibility Coefficient

IL
ARD
(%) IL

ARD
(%) IL

ARD
(%)

[C4mim][Ac] 7.1 [C4mim]
[Tf2N]

a
15.4 [C8mim]Cl 14.5

[THTDP]
[Ac]

6.0 [C5mim]
[Tf2N]

a
10.3 [C4mim]

[PF6]
a

7.3

[C4mim]
[BF4]

a
8.1 [C6mim]

[Tf2N]
a

10.3 [THTDP]Cl 3.9

[C6mim]
[BF4]

a
7.2 [C7mim]

[Tf2N]
a

5.5 [THTDP]Br 7.4

[C8mim]
[BF4]

3.5 [C8mim]
[Tf2N]

a
6.3 [C4mim]

[DCA]
8.8

[C3py][BF4] 0.8 [C10mim]
[Tf2N]

a
7.7 [C4mpy]

[DCA]
6.2

[C4py][BF4] 4.1 [THTDP]
[Tf2N]

4.0 [THTDP]
[DCA]

4.2

[C4mpy]
[BF4]

7.5 [C3mpy]
[Tf2N]

6.8 [C4mim]
[eFAP]

9.2

[C8mpy]
[BF4]

6.7 [C3mpyr]
[Tf2N]

13.2 [C4mpyr]
[eFAP]

10.1

[C2mim]
[Tf2N]

a
8.9 [C4mpyr]

[Tf2N]
4.0 [THTDP]

[eFAP]
8.2

[C3mim]
[Tf2N]

a
11.1 [C4mim]

[C1SO4]
19.0 [C2mim][tfo] 3.0

aResults taken from previous work.7

Figure 7. Isothermal compressibility coefficient for [C4mim][Ac].
Symbols: experimental data. Lines: model prediction with ePC-SAFT.

Table 6. Model Prediction Performances for Thermal
Expansion Coefficient

IL
ARD
(%) IL

ARD
(%) IL

ARD
(%)

[C2mim][Ac] 7.7 [THTDP]
[Tf2N]

17.3 [C8mim]Br 20.8

[C4mim][Ac] 9.9 [C3mpy]
[Tf2N]

3.1 [THTDP]Br 24.4

[C4mpyr][Ac] 11.8 [C4mpy]
[Tf2N]

8.7 [C2mim]
[SCN]

0.9

[C2mim]
[BF4]

a
6.6 [C3mpyr]

[Tf2N]
2.3 [C4mim]

[SCN]
2.7

[C4mim]
[BF4]

a
9.0 [C4mpyr]

[Tf2N]
3.9 [C4mpy]

[SCN]
11.9

[C6mim]
[BF4]

a
9.8 [C3mim]

[PF6]
3.2 [C4m4py]

[SCN]
5.9

[C8mim]
[BF4]

a
11.9 [C4mim]

[PF6]
a

6.5 [C4mpyr]
[SCN]

11.2

[C3py][BF4] 10.9 [C6mim]
[PF6]

4.5 [C2mim]
[DCA]

3.7

[C4py][BF4] 14.5 [C8mim]
[PF6]

5.6 [C4mim]
[DCA]

7.2

[C4mpy]
[BF4]

14.9 [C3mpy]
[PF6]

7.3 [C6mim]
[DCA]

8.8

[C8mpy]
[BF4]

4.2 [C1mim]
[C1SO4]

5.6 [C4mpy]
[DCA]

5.6

[C4m4py]
[BF4]

12.9 [C2mim]
[C1SO4]

15.7 [C4mpyr]
[DCA]

13.1

[C2py][Tf2N] 6.2 [C4mim]
[C1SO4]

17.5 [THTDP]
[DCA]

18.0

[C3mim]
[Tf2N]

a
13.1 [C4mpy]

[C1SO4]
19.5 [C4mim]

[eFAP]
10.2

[C4mim]
[Tf2N]

a
23.2 [C2mim]

[C2SO4]
2.4 [C4mpyr]

[eFAP]
10.9

[C5mim]
[Tf2N]

a
6.8 [C8mim]Cl 7.6 [THTDP]

[eFAP]
14.1

[C6mim]
[Tf2N]

13.4 [THTDP]Cl 17.2 [C2mim][tfo] 9.1

[C7mim]
[Tf2N]

a
2.0 [C4mim]Br 35.9 [C4py][tfo] 11.9

[C8mim]
[Tf2N]

a
5.1 [C6mim]Br 29.2 [C4mpyr]

[tfo]
11.1

[C10mim]
[Tf2N]

a
5.1

aResults taken from previous work.7

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.9b00254
Ind. Eng. Chem. Res. 2019, 58, 8401−8417

8408



fitting of the densities of only three ILs are not reasonable, and
a new set of parameters need to be obtained based on the
newly measured densities of ILs in the future.
Experimental data for the [THTDP]-based ILs considered

in this work is available in a wide temperature and pressure
range, but the ePC-SAFT prediction is not promising with
ARDs of 14−18%. Considering the model predictions from
Polishuk20 with ARDs of 13.1−31.2%, the accuracy of the
ePC-SAFT prediction in this work is still acceptable.
Meanwhile, ePC-SAFT overestimates the thermal expansion
coefficient for the [THTDP]-based ILs at most temperatures
and pressures, as illustrated in Figure 9 for [THTDP]Cl.
Similar to the results shown in Figure 8, the ePC-SAFT
predictions capture the slope of the curve in the αp−P diagram.
However, the thermal expansion coefficient of [THTDP]-
based ILs does not change significantly with temperature, while
ePC-SAFT predicts a slight temperature-dependence. Never-
theless, ePC-SAFT predictions are within the experimental
uncertainty.
The ARD for [C1mim][C1SO4] is 5.6%, while those for

other [C1SO4]-based ILs are greater than 15%. As mentioned
before, the ePC-SAFT parameters of [C1SO4]

− may need to be
modified in the future.

Few experimental studies are available for the thermal
pressure coefficient compared with the thermal expansion
coefficient. Except for [C4mim][eFAP], the experimental data
is available in a wide temperature and pressure range, allowing
the evaluation of the model performance in a wide temperature
and pressure range. Meanwhile, the MRDs for [THTDP]Cl
and [THTDP][Tf2N] are 7.9 and 7.1%, respectively.
The comparison between the experimental data with the

model prediction performance is summarized in Table 7. For

the five [THTDP]-based ILs considered in this work, ePC-
SAFT overestimates the experimental data with ARDs of about
15%, and [THTDP][Tf2N] is illustrated in Figure 10.
Considering the deviations of the experimental results from
different sources (i.e., MRDs), the ePC-SAFT prediction is
acceptable for all the [THTDP]-based ILs.
For other ILs, the ePC-SAFT prediction results are

acceptable with ARDs less than 11.05%, and the results for
[C4mpyr][Tf2N] are shown in Figure 11. ePC-SAFT
predictions agree well with the experimental data in a wide
temperature and pressure range.

Figure 8. Thermal expansion coefficient for [C3mpy][Tf2N] at (a)
atmospheric pressure and (b) high pressure. Symbols: experimental
data. Lines: model prediction with ePC-SAFT.

Figure 9. Thermal expansion coefficient for [THTDP]Cl. Symbols:
experimental data. Lines: model prediction with ePC-SAFT.

Table 7. Model Prediction Performances for Thermal
Pressure Coefficient

IL
ARD
(%) IL

ARD
(%) IL

ARD
(%)

[C4mim][Ac] 5.6 [C5mim]
[Tf2N]

a
5.4 [THTDP]

[Tf2N]
15.3

[C4mim]
[BF4]

a
2.8 [C6mim]

[Tf2N]
a

5.2 [C4mim]
[PF6]

a
6.0

[C6mim]
[BF4]

a
1.6 [C7mim]

[Tf2N]
a

7.0 [THTDP]Cl 17.8

[THTDP]
[Ac]

16.7 [C8mim]
[Tf2N]

a
10.8 [THTDP]Br 15.7

[C4mpy]
[BF4]

9.3 [C10mim]
[Tf2N]

a
6.8 [C4mim]

[DCA]
7.3

[C2mim]
[Tf2N]

a
6.0 [C3mpy]

[Tf2N]
7.9 [THTDP]

[DCA]
14.6

[C3mim]
[Tf2N]

a
11.1 [C3mpyr]

[Tf2N]
11.0 [C4mim]

[eFAP]
4.8

[C4mim]
[Tf2N]

a
6.5 [C4mpyr]

[Tf2N]
0.5 [C2mim][tfo] 7.5

aResults taken from previous work.7
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For the internal pressure, each IL only has one set of data,
indicating that it is impossible to compare the experimental
data from different sources. Table 8 illustrates the performance
of ePC-SAFT prediction for the internal pressure. Most
available results are for the imidazolium-based ILs and the
ARDs are within 1.5−10.4%, which is acceptable for the
industrial applications. Figure 12 shows the internal pressure
for [C8mim][BF4] at 0.1 MPa. ePC-SAFT only slightly

overestimates the internal pressure, and the temperature
dependence is predicted in agreement with the experimental
data.

4.4. Gas Solubility of ILs. 4.4.1. ePC-SAFT Prediction of
CO2 Solubility in ILs. ePC-SAFT has been used to predict the
gas solubility of several imidazolium-based ILs in our previous
work. The ePC-SAFT prediction performance for the CO2
solubility in all the ILs considered in this and previous work22

is summarized in Table 9. In this section, we considered that
the ePC-SAFT prediction with ARD less than 15% is
acceptable.
On the basis of the ARDs in Table 9, the ePC-SAFT

prediction is acceptable for most ILs considered in this work. A
typical example for comparing the experimental results and
model prediction of CO2 solubility in [C4mim][DCA] is
shown in Figure 13 at three temperatures, which illustrates
good agreement.
The ePC-SAFT model predictions for the CO2 solubilities in

[C4py][BF4], [C4m4py][BF4], and [Cnmpy][Tf2N] as well as
in the [Br]- and [C1SO4]-based ILs are relatively worse with
ARDs greater than 15%. The ARDs for the CO2 solubilities in
[C4m4py][BF4] and [C4mpy][Tf2N] are about 20%. This
rather high number is mainly caused by the fact that the
experimental data was determined at relatively low pressures
(only up to 19 bar). The solubility at low pressures is much
lower compared with that at high pressures and the
experimental relative errors are in general much greater,
which explains why the relative deviations at low pressures are
always higher than those at high pressures. The ARD of
[C6mpy][Tf2N] is 70%, and the extremely poor result is also
caused by the available experimental data at low pressures.
Nevertheless, unreliable model predictions were found for

the CO2 solubilities in the [Br]- and [C1SO4]-based ILs. These
may be caused by the strong interaction between Br−−CO2
and [C1SO4]

−−CO2. Thus, in the next section, a binary
parameter was used to improve the model performance.

4.4.2. ePC-SAFT Correlations for CO2 Solubility in ILs. In
general, ePC-SAFT can be used to predict the CO2 solubility
in ILs accurately. However, for some ILs, the prediction results
are not accurate enough. In this section, the possibility of
improving the model performance for the systems with

Figure 10. Thermal pressure coefficient for [THTDP][Tf2N]. Solid
symbols: experimental data from ref 100. Open symbols: experimental
data from ref 99. Lines: model prediction with ePC-SAFT.

Figure 11. Thermal pressure coefficient for [C4mpyr][Tf2N].
Symbols: experimental data. Lines: model prediction with ePC-SAFT.

Table 8. Model Prediction Performances for Internal
Pressure

IL ARD IL ARD IL ARD

[C4mim][Ac] 6.5 [C6mim]
[Tf2N]

a
8.2 [C8mim]Cl 5.0

[C4mim][BF4] 1.5 [C4mim][PF6] 2.7 [C4mim]
[C1SO4]

3.5

[C6mim]
[BF4]

a
1.9 [C8mim][BF4] 5.0 [C4mim]

[DCA]
8.0

[C2mim]
[Tf2N]

a
4.5 [C4mpy][BF4] 10.4

aResults taken from previous work.7

Figure 12. Internal pressure for [C8mim][BF4]. Symbols: exper-
imental data. Lines: model prediction with ePC-SAFT.
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considerable deviations was further investigated by adjusting
the binary parameter kij in eq 4 between one IL ion and CO2.
The binary adjustable parameters were obtained by fitting to
the experimental CO2 solubility data.
According to the previous work,22 there is no need to add

any binary adjustable parameters between the IL ion of
[Cnmim]+, [BF4]

−, [Tf2N]
−, or [PF6]

−, and CO2. On the basis

of the results listed in Table 9, no binary parameter is needed
between CO2 and one of the anions [eFAP]−, [SCN]−,
[DCA]−, [tfo]−, or Cl−. For most [Cnmpyr]-based ILs, the
ePC-SAFT prediction results are acceptable except for
[C3mpyr][Tf2N]. Due to the fact that only one set of
experimental data is available for [C3mpyr][Tf2N], it might be
argued that the experimental data is questionable.
On the basis of the above analysis and combined with the

results listed in Table 9, it is obvious that the model results
need to be improved by adding the adjustable binary
parameters between the anion ([C1SO4]

−or Br−) and CO2.
In general, kij was used for those between IL anion and CO2.

Although the ePC-SAFT prediction result for [C3mpy][Tf2N]
is acceptable, the binary parameters are needed between
[Cnmpy]+ and CO2 due to the fact that the prediction results
are worse than the overall prediction results for all the
[Cnmpy]-based ILs. In this work, to further reduce the number
of adjustable parameters, the linear relationship with molecular
weight was also used for the binary parameters between
[Cnmpy]+ and CO2.

Table 10 shows the ARDs of the modeling results with the
addition of the adjustable parameters as listed in Table 11, and
the expression of binary parameters of [Cnmpy]+ and CO2 is

= − +−K M0.2199 0.002044C mpy CO wn 2 (20)

where Mw is the molecular weight of the cation in a
homologous series of ILs.

For comparison, the ARDs of the ePC-SAFT prediction (i.e.,
kij = 0) for these ILs are also listed in Table 10. The ARDs
decrease with fitted kij for all the ILs considered in this part.
Figure 14 compares the model prediction and the modeling
results with the binary parameter for the CO2 solubility in
[C4mim][C1SO4]. The results listed in Table 10 and shown in
Figure 14 with and without adjustable parameter indicate that
the binary parameter improves the model performance
significantly.
The ARD of modeling results for [C6mpy][Tf2N] is still

higher. The main reason is that the experimental data of

Table 9. Model Prediction Performances for CO2 Solubility
in ILs

IL
ARD
(%) IL

ARD
(%) IL

ARD
(%)

[C2mim]
[BF4]

a
7.7 [C4mim]

[eFAP]
5.2 [C8mpyr]

[Tf2N]
12.5

[C4mim]
[BF4]

a
5.5 [C6mim]

[eFAP]
5.3 [THTDP]

[Tf2N]
2.3

[C6mim]
[BF4]

a
5.1 [C2mim]

[Tf2N]
a

7.6 [C4mim][Cl] 5.6

[C8mim]
[BF4]

a
5.6 [C4mim]

[Tf2N]
a

8.1 [THTDP]
[Cl]

1.4

[C4py][BF4] 27.0 [C5mim]
[Tf2N]

8.2 [C4mim]
[C1SO4]

57.9

[C4m4py]
[BF4]

20.0 [C6mim]
[Tf2N]

a
7.7 [C6mim]

[C1SO4]
23.3

[C2mim]
[PF6]

a
3.6 [C8mim]

[Tf2N]
a

4.3 [C4mpyr]
[C1SO4]

29.6

[C4mim]
[PF6]

a
6.1 [C10mim]

[Tf2N]
2.2 [C4mim]

[DCA]
4.6

[C6mim]
[PF6]

a
6.1 [C3mpy]

[Tf2N]
14.7 [C4mpyr]

[DCA]
6.6

[C8mim]
[PF6]

9.6 [C4mpy]
[Tf2N]

19.9 [THTDP]
[DCA]

10.1

[C2mim]
[tfo]

7.3 [C6mpy]
[Tf2N]

70.2 [C4mim]
[SCN]

14.4

[C4mim]
[tfo]

9.0 [C3mpyr]
[Tf2N]

17.7 [C6mim]
[SCN]

3.7

[C6mim]
[tfo]

6.1 [C4mpyr]
[Tf2N]

5.8 [C8mim]
[SCN]

5.1

[C8mim]
[tfo]

8.5 [C5mpyr]
[Tf2N]

14.0 [C6mim][Br] 43.3

[C4mpyr]
[tfo]

5.1 [C6mpyr]
[Tf2N]

2.1 [THTDP]
[Br]

20.8

[C2mim]
[eFAP]

3.2

aResults taken from our previous work22

Figure 13. Phase equilibria of the binary system CO2/[C4mim]-
[DCA]. Symbols: experimental data. Lines: model prediction with
ePC-SAFT.

Table 10. Modeling Results for Solubility of Carbon Dioxide
in ILs Using Binary Parameters

IL

ARD xCO2

prediction
[%]

ARD
xCO2

fitted
[%] IL

ARD xCO2

prediction
[%]

ARD
xCO2

fitted
[%]

[C4mim]
[C1SO4]

57.9 7.3 [C3mpy]
[Tf2N]

14.7 4.0

[C6mim]
[C1SO4]

23.3 5.1 [C4mpy]
[Tf2N]

19.9 3.4

[C4mpyr]
[C1SO4]

26.9 7.1 [C6mpy]
[Tf2N]

70.2 28.0

[THTDP]
Br

20.8 9.2 [C4py]
[BF4]

27.0 9.6

[C6mim]Br 43.3 16.7 [C4m4py]
[BF4]

20.0 3.3

Table 11. Binary Parameters for Different Ions with CO2

Br− [C1SO4]
− [C4py]

+ [C4m4py]
+

CO2 0.250 0.0645 −0.00428 0.00229
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[C6mpy][Tf2N] is only up to 13 bar, while for other
[Cnmpy][Tf2N] considered in this work, the experimental
results cover a wide pressure range.
It should be mentioned here as also mentioned in the

previous parts that the ePC-SAFT parameters of Br− and
[C1SO4]

− may need to be modified in the future, and
consequently, the binary parameters may also need to be
changed.
In addition, the same ePC-SAFT model was also used by

Zubeir et al.158 to study gas solubility in ILs. In their work, the
ion parameters for [C5O2mim]+, [C3Omim]+, [OHC3mim]+,
and [TCM]− were obtained from the fitting of the
experimental density data of four ILs. It was found that ePC-
SAFT provided promising prediction for the CO2 solubility,
while by using the binary parameters for the cation/CO2 and
anion/CO2 fitted to the solubility data at one temperature, the
model prediction at other temperatures could be improved
significantly. However, the binary adjustable parameters are IL-
dependent; for example, for [C5O2mim][TCM], the binary
parameter of [TCM]-CO2 is 0.01049, while it is 0 for
[C3Omim][TCM]. In this work, the binary adjustable
parameters are ion-specific. To sum up, the results of ePC-
SAFT with the binary parameters are highly promising for the
ILs that cannot be predicted accurately with ePC-SAFT.
4.4.3. ePC-SAFT Predictions for Other Gas Solubility in ILs.

In this part, the solubilities of gases other than CO2 were
studied with ePC-SAFT where the binary parameters in eq 4
were set to be zero except the one between hydrogen and
[Tf2N]

−. The value of kH2−Tf2N was set to be −0.2625
according to our previous work.24

Table 12 shows the prediction performance for methane,
carbon monoxide, hydrogen, nitrogen and oxygen. The low
AAD values prove that ePC-SAFT is capable of predicting the
solubility of different gases other than CO2. Figure 15 shows
the solubility of methane in [C2mim][eFAP] that with the
greatest AAD, showing that ePC-SAFT can be used to predict
the slope of the gas solubility.
A typical example for comparing the experimental and ePC-

SAFT prediction results is shown in Figure 16 for [C4mim]-

[DCA]. The predicted slopes agree with experimental results
throughout the whole range, and the deviation is acceptable.
To sum up, combining the results obtained from this section

and those in our previous work,22,24 ePC-SAFT can be used to
qualitatively predict the solubility of other gases than CO2 in
ILs without any additional binary parameters.

5. CONCLUSION
In this work, ePC-SAFT was used to predict the thermody-
namic derivative properties and study the gas solubilities of ILs.
The model prediction of the thermodynamic derivative
properties was verified by comparing with the available
experimental data for 94 ILs at temperatures from 245.81 to
425.15 K and at pressures from 1 to 2000 bar. It shows that the
model with the parameters fitted to the density or estimated by
the linear expression with the molar weight can provide reliable
predictions for most ILs in a wide temperature and pressure
range except for some ILs containing the specific ions of
[C1SO4]

− and Br.
Without any additional binary parameters, ePC-SAFT was

also used to predict the CO2 solubilities in 35 ILs at
temperatures from 283.18 to 413.2 K and at pressures from
0.10 to 1001.2 bar. The comparison with the available

Figure 14. Phase equilibria of the binary system CO2/[C4mim]-
[C1SO4]. Symbols: experimental data. Dashed lines: model prediction
results of ePC-SAFT. Solid lines: model results with binary
parameters.

Table 12. ePC-SAFT Prediction Results for the Solubility of
Gases Other than CO2

IL gas
AAD xi

[mol/mol] IL gas
AAD xi

[mol/mol]

[C2mim]
[eFAP]

CH4 0.039 [C4mim]
[DCA]

N2 0.0032

[C4mim]
[DCA]

CH4 0.014 [C4mim]
[PF6]

N2 0.00054

[C4mim]
[C1SO4]

CO 0.0012 [C6mim]
[eFAP]

N2 0.037

[C4mim]
[Tf2N]

H2 0.00046 [C4mim]
[BF4]

O2 0.00019

[C4mpy]
[Tf2N]

H2 0.015 [C4mim]
[BF4]

O2 0.024

[C6mim]
[eFAP]

H2 0.023 [C6mim]
[eFAP]

O2 0.023

[C4mim]
[BF4]

N2 0.00035

Figure 15. Phase equilibria of the binary system CH4/[C2mim]-
[eFAP]. Symbols: experimental data. Lines: model prediction with
ePC-SAFT.
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experimental results shows that the prediction for 25 ILs is
acceptable (ARD < 15%). Furthermore, the addition of the
ion-specific binary parameters between IL ion and CO2
improves the model performance significantly for some ILs
with relatively bad prediction. The prediction of the solubility
for the other gas (CH4, CO, H2, N2, and O2) also shows good
performance with an AAD less than 0.04 mol/mol. In
summary, ePC-SAFT can be used to predict the thermody-
namic derivative properties and gas solubilities of pure-IL and
mixed-IL in a broad range of temperature and pressure.
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Anion influence on thermophysical properties of ionic liquids: 1-
butylpyridinium tetrafluoroborate and 1-butylpyridinium triflate. J.
Phys. Chem. B 2010, 114 (10), 3601−3607.
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L.; Comuñas, M. J.; Fernańdez, J. Volumetric Behaviour of Six Ionic
Liquids from T = (278 to 398) K and up to 120 MPa. J. Chem.
Thermodyn. 2016, 93, 24−33.
(97) Ortega, J.; Vreekamp, R.; Marrero, E.; Penco, E. Thermody-
namic properties of 1-butyl-3-methylpyridinium tetrafluoroborate and
its mixtures with water and alkanols. J. Chem. Eng. Data 2007, 52 (6),
2269−2276.
(98) Gardas, R. L.; Costa, H. F.; Freire, M. G.; Carvalho, P. J.;
Marrucho, I. M.; Fonseca, I. M.; Ferreira, A. G. M.; Coutinho, J. A.
Densities and derived thermodynamic properties of imidazolium-,
pyridinium-, pyrrolidinium-, and piperidinium-based ionic liquids. J.
Chem. Eng. Data 2008, 53 (3), 805−811.
(99) Esperanca̧, J. M.; Guedes, H. J.; Blesic, M.; Rebelo, L. P.
Densities and derived thermodynamic properties of ionic liquids. 3.
Phosphonium-based ionic liquids over an extended pressure range. J.
Chem. Eng. Data 2006, 51 (1), 237−242.
(100) Tome,́ L. I.; Gardas, R. L.; Carvalho, P. J.; Pastoriza-Gallego,
M. J.; Pineiro, M. M.; Coutinho, J. A. Measurements and correlation
of high-pressure densities of phosphonium based ionic liquids. J.
Chem. Eng. Data 2011, 56 (5), 2205−2217.
(101) Neves, C. M.; Kurnia, K. A.; Coutinho, J. A.; Marrucho, I. M.;
Lopes, J. N. C.; Freire, M. G.; Rebelo, L. P. N. Systematic study of the
thermophysical properties of imidazolium-based ionic liquids with
cyano-functionalized anions. J. Phys. Chem. B 2013, 117 (35), 10271−
10283.
(102) Larriba, M.; García, S.; García, J.; Torrecilla, J. S.; Rodríguez,
F. Thermophysical properties of 1-ethyl-3-methylimidazolium 1, 1, 2,
2-tetrafluoroethanesulfonate and 1-ethyl-3-methylimidazolium ethyl-
sulfate ionic liquids as a function of temperature. J. Chem. Eng. Data
2011, 56 (9), 3589−3597.
(103) Freire, M. G.; Teles, A. R. R.; Rocha, M. A.; Schröder, B.;
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ABSTRACT: Viscosity is one of the most important physical properties
when developing ionic liquids (ILs) for industrial applications such as CO2
separation. The viscosities of ILs have been measured experimentally, while
the modeling work is still limited. In this work, the electrolyte perturbed-
chain statistical associating fluid theory (ePC-SAFT) was combined with the
free volume theory (FVT) to model the viscosities of pure ILs and IL
mixtures up to high pressures and temperatures, in which the ePC-SAFT was
used to calculate the density as inputs for modeling the viscosity of ILs with
FVT. The ILs under consideration contain one of the IL cations [Cnmim]+,
[Cnpy]

+, [Cnmpy]+, [Cnmpyr]+, or [THTDP]+ and one of the IL anions
[Tf2N]

−, [PF6]
−, [BF4]

−, [tfo]−, [DCA]−, [SCN]−, [C1SO4]
−, [C2SO4]

−,
[eFAP]−, Cl−, [Ac]−, or Br−. In total, 89 ILs were considered combined with
a thorough literature survey of the available experimental viscosity data and
evaluation. The comparison with the available experimental viscosities shows
that the model can provide reliable representation and prediction for most of the pure ILs in a wide temperature and pressure
range, and it can be further used to predict and describe the viscosity of IL mixtures reliably.

1. INTRODUCTION

Global warming is now widely recognized as being the biggest
global issue facing human beings, and the anthropogenic CO2

generated mainly from the combustion of fossil fuels for power
generation and transportation is believed to be the main cause
of global warming.1 Mitigating CO2 emission from fossil-fueled
power plants as well as from transportation has become an
urgent and worldwide research topic, in which CO2 separation
is often needed. Therefore, CO2 separation from gas mixtures
is of importance for mitigating CO2 emissions.
Ionic liquids (ILs) are, in fact, molten salts that do not evap-

orate and are widely anticipated as potentially environmentally
benign solvents. Their properties mostly depend on the chem-
ical structure, which makes it possible to design a particular IL
to meet a specific application. ILs have shown a great potential
to be used as liquid absorbents for CO2 separation because of
high CO2 solubility

2 compared to other common components
and lower energy requirement for regeneration.3

Viscosity is one of the most important physical properties
required in process design of CO2 separation processes because it
strongly affects the mass- and heat-transfer rates and flow behav-
ior.4 It is well-known that the viscosity of pure ILs is relatively
high compared to those of common organic solvents and varies

widely depending on the type of cation and anion as well as
other conditions, such as temperature and pressure.5 In addi-
tion, the viscosity of ILs may change significantly with CO2

dissolution and water content.6 Therefore, the investigation of
the viscosity of ILs and IL-containing mixtures and the under-
standing of the dependence of the viscosity of ILs on its micro-
scopic structure (cation, anion, and the length of alkyl substit-
uents) in a wide temperature and pressure range are important
for CO2 separation with ILs.
In experiments, a huge amount of viscosity data of pure ILs

has been measured to study the effect of the cation and anion
of ILs on viscosity. However, because of the vast number of ILs
that can be tailored, the number of experimental investigations
needed is less than adequate. Therefore, it is highly desirable to
develop theoretical models for estimating the viscosity of ILs
and IL-containing mixtures over a wide range of conditions
and then to gain a fundamental understanding of the factors
that control the viscosity of IL solutions.
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Several models have been developed to describe the viscos-
ity of IL systems, but most of them are empirical correlations.
A group contribution method7,8 has been developed to predict
the viscosity of ILs, but it cannot be used in a wide pressure
range. Riva et al.9 fitted the viscosity to several mathematical
models based on the experimental viscosities of 134 ILs; how-
ever, the influence of pressure on the viscosity of ILs and the
viscosity of IL mixtures has not been considered. For the viscos-
ity of IL-containing mixtures, the models based on Eyring theory
have been developed with the viscosity of pure ILs as input,
which implies that the representation of the viscosity for pure
ILs and IL-containing mixtures in the same framework is impos-
sible.4 Haghbakhsh and Raeissi10 used Vogel correlation as well
as Daubert and Danner correlation to study the viscosities of
8 ILs and their mixtures at atmospheric pressure. Hosseini
et al.11 proposed a hard sphere-based model to predict the
viscosities of 17 ILs in a wide temperature range. Xu et al.12

separately combined the Eyring theory with UNIQUAC, non-
random two-liquid model, and Wilson equation, to represent
the viscosity of ILs mixtures, but the model cannot be used to
describe the viscosity of pure ILs. Almeida et al.13 studied the
viscosities of pure ILs and IL mixtures with a common cation
using the Vogel−Fulcher−Tammann model, but the model
parameters are composition-dependent, limiting the further
prediction.
Meanwhile, statistical associating fluid theory (SAFT) has

been extensively used to describe the thermodynamic proper-
ties of ILs, and SAFT-based theory has been combined with other
models to describe the viscosity of ILs. For example, Polishuk14

proposed a modified Yarranton−Satyro model, combining
either a SAFT or a cubic equation of state (EoS), to describe
the viscosity of imidazolium-based ILs reliably, but only several
pure ILs were considered.14 Abolala et al.15 coupled the fric-
tion theory (FT), the free volume theory (FVT), and the mod-
ified Yarranton−Satyro correlation, separately, with the SAFT-
VR-Mie EoS to study the viscosity of 11 imidazolium-based
ILs in a wide temperature and pressure range. Llovell and
Vega16 coupled FVT with soft-SAFT to represent the viscosity
of [Cnmim][BF4] and a binary mixture of [Cnmim][BF4]. All
of the work is focused on imidazolium-based ILs.
In our previous work, SAFT-based models have been devel-

oped to model IL and aqueous electrolyte solutions,17−28 and
the developed ePC-SAFT with ion-specific parameters can pre-
dict the thermodynamic properties of ILs with high accuracy.
In addition, the developed ePC-SAFT has been coupled sepa-
rately with the FT and FVT to represent the viscosity of the
imidazolium-based ILs.4 The results reveal that both ePC-
SAFT-FT and ePC-SAFT-FVT can be used to represent the
viscosity in a wide temperature and pressure range; ePC-
SAFT-FT shows higher accuracy but with more parameters, while
ePC-SAFT-FVT shows acceptable accuracy with fewer parame-
ters; considering the number of parameters, ePC-SAFT-FVT
can be a preferable option. Recently, the developed ePC-SAFT
has been further extended to the commonly used ILs,27 while
the performance of the viscosity model ePC-SAFT-FVT has
not yet been investigated.
In this work, the viscosity model, ePC-SAFT-FVT, was used

to study the viscosity of the commonly used ILs containing one
of the IL cations [Cnmim]+, [Cnpy]

+, [Cnmpy]
+, [Cnmpyr]+, or

[THTDP]+ and one of the IL anions [Tf2N]
−, [PF6]

−, [BF4]
−,

[tfo]−, [DCA]−, [SCN]−, [C1SO4]
−, [C2SO4]

−, [eFAP]−, Cl−,
[Ac]−, or Br−. In addition, before modeling, the available exper-
imental viscosity data was surveyed thoroughly and further

evaluated in order to suggest reliable experimental data and to
judge the model performance reasonably.

2. THEORY
2.1. ePC-SAFT model. For ePC-SAFT,25 the dimension-

less residual Helmholtz energy (ares) is a summation of energy
contributions accounting for the hard-chain (ahc), dispersive
(adisp), and ionic interactions (aion) for the IL systems:

= + +a a a ares hc disp ion (1)

The expressions of hard chain and dispersive terms have
been described in the ref 18. The Debye−Hückel theory was
used to represent the ionic term:17

∑κ
πε

χ= −a x q
12 j

j j j
ion 2

(2)

where xj and qj are the mole fraction and the charge of ion j in
coulombs, respectively; ε is the dielectric constant of the medium
in F/m, and it was set to be unity for pure ILs; κ is the inverse
Debye-screening length with a unit of reciprocal meters (1/m).
The definitions of κ and χj can be found in the original ePC-
SAFT publication.17

Following our previous work,27 each IL was considered to be
composed of an IL cation and an IL anion; that is, we consid-
ered IL as an equimolar mixture of IL anion and IL cation. Each
IL ion was modeled as a nonspherical species with repulsive,
dispersive, and Coulombic interactions. Three parameters
segment number, mseg; segment diameter, σ (Å); and dispersion-
energy parameter, u/k (K)were used in the model.
The Lorentz−Berthelot combining rules were used to

characterize a pure IL without any additional binary param-
eters:

σ σ σ= +1
2

( )ij i j (3)

=u u uij i j (4)

∑̅ =m x m
i

i i
(5)

2.2. Viscosity Model. The viscosity, η, of a fluid can be
described as the summation of a dilute gas viscosity term, η0,
and a dense state correction term, ηres:

η η η= +0
res

(6)

2.2.1. Dilute Gas Viscosity Term, η0. Compared with ηres,
the contribution of η0 is very small. In this work, we used the
model proposed by Chung et al.30 based on the modified
Chapman−Enskog theory, in which η0 is expressed as

η μ=
Ω* *
MT

V T
F40.785 ( P)0 c c2/3

(7)

where M (g/mol) is the molecular weight; Vc (cm3/mol) the
critical volume; and T* the reduced temperature, i.e., T* = T/Tc

with T and Tc being the absolute and the critical temperatures in
Kelvin, respectively.
In eq 7, Ω* is the reduced collision integral:

Ω* =
*

+ +

− × * [ * − ]

* *

− −
T e e

T T

1.16145 0.52487 2.1678

6345 10 ( ) sin 18.0323( ) 7.2731

T T0.77320 2.43787

4 0.14784 0.76830

(8)
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and Fc can be calculated using the following expression:

ω μ κ= − + + ′F 1 0.2756 0.059035c r
4

(9)

In eq 9, ω is the acentric factor, κ′ the correction factor to
account for the effect of hydrogen bonding for the associating
substances, and μr the dimensionless dipole moment estimated
by

μ μ= V T131.3 /r
c c

(10)

In eq 10, μ denotes the dipole moment, and the unit is the
debye (D).
2.2.2. Dense State Correction Term, ηres. In this work, FVT

was used to obtain ηres that is related to the free volume

fraction, f v. Doolittle
31 proposed an empirical relation between

ηres and f v:

η = A
B
f

expres

v (11)

When we combine the expression of f v derived by Allel
et al.,32 ηres can be expressed as

η ρ= × ·−( )lE
MRT

e
1

3
( 10 mPa s)B E

RTres 7
3/2

(12)

αρ
ρ

= +E
PM

(13)

Table 1. Available Experimental Viscosity Data for Pure ILs

excluded
ref ref 1 bar

ref >
1 bar

[C2py][Tf2N] 33
[C4py][Tf2N] 33−37
[C6py][Tf2N] 33 38, 39
[C8py][Tf2N] 40 34, 39
[C10py][Tf2N] 34
[C12py][Tf2N] 34
[C2mpy][Tf2N] 41
[C3mpy][Tf2N] 41−43
[C4mpy][Tf2N] 33, 38, 41, 43−45
[C6mpy][Tf2N] 38, 42, 51
[C8mpy][Tf2N] 38
[C3mpyr][Tf2N] 53 52, 54
[C4mpyr][Tf2N] 41, 45, 51, 52, 56−59 55
[C4m2py][Tf2N] 33
[C4m4py][Tf2N] 33, 39, 60
[THTDP][Tf2N] 61, 62
[C3mim][Tf2N] 63−66
[C5mim][Tf2N] 65, 66
[C7mim][Tf2N] 65, 66
[C8mim][Tf2N] 37, 66
[C9mim][Tf2N] 66
[C10mim][Tf2N] 69 66, 68 67
[C12mim][Tf2N] 66
[C14mim][Tf2N] 66
[C3py][BF4] 70 49
[C4py][BF4] 50 35, 36, 71, 72 49
[C6py][BF4] 36
[C8py][BF4] 71 36
[C4mpy][BF4] 50 33, 36, 38, 46−48 49
[C6mpy][BF4] 36
[C8mpy][BF4] 36, 40 73 49
[C4m2py][BF4] 49 74, 75
[C4m4py][BF4] 47, 50, 76, 77 49
[C1mim][BF4] 78
[C2mim][BF4] 78, 79 58, 80−85
[C3mim][BF4] 81
[C10mim][BF4] 86 87
[C3mpy][PF6] 88
[C3mim][PF6] 88
[C5mim][PF6] 89
[C7mim][PF6] 89
[C9mim][PF6] 89
[C2py][tfo] 90
[C4py][tfo] 72 49
[C4mpy][tfo] 33, 91

excluded
ref ref 1 bar

ref >
1 bar

[C4mpyr][tfo] 41, 56, 91 92
[C2mim][tfo] 93−95
[C4mim][tfo] 41, 58, 93, 96
[C6mim][tfo] 41
[C8mim][tfo] 87
[C4mpy][DCA] 76, 97 49
[C4mpyr][DCA] 98, 99
[THTDP][DCA] 61 62, 100−102
[C2mim][DCA] 79, 105 82, 83, 95, 103, 104
[C4mim][DCA] 106 41, 46, 76, 83, 100, 104, 107
[C6mim][DCA] 41, 83
[C4py][SCN] 36
[C4mpyr][SCN] 108
[C4m4py][SCN] 108
[C2mim][SCN] 83, 110
[C4mim][SCN] 83, 108−110
[C1py][C1SO4] 111
[C1mpy][C1SO4] 111
[C4mpyr]
[C1SO4]

112

[C1mim][C1SO4] 48
[C2mim][C1SO4] 48, 93, 113, 114
[C4mim][C1SO4] 116, 117 93, 115
[C2py][C2SO4] 38, 119, 120
[C2mpy][C2SO4] 118, 121, 123
[C2mpyr]
[C2SO4]

112

[C2mim][C2SO4] 56, 105, 115, 118, 122−125,
157

55

[C4mpy][eFAP] 33
[C4mpyr][eFAP] 56, 79, 126 92
[THTDP]
[eFAP]

56, 126

[C2mim][eFAP] 127−129
[C4mim][eFAP] 129
[C6mim][eFAP] 129, 130
[THTDP]Cl 62 61, 131−133
[C2mim]Cl 87, 106
[C4mim]Cl 87, 106
[C6mim]Cl 87, 106, 134
[C8mim]Cl 48, 87, 106, 134
[C4mpyr][Ac] 135
[C2mim][Ac] 95, 103, 106, 128, 136−138
[C4mim][Ac] 135 38, 106, 136, 139, 140
[THTDP]Br 62, 102
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where R is the gas constant, 8.3145 in J/(mol·K); ρ is the
density in kg/m3; and E is the molecular potential energy of
interaction per mole for a molecule with its neighbors.
For each pure fluid, there are three parameters: α, l, and B.

α (J·m3/(mol·kg)) represents the energy barrier that a molecule
has to pass in order to diffuse; B is a characteristic parameter
for the free volume overlap; l (Å) is a length parameter that
accounts for the molecular size of the fluid.
The following mixing rules were used:

∑ ∑α α= x x
i j

i j ijmix
(14)

α α α= − α(1 k )( )ij i j
0.5

(15)

∑=l x l
i

i imix
(16)

=
∑

B
1

i
x
B

mix i

i (17)

where kα is an adjustable parameter.

3. SURVEY AND EVALUATION OF EXPERIMENTAL
VISCOSITY DATA

The experimental data is important for verifying the model
performance and developing theoretical models. For the viscos-
ity of ILs, a lot of experimental data has been determined, while
to the best of our knowledge, no work has been conducted to
systematically survey and evaluate the available experimental
viscosity results. Meanwhile, it is well-known that the value of
experimental viscosity of ILs may strongly depend on the water
content, the impurity of ILs, and so on, and the experimental
results from different sources can be quite different.29 This makes
it important to evaluate the available experimental data in order
to identify the experimental uncertainty and recommend reliable
experimental data for model development.
The available data from different literature sources was sur-

veyed and collected based on the open publications. The ILs of
concern include those composed of the ions studied in our
previous work27,28 and those in the homologous series of ILs.
The full name for all the studied ions is summarized in Table S1
in the Supporting Information.
The sources of the available experimental viscosity data are

summarized in Table 1. The survey shows that most of the
data was determined at 1 bar, and only 12 groups of data were
determined at high pressures for the ILs of [C4mpyr][Tf2N],
[C10mim][Tf2N], [C3py][BF4], [C4py][BF4], [C4mpy][BF4],
[C8mpy][BF4], [C4m4py][BF4], [C4py][tfo], [C4mpyr][tfo],
[C4mpy][DCA], [C2mim][C2SO4], and [C4mpyr][eFAP].
Moreover, the experimental uncertainties at low temperature are
much higher compared to that at high temperatures. The experi-
mental uncertainty can be up to 10−50% at low temperatures.
Meanwhile, [C2mim][Tf2N], [C6mim][Tf2N], and [C6mim]-

[BF4] have been studied in a narrow temperature range because
of the limited experimental data at that moment.4 The survey
shows that more experimental viscosity data points have been
reported since 2014. The new experimental viscosity can be
used to verify and adjust the model parameters. The sources of
the supplementary data for these 3 ILs are listed in Table 2.
For most of ILs, the viscosity has been measured by different

research groups, which makes it possible to conduct the eval-
uation of viscosity results via comparison with each other.

Based on the criteria described in the Supporting Information,
the available experimental viscosity data of all ILs was eval-
uated. The sources with consistent data are noted as “ref” in
Tables 1 and 2, while the sources with the data that are incon-
sistent with others are noted as “excluded ref”. The criteria
used in this work to exclude data are discussed in detail in the
Supporting Information.

4. MODELING
4.1. ePC-SAFT Parameters. In this work, ePC-SAFT was

used to calculate the density of ILs or IL mixtures as the input
of FVT for viscosity. In modeling density with ePC-SAFT, the
ePC-SAFT parameters for each IL ion were (1) taken from refs 27
and 28 for the ILs that have been studied, (2) estimated with
the linear relationship (eqs 18 −21) obtained in refs 27 and 28
for those within a homologous series of ILs, or (3) obtained by
the fitting of the experimental density of pure ILs. For the ILs
with the ePC-SAFT parameters not directly taken from the lit-
erature, the density was studied first with ePC-SAFT and then
compared to the available experimental density for the verifi-
cation of ePC-SAFT parameters.
It should be mentioned that there was a typo in the expres-

sion for [Cnpy]
+ in ref 27, and it was corrected in this work.

In eqs 18−21, the unit is same as that described in section 2.1.

[Cnmim]+

σ
ε

= −
= +

= +

l
m
ooooo

n
ooooo

m M
M

k M

0.033350 2.1956
0.0014783 3.4276

/ 0.42249 159.49

seg

(18)

[Cnpy]
+

σ
ε

= −

= × +
= +

−

l
m
ooooo

n
ooooo

m M

M
k M

0.04841 3.4605

3.9762 10 3.2589
/ 0.37096 185.12

seg

4

(19)

[Cnmpy]+

σ
ε

= − × +

= × − ×
= −

−

− −

l
m
ooooo

n
ooooo

m M

M
k M

1.2684 10 4.4561

2.6666 10 2.0172 10
/ 8.2432 961.30

seg 2

2 1

(20)

[Cnmpyr]+

σ
ε

= × − ×

= × +
= −

‐ ‐

−

l
m
ooooo

n
ooooo

m M

M
k M

2.4411 10 8.3618 10

9.7383 10 2.3594
/ 7.5581 801.31

seg 2 1

3

(21)

In addition, the numerical problem on SAFT-based models
has been pointed out by Polishuk and Jaubert.153 The numer-
ical problem for the used ePC-SAFT was also investigated for
all the ILs, and it shows that there is no numerical problem in
calculating density.

Table 2. Supplementary Experimental Viscosity Data for
[C2mim][Tf2N], [C6mim][Tf2N], and [C6mim][BF4]

excluded ref ref

[C6mim][BF4] 148, 109 67, 81, 117, 146, 147
[C2mim][Tf2N] 38, 41, 82, 105, 117, 123, 149−152
[C6mim][Tf2N] 148 38, 65, 100, 122, 149
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4.2. Estimation of Dilute Gas Term, η0. In modeling
viscosity with FVT, the critical properties (Tc, Pc) and the
acentric factor are needed to calculate η0. Considering that the
critical properties of ILs cannot be determined experimentally,
in this work, the group contribution method proposed by
Valderrama and Robles141 was used for some ILs as listed in
Table S2, while for the other ILs, the critical properties and the
acentric factor were taken from the literature142 estimated with
the same method and listed in Table S3. In addition, the
correction factor κ′ and μr were also needed for calculating η0.
In this work, κ′ for all the studied ILs was assumed to be the
same as that for ethanol.143 The dipole moment, μ, was assumed
to be the same as that for methanol, which has also been used
by other researchers in modeling ILs.144 These approximations
should be accurate enough as the contribution of η0 to the total
viscosity is very small.
4.3. Strategies for FVT Modeling for Pure ILs. In mod-

eling viscosity of pure ILs, the model parameters in FVT can
be obtained by the fitting of the experimental data of viscosity,
i.e., the molecular-based approach with FVT parameters for each
IL (strategy 1). Meanwhile, the research has shown that the
viscosity of ILs mainly depends on the IL anion. For example,
at 293.15 K, the viscosity of [C4mim][Tf2N] is around 60 mPa·s,
while the viscosity of [C4mim]Cl is around 40000 mPa·s at the
same temperature. Also, the viscosity increases with increasing
the length of alkyl chain for the IL cations in a homologous
series of ILs with the same anion. As a result, in this work,
strategy 2 was also used to study the viscosity of a homologous
series of ILs with a linear relationship for the IL cation param-
eters in FVT model, i.e., the approach using IL cation linearized
parameters in the viscosity model (strategy 2).

5. MODELING RESULTS AND DISCUSSION
To evaluate the model performance, the absolute relative devi-
ation (ARD) was used and calculated by

∑ η η
η

=
−

N
ARD

1

i

i i

i

cal exp

exp
(22)

where ηcal is the calculated viscosity and ηexp is the exper-
imental viscosity; N denotes the number of data points.
5.1. ILs of [Cnmim][BF4], [Cnmim][PF6], and [Cnmim]-

[Tf2N]. The viscosity of three homologous series of ILs
([Cnmim][BF4] (n = 4, 6, 8), [Cnmim][PF6] (n = 4, 6, 8), and
[Cnmim][Tf2N] (n = 2, 4, 6)) has been studied with two
strategies.4 For strategy 1, the parameters of α and B in the
FVT model increase or decrease with the increase of molecular
weight of cations for each homologous series of ILs. However,
for the size parameter l, it decreases with increasing molecular
weight of cations for [Cnmim][PF6] and [Cnmim][Tf2N], while
for [Cnmim][BF4], no obvious trend can be observed. The fur-
ther analysis of the experimental viscosities used for para-
metrizing shows that the experimental data results for [C6mim]-
[BF4], [C2mim][Tf2N], and [C6mim][Tf2N] are in a narrow
temperature range. Because the viscosity of ILs is highly

dependent on the temperature, using the viscosity data within
a narrow temperature range might lead to inappropriate or unrea-
sonable parameters. Therefore, the model parameters need to
be further investigated with the experimental viscosities in a
wide temperature range.
Since 2014, new experimental data in a wide temperature

range have been reported for these ILs. Based on the updated
experimental data, new sets of FVT parameters for these 3 ILs
with strategy 1 were obtained in this work as summarized in
Table 3. On the basis of the results listed in Table 3, we can
see that the new parameters of FVT including the size param-
eter l increase or decrease with the increase of molecular weight
of cations for each homologous series of ILs. This trend also
agrees with the hypothesis of strategy 2. This is very useful
information in order to get reliable parameters for the IL with
only a few data points.

5.2. Parameterizing. In parameter fitting with strategy 1,
the preliminary study shows that, for the IL with only a few
data points or with the data only at atmospheric pressure, the
different initial guess can lead to different results on the fitted
parameters, while for the ILs with data in a wide temperature
and pressure range, such problem can be avoided. For example,
for [C4m4py][Tf2N] with 25 data points at 278.15−363.15 K and
1 bar, using the initial guess (α = 1000 J·m3/(mol·kg), B = 0.001
and l = 0.01 Å) the fitted parameters are (α = 778.52 J·m3/
(mol·kg), B = 0.000680 and l = 0.0341 Å). Using these fitted
parameters to predict the viscosity of [C4m4py][Tf2N]/[C4py]-
[Tf2N] obtains a poor prediction with an ARD of 236.8% due
to the parameters of [C4m4py][Tf2N] without physical meaning.
Using the parameters based on the homologous series of
[Cnmpy][Tf2N] as the initial guess, a new set of parameters was
obtained for [C4m4py][Tf2N], and this set of parameters can pre-
dict the mixture with acceptable accuracy.
Therefore, to obtain reasonable parameters in the viscosity

model in strategy 1, in this work, we fitted the ILs with suffi-
cient experimental data first and then used the parameters of
these ILs to get the initial guess for the ILs with few data points.
Based on the parameters obtained in strategy 1, strategy 2 was
used for different homologous series of ILs. For the case that
all the ILs in a homologous series have few data points, strategy
2 was studied first and then the parameters from strategy 2 were
used as an initial guess to obtain the parameters in strategy 1.
On the basis of this, all ILs were investigated, and the results

are summarized in Table 4.
5.3. Discussion of Specific ILs. 5.3.1. [Tf2N]-Based ILs.

5.3.1.1. [Cnpy][Tf2N]. Six ILs, i.e., [C2py][Tf2N], [C4py][Tf2N],
[C6py][Tf2N], [C8py][Tf2N], [C10py][Tf2N], and [C12py]-
[Tf2N], were considered based on the availability of the exper-
imental viscosity. The molecular parameters of [C2py]

+ in ePC-
SAFT for calculating density were obtained from the linear
relation illustrated in eq 19. The density of [C2py][Tf2N] cal-
culated with ePC-SAFT agrees well with experimental data
with an ARD of 0.29%.
In this homologous series of ILs, the experimental viscosities

of [C4py][Tf2N], [C6py][Tf2N], and [C8py][Tf2N] are in a

Table 3. New Sets of FVT Model Parameters (Strategy 1) for the ILs Considered in Ref 4

[C4mim]
[BF4]

[C6mim]
[BF4]

[C8mim]
[BF4]

[C4mim]
[PF6]

[C6mim]
[PF6]

[C8mim]
[PF6]

[C2mim]
[Tf2N]

[C4mim]
[Tf2N]

[C6mim]
[Tf2N]

α 468.90 600.25 883.53 350.66 536.21 714.51 266.03 457.39 631.69
103B 2.330 1.892 1.220 3.388 2.164 1.570 2.414 1.468 1.035
102l 2.328 1.745 1.112 2.250 1.133 0.8971 19.47 5.744 3.987
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wide temperature range, and the FVT parameters for these ILs
were regressed first. After that, the FVT parameters for [C4py]-
[Tf2N] were combined with the experimental viscosity data of
[C2py][Tf2N] to get the FVT parameters of [C2py][Tf2N].
On the basis of the results, we found that the energy parameter
α increases with increasing molecular weight of cations, while the
other two parameters show opposite trends. Similarly, the FVT
parameters of [C8py][Tf2N] were combined with the experi-
mental viscosity data of [C10py][Tf2N] and [C12py][Tf2N] to get
the viscosity model parameters for [C10py][Tf2N] and [C12py]-
[Tf2N], respectively.
After that, we linearized the parameters of all ILs in this

homologous series and used it as an initial guess for strategy 2.
The results of the two strategies are illustrated in Figure 1, showing
that both strategies perform well. The ARD for [C6py][Tf2N] is
slightly high, and this is most probably due to the discrepancies
of the two sets of used experimental data at low temperatures
(Figure 1; the solid triangles represent the experimental data
from ref 38, and the hollow triangles represent the experimental
data from ref 39).
5.3.1.2. [Cnmpy][Tf2N]. The viscosity of [Cnmpy][Tf2N] has

been measured intensively for the ILs with different alkyl chain
length (n = 2, 3, 4, 6, 8). The molecular parameters in ePC-
SAFT for [C2mpy]+ and [C6mpy]+ were estimated using the
linear relation in eq 20. The ARDs of their density predictions
for [C2mpy][Tf2N] and [C6mpy][Tf2N] are 0.208 and 0.441%,
respectively, when compared to the literature data in refs 41, 42,
and 51. In this homologous series of ILs, [C3mpy][Tf2N] and
[C6mpy][Tf2N] have the experimental viscosity over a wide
range of temperatures. For [C4mpy][Tf2N], although there are
44 data points on viscosity from the literature at temperatures
from 288.15 to 353.15 K, the FVT parameters were not regressed
first because of the lack of viscosity at low temperatures and

because the IL viscosity at low temperatures is much more sen-
sitive to the temperature than that at high temperatures. There-
fore, the fitted FVT parameters of [C3mpy][Tf2N] and [C6mpy]-
[Tf2N] were combined with the experimental viscosity data of
[C4mpy][Tf2N] to get the FVT parameters of [C4mpy][Tf2N].
Subsequently, the FVT parameters for [C2mpy][Tf2N] and
[C8mpy][Tf2N] were obtained with the same method as that
for [C4mpy][Tf2N].
For [Cnmpy][Tf2N], the molecular weight dependence on

FVT parameters is similar to that of [Cnpy][Tf2N]. The initial
guesses for the FVT parameters in strategy 2 were estimated
with the same method as that for [Cnpy][Tf2N]. The results are
summarized in Table 4. It shows that two strategies demonstrate

Table 4. ARD Values (%) between Experimental and ePC-SAFT-FVT Calculated Viscositiesa

strategy 1 strategy 2 strategy 1 strategy 2

[C2py][Tf2N] 5.58 3.07 [C7mim][PF6] 7.89 7.09

[C4py][Tf2N] 3.28 3.68 [C8mim][PF6] 3.69 5.23

[C6py][Tf2N] 7.89 9.25 [C9mim][PF6] 4.16

[C8py][Tf2N] 4.39 5.07 [C2py][tfo] 0.97

[C10py][Tf2N] 2.53 3.58 [C4py][tfo] 3.24

[C12py][Tf2N] 2.62 2.98 [C4mpy][tfo] 4.55

[C2mpy][Tf2N] 1.39 5.13 [C4mpyr][tfo] 3.66

[C3mpy][Tf2N] 3.80 3.81 [C2mim][tfo] 2.65 3.85

[C4mpy][Tf2N] 2.39 2.86 [C4mim][tfo] 5.22 5.23

[C6mpy][Tf2N] 4.40 4.50 [C6mim][tfo] 1.47 11.53

[C8mpy][Tf2N] 8.50 9.62 [C8mim][tfo] 4.80 7.34

[C3mpyr][Tf2N] 4.11 [C4mpy][DCA] 6.05

[C4mpyr][Tf2N] 5.39 [C4mpyr][DCA] 2.59

[C2m4py][Tf2N] 3.70 [THTDP][DCA] 7.28

[C4m4py][Tf2N] 4.49 [C2mim][DCA] 4.71 4.90

[THTDP][Tf2N] 4.42 [C4mim][DCA] 6.62 6.42

[C2mim][Tf2N] 4.85 7.66 [C6mim][DCA] 5.10 5.51

[C3mim][Tf2N] 4.15 5.42 [C4py][SCN] 3.25

[C4mim][Tf2N] 4.42 6.66 [C4mpyr][SCN] 1.09

[C5mim][Tf2N] 7.75 10.04 [C4m4py][SCN] 2.82

[C6mim][Tf2N] 3.78 7.82 [C2mim][SCN] 3.29

[C7mim][Tf2N] 3.36 4.93 [C4mim][SCN] 7.05

[C8mim][Tf2N] 3.97 5.52 [C1py][C1SO4] 1.77

[C9mim][Tf2N] 4.67 6.64 [C1mpy][C1SO4] 1.95

strategy 1 strategy 2 strategy 1 strategy 2

[C10mim][Tf2N] 6.48 9.30 [C4mpyr][C1SO4] 2.42

[C12mim][Tf2N] 3.93 [C1mim][C1SO4] 1.11

[C14mim][Tf2N] 1.31 [C2mim][C1SO4] 9.24

[C3py][BF4] 5.26 5.37 [C4mim][C1SO4] 2.86

[C4py][BF4] 5.93 6.16 [C2py][C2SO4] 7.09

[C6py][BF4] 3.75 9.74 [C2mpy][C2SO4] 8.09

[C8py][BF4] 3.39 4.35 [C2mpyr][C2SO4] 1.03

[C4mpy][BF4] 6.23 6.19 [C2mim][C2SO4] 8.07

[C6mpy][BF4] 4.22 6.41 [C4mpy][eFAP] 1.22

[C8mpy][BF4] 4.10 4.89 [C4mpyr][eFAP] 10.61

[C2m4py][BF4] 3.99 [THTDP][eFAP] 5.97

[C4m4py][BF4] 8.89 [C2mim][eFAP] 4.90 4.97

[C1mim][BF4] 1.30 [C4mim][eFAP] 2.22 2.50

[C2mim][BF4] 6.22 8.91 [C6mim][eFAP] 5.35 5.34

[C3mim][BF4] 2.09 3.36 [THTDP]Cl 8.93

[C4mim][BF4] 6.28 11.36 [C2mim]Cl 3.96 24.57

[C6mim][BF4] 6.38 9.58 [C4mim]Cl 17.29 22.28

[C8mim][BF4] 4.11 6.91 [C6mim]Cl 17.94 20.72

[C10mim][BF4] 5.20 [C8mim]Cl 23.70 23.82

[C3mpy][PF6] 1.97 [C4mpyr][Ac] 3.80

[C3mim][PF6] 1.28 [C2mim][Ac] 11.89

[C4mim][PF6] 5.21 6.91 [C4mim][Ac] 12.18

[C5mim][PF6] 4.00 9.35 [THTDP]Br 4.57

[C6mim][PF6] 4.22 4.65

In average 5.07 6.33
aIn strategy 1, the FVT model parameters are IL-specific. In strategy 2, the FVT model parameters depend linearly on the molecular weight of the
IL cation.

Figure 1. Viscosity of [Cnpy][Tf2N] at atmospheric pressure.
Symbols, experimental data (Table 1); solid blue line, results of
strategy 1; dashed yellow line, results of strategy 2.
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good accuracy for these homologous series of ILs. The ARD
for [C8mpy][Tf2N] is slightly high. Because no experimental
density data is available for [C8mpy][Tf2N], whether the ePC-
SAFT model or the FVT model causes the discrepancies is not
known.
5.3.1.3. [Cnmim][Tf2N]. As described in section 5.1, the FVT

parameters for [C2mim][Tf2N] and [C6mim][Tf2N] were
updated in this work based on the new reported experimental
data. In addition, more imidazolium-based ILs were considered
for the homologues series of ILs compared to the previous work,4

and they are [Cnmim][Tf2N] (n = 3, 5, 7, 8, 9, 10, 12, 14).
The molecular parameters of ePC-SAFT for [Cnmim][Tf2N]

(n = 3, 5, 7, 9, 10, 12, 14) were estimated from the linear relation
in eq 18. The ARDs on density calculated with ePC-SAFT for
[Cnmim][Tf2N] are listed in Table S6. From the results
summarized in Table S6, we can see that the density calculated
with ePC-SAFT agrees well with the experimental data145 for the
ILs except [C12mim][Tf2N] and [C14mim][Tf2N]. For [C12mim]-
[Tf2N] and [C14mim][Tf2N], their ARDs on density are up to
2.41 and 3.59%, respectively.
In this homologous series of ILs, there are sufficient exper-

imental viscosity data for [C2mim][Tf2N], [C4mim][Tf2N],
[C6mim][Tf2N], and [C10mim][Tf2N], and the data is not only
in a wide temperature range but also up to very high pressure.
Therefore, these four ILs were used to obtain the FVT param-
eters first, and the FVT parameters for the other ILs in this homo-
logous series were obtained using the same method as mentioned
before. After that, strategy 2 was used for these ILs.
Based on the overall experiences, the viscosity data from dif-

ferent sources often show relatively large deviation among each
other for the ILs with a long length of alkyl chain in the cation,
and the available data points for the ILs with a very long/short
alkyl chain in the cation are few. In this case, the inclusion of
such ILs may lead to large ARDs due to the insufficient consid-
eration of these ILs in the regression with strategy 2. There-
fore, [C12mim][Tf2N] and [C14mim][Tf2N] were excluded in
strategy 2.
However, for the ILs of [C10py][Tf2N] and [C12py][Tf2N]

studied in section 5.3.1.1, even though their experimental data
points are few and from only one source, they were still included
in strategy 2 because the inclusion shows a slight influence on the
fitting results, and the available experimental data points for other
[Cnpy][Tf2N] are also limited.
The results of two strategies are illustrated in Table 4. The

modeling results on viscosity show a good consistence with the
experimental data for most cases. In strategy 2, the model
results of [C5mim][Tf2N] are not as good as those for other
ILs, and it is possibly due to the discrepancy between the two
sets of data used for parameter fitting at high temperatures.
5.3.1.4. Other [Tf2N]-Based ILs. Other [Tf2N]-based ILs con-

sidered in this work are [C3mpyr][Tf2N], [C4mpyr][Tf2N],
[C4m2py][Tf2N], [C4m4py][Tf2N], and [THTDP][Tf2N].
Before the viscosity was modeled, the density of [C4m2py]-
[Tf2N] was modeled with ePC-SAFT and then used as input in
the viscosity modeling. The ARD on density for [C4m2py][Tf2N]
is listed in Table S6 in the Supporting Information. The density
calculated from the ePC-SAFT is slightly lower than the exper-
imental data, with an ARD of 2.13%. This deviation is accept-
able in the viscosity modeling.
Comparing the viscosity of [C4m2py][Tf2N], [C4m4py][Tf2N],

and [C4mpy][Tf2N], we can find that the position of the
methyl substituent affects the viscosity of ILs. The viscosity of
[C4mpy][Tf2N] is close to the viscosity of [C4m4py][Tf2N] at

the same temperature and pressure, but they are much lower
than that of [C4m2py][Tf2N]. At the same temperature and
pressure, η[C4m2py] [Tf2N] ≫ η[C4mpy] [Tf2N] > η[C4m4py] [Tf2N].
Although the viscosities of [C4m2py][Tf2N], [C4m4py][Tf2N],

and [C4mpy][Tf2N] are different, their structures are very sim-
ilar. Therefore, in viscosity modeling, the obtained model param-
eters of [C4mpy][Tf2N] were used as initial guesses to get the
FVT parameters for [C4m4py][Tf2N] and [C4m2py][Tf2N].
On the basis of the fitted FVT parameters as summarized in
Table S4, [C4m2py][Tf2N] has the largest α and B.
For [C4mpyr][Tf2N], experimental viscosity data have been

determined in wide temperature and pressure ranges. As a result,
[C4mpyr][Tf2N] was modeled first with FVT, and the fitted
parameters of [C4mpyr][Tf2N] were used as initial guesses to
obtain the FVT parameters for [C3mpyr][Tf2N] because of
their similar molecular structure.
For [THTDP][Tf2N], at low temperatures, its viscosity can

be up to 103 mPa·s, while the ePC-SAFT-FVT still can represent
its viscosity well.

5.3.2. [BF4]-Based ILs. 5.3.2.1. [Cnpy][BF4]. Four ILs of this
type were considered in this work, and they are [C3py][BF4],
[C4py][BF4], [C6py][BF4], and [C8py][BF4]. The viscosity
data from ref 71 was excluded because the data of [C8py][BF4]
at low temperatures were inconsistent with the trend that the
viscosity increases with increasing alkyl chain length. In strategy 1,
[C3py][BF4] and [C4py][BF4] were chosen as the reference, and
their FVT parameters were regressed first because the viscosity
data for both of these ILs covers a wide temperature and pres-
sure range.
Both strategies can be used to represent the viscosity of

[Cnpy][BF4] reliably over a wide temperature and pressure range.
However, under the conditions with low temperatures and high
pressures, the deviation can be relatively higher, for example,
the viscosity model results for [C3py][BF4] and [C4py][BF4]
as illustrated in Figure 2. The reason can be that the param-
eters in FVT are independent of temperature. In the case in which
more accurate results are required, temperature-dependent FVT
parameters can be used to improve the model performance.

5.3.2.2. [Cnmpy][BF4]. Three ILs ([C4mpy][BF4], [C6mpy]-
[BF4], and [C8mpy][BF4]) were considered for [Cnmpy][BF4].
The ePC-SAFT parameters for [C6mpy]+ were estimated from
the linear relationship in eq 20. The prediction results on den-
sity for [C6mpy][BF4] agree well with the experimental data
(ARD = 0.357%).
Among these 3 ILs, the experimental viscosity data for

[C6mpy][BF4] and [C8mpy][BF4] is in a wide temperature and
pressure range and thus it was used to parametrize the viscosity
model first. Their parameters were then used to determine the
FVT parameters for [C6mpy][BF4], combining the available
experimental viscosity data of [C6mpy][BF4].
The modeling results show that both strategies can be used

to describe the viscosity reliably (Table 4). As shown in Figure 3,
both strategies show good modeling results; strategy 1 obtains
a better modeling result at low temperatures, while strategy 2
obtains a better modeling result at high pressures.

5.3.2.3. [Cnmim][BF4]. Seven ILs were considered for this
homologous series of ILs. [C4mim][BF4] and [C8mim][BF4]
were studied previously,4 and their FVT parameters were used
directly in strategy 1 in this work. The FVT parameters for
[C6mim][BF4] were refitted as described in section 5.1 with
the new fitted parameters listed in Table 3.
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For the ILs other than [C2mim][BF4], [C4mim][BF4],
[C6mim][BF4], and [C8mim][BF4], the ePC-SAFT on density
was studied first. The ePC-SAFT parameters of [C1mim]+,
[C3mim]+, and [C10mim]+ were estimated from eq 18. The
ARDs on the densities for [C3mim][BF4] and [C10mim][BF4]
are listed in Table S6 with an acceptable accuracy for the viscos-
ity modeling.
In viscosity modeling, we chose the viscosity data of

[C10mim][BF4] from ref 87 instead of that from ref 86. This is
because the results from refs 86 and 87 show discrepancies,
and the viscosity results of [C8mim]Cl from the same ref 86
are much lower than those from other literature reports.
In addition, [C2mim][BF4], [C4mim][BF4], [C6mim][BF4], and
[C8mim][BF4] were fitted first, and the fitted parameters were
used as the initial guesses in order to get the FVT parameters
for [C3mim][BF4] and [C10mim][BF4] in strategy 1.
The FVT parameters of [C1mim][BF4] cannot fulfill the con-

straint because the alkyl chain in imidazole ring is too short, and
the commonly used linear relationship may be unsuitable for this
circumstance. For this reason, [C1mim][BF4] was excluded in
strategy 2. Meanwhile, [C10mim][BF4] was also excluded in
strategy 2 because (1) the experimental data of the IL with a long
length of alky chain in the cation from different sources shows
relatively large deviation between each other and (2) these ILs
with few data points from only one source may be unreliable.

Strategy 1 provides good results for all the ILs except those
at low temperatures. The results for [C4mim][BF4] in strategy
2 are not as good as those for other ILs, and strategy 2 under-
estimates the viscosity of [C4mim][BF4] at high pressures.

5.3.2.4. Other [BF4]-Based ILs. [C4m2py][BF4] and
[C4m4py][BF4] were considered in this work. Similar to the obser-
vation for the [Tf2N]-based ILs, the viscosities of [C4m4py][BF4]
and [C4mpy][BF4] are close to each other under the same
conditions but are far fewer than those of [C4m2py][BF4].
Using the same method as for [Tf2N]-based ILs, the FVT
parameters of [C4m4py][BF4] were determined first because of
its adequate data in a wide temperature and pressure range and
then used as initial guesses of the parameters in the FVT model
for the other two ILs. The ARD of [C4m4py][BF4] (8.89%) is
greater than that of [C4m2py][BF4] because the data of [C4m4py]-
[BF4] from different sources shows obvious deviations at low
temperatures. This is common in viscosity measurement because
the uncertainty on viscosity data is relatively high at low tem-
peratures.

5.3.3. [PF6]-Based ILs. 5.3.3.1. [Cnmim][PF6]. The viscosity
data of [PF6]-based ILs is mainly for imidazolium-based ILs.
[C3mim][PF6], [C4mim][PF6], [C5mim][PF6], [C6mim][PF6],
[C7mim][PF6], [C8mim][PF6], and [C9mim][PF6] were con-
sidered in this work. [C4mim][PF6], [C6mim][PF6], and
[C8mim][PF6] have been studied previously4 with abundant

Figure 2. Viscosity of (a) [C3py][BF4] and (b) [C4py][BF4] up to
high pressures. Symbols, experimental data (Table 1); dashed line,
results of strategy 1; solid line, results of strategy 2.

Figure 3. Viscosity of [C8mpy][BF4] (a) up to atmospheric pressure
and (b) up to high pressures. Symbols, experimental data (Table 1);
dashed line, results of strategy 1; solid line, results of strategy 2.
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experimental viscosity data in a wide range of temperature and
pressure, and the FVT parameters in the viscosity modeling
were taken from the previous work4 and used as the reference
to obtain FVT parameters for other ILs in this homologous
series.
The ePC-SAFT parameters of [C3mim]+, [C5mim]+,

[C7mim]+, and [C9mim]+ were obtained using eq 18 to cal-
culate their density as the input in viscosity modeling. The ePC-
SAFT modeling results on density for [C3mim][PF6], [C5mim]-
[PF6], and [C7mim][PF6] agree well with the experimental data,
and their ARDs are listed in Table S6. The ARD of [C9mim]-
[PF6] is slightly high (1.17%) but still accurate enough for the
viscosity modeling.
In strategy 1, if we put the constraint on the FVT parameters

for [C7mim][PF6], i.e. the value of parameters between those
for [C6mim][PF6] and [C8mim][PF6], the ARD (7.89%) was
much larger compared to the case without any constraint
(ARD = 2.09%). However, the FVT parameters without con-
straint do not have any physical meaning.
[C9mim][PF6] was excluded in strategy 2 for the reason

mentioned for [C2mim][Tf2N], and there is only one available
set of data for [C9mim][PF6] in the literature. [C3mim][PF6]
was also excluded in strategy 2 because the number of data
points is too few and no data is available at the temperatures
lower than 318.15 K.
Similar to other homologous series of ILs, both strategies

provide good results based on the ARDs listed in Table 4. The
ARD of [C5mim][PF6] is slightly high in strategy 2, and it
might be because the data points of this IL are few compared
to other ILs considered in strategy 2.
5.3.3.2. [C3mpy][PF6]. Only 10 data points on viscosity for

this IL can be found in the literature. As a result, the ARD is
very low (1.97%) in modeling its viscosity. The initial guesses
of the FVT parameters were taken from [C4mim][PF6] because
of their similar molecular weights and molecular structures.
In future work, more data (in a wider temperature and pressure
range) can be used to test the rationality in modeling this IL.
5.3.4. [tfo]-Based ILs. 5.3.4.1. [Cnmim][tfo]. [C2mim][tfo],

[C4mim][tfo], [C6mim][tfo], and [C8mim][tfo] were consid-
ered in this work. [C2mim][tfo] and [C4mim][tfo] were selected
as the reference in parametrizing the FVT. Strategy 1 modeled
all these ILs reliably. Strategy 2 provides reliable results for most
of the ILs but fails to represent the viscosity of [C6mim][tfo]
with an ARD up to 11.53%. This is probably because the
experimental data of [C6mim][tfo] is not sufficient.
5.3.4.2. Other [tfo]-Based ILs. [C2py][tfo], [C4py][tfo],

[C4mpy][tfo], and [C4mpyr][tfo] were considered in this part
as other [tfo]-based ILs. The ARDs on the density predicted
with ePC-SAFT for [C2py][tfo] and [C4mpyr][tfo] are 0.44
and 0.23%, respectively. In viscosity modeling, [C4py][tfo] was
regressed first, and their FVT parameters were used as initial
guesses of the FVT parameters for [C2py][tfo] and [C4mpy][tfo].
Figure 4 illustrates the comparison of the modeling results with
the experimental data at different temperatures and pressures.
The ARDs on viscosity modeling for these 4 ILs are all below
5%, which reveals that the FVT is suitable for [tfo]-based ILs.
5.3.5. [DCA]-Based ILs. 5.3.5.1. [Cnmim][DCA]. [C2mim]-

[DCA], [C4mim][DCA], and [C6mim][DCA] were considered
in this work. For all three of these ILs, the experimental viscosity
data is available in a wide temperature range. From the modeling
result of strategy 1, we can see that the FVT parameters show
similar trend as other ILs studied (Table S4). Both strategies
show good agreement with experimental data except at low

temperatures. As mentioned before, the experimental uncertain-
ties at low temperatures are relatively high compared to those
under other conditions.

5.3.5.2. Other [DCA]-Based ILs. Other [DCA]-based ILs
considered in this work include [C4mpy][DCA], [C4mpyr]-
[DCA], and [THTDP][DCA]. Sufficient experimental viscosity
data points are available for these three ILs. The modeling results
on viscosity for [C4mpy][DCA] show that the ePC-SAFT-FVT
model can provide reliable results up to high pressures; however,
the modeling results cannot agree well with the experimental data
at very low temperatures. The viscosity of [C4mpy][DCA] has
been reported by three research groups; one of them49 provides
the data in a wide pressure range, and the other two76,97

provide data in a wide temperature range. The comparison of
their experimental results shows that the results at 1 bar taken
from those conducting measurements at low temperatures76,97

are higher than those conducting measurements up to high
pressure. That is the reason that the model cannot perform
well at low temperatures. The modeling result is illustrated in
Figure 5.
The viscosity of [THTDP][DCA] is very high at low temper-

atures with large experimental uncertainty. The relative average
deviation is 8.5% at the temperature below 300 K after we
excluded the experimental data form ref 61 with the criterion

Figure 4. Viscosity of [C4mpy][tfo] (a) at atmospheric pressure and
(b) up to high pressures. Symbols, experimental data (Table 1); line,
modeling results.
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mentioned in the Supporting Information. However, the model
can provide reliable results throughout all temperatures for
[THTDP][DCA].
5.3.6. [SCN]-Based ILs. Five ILs were considered for [SCN]-

based ILs, and they are [C2mim][SCN], [C4mim][SCN],
[C4m4py][SCN], [C4mpyr][SCN], and [C4py][SCN]. Among
them, [C4py][SCN] had not been considered yet with ePC-
SAFT, and the modeling results on the density for [C4py][SCN]
were compared with the available experimental data with an
ARD of 0.77%.
In viscosity modeling, the investigation shows that the ARD

of [C4mim][SCN] is slightly high (7.05%). The comparison
with the available experimental data is shown in Figure 6 for
[C4mim][SCN], which implies that the deviation is mainly due
to the discrepancies of the experimental data from different
sources. The ARDs for the other four ILs are very small. It should
be pointed out here that the number of data points for [C4m4py]-
[SCN], [C4mpyr][SCN], and [C4py][SCN] is very small, and
the reliability of the FVT parameters for these three ILs needs
further verification with more experimental data in a wide tem-
perature range.

5.3.7. [eFAP]-Based ILs. 5.3.7.1. [Cnmim][eFAP]. [C2mim]-
[eFAP], [C4mim][eFAP], and [C6mim][eFAP] were considered
in this work. Because the viscosity data at low temperatures is
unavailable for [C4mim][eFAP] and [C6mim][eFAP], we used
strategy 2 first and then used the parameters from strategy 2 as
initial guesses for the parameter fitting in strategy 1. Based on
the parameters obtained in strategy 1, the effect of molecular
weight on the fitted parameters follows the same trend as we
assumed. The model results from both strategies agree well
with the experimental data, and only one data point (278.15 K
for [C2mim][eFAP]) shows a certain deviation. The lack of viscos-
ity experimental data at low temperatures for [C4mim][eFAP] and
[C6mim][eFAP] can also be the reason for the good model
performance.

5.3.7.2. Other [eFAP]-Based ILs. Three [eFAP]-based ILs
other than those with imidazolium cation were considered in
this work, and they are [C4mpy][eFAP], [C4mpyr][eFAP], and
[THTDP][eFAP]. The comparison of the density for [C4mpy]-
[eFAP] shows that ePC-SAFT can be used to represent its
density well with an ARD of 0.93%.
The viscosity of [C4mpy][eFAP] was reported rarely, and only

seven data points were found. In viscosity modeling, we used the
FVT parameters of [C4mim][eFAP] as initial guesses in order
to get the parameters for [C4mpy][eFAP].
The ARD of [C4mpyr][eFAP] is relatively high because the

experimental viscosity data from different sources show discrep-
ancy at low temperatures. Ref 92 provides data at pressures
higher than 100 bar, while the other three groups of data provide
the data only at 1 bar. The other three groups of data show a
certain deviation but it is not clear which one is unreliable
(details can be found in the Supporting Information). As a result,
all of these three sets of data are included in fitting. The high
ARD of [C4mpyr][eFAP] is mainly from the overestimation at
high pressures.
The regression result of [THTDP][eFAP] is in good agreement

with the experimental data with an ARD of 5.97%. At 268.15 K,
the experimental result of viscosity is 3067.3 mPa·s and the
modeling result is 2607 mPa·s. Although these two results dif-
fer by about 12%, it is still lower than the difference between
the data from different sources at low temperatures.

5.3.8. Cl-Based ILs. 5.3.8.1. [Cnmim] Cl. [C2mim]Cl,
[C4mim]Cl, [C6mim]Cl, and [C8mim]Cl were considered in

Figure 5. Viscosity of [C4mpy][DCA] (a) at atmospheric pressure
and (b) at high pressures. Symbols, experimental data (Table 1);
dashed line, results of strategy 1; solid line, results of strategy 2.

Figure 6. Comparison of modeling results of [C4mim][SCN] with
experimental data at different temperatures and atmospheric pressure.
Symbols, experimental data (Table 1); line, modeling results.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.8b00328
Ind. Eng. Chem. Res. 2018, 57, 8784−8801

8793



this work. In modeling the density of these ILs, similar to other
ILs, ePC-SAFT was used but with a new set of parameters for
Cl−, as listed in Table 5, and this set of parameters are the

correction of those in our previous work.27 The new set of param-
eters have been verified by comparing the experimental density of
[C4mim]Cl, [C6mim]Cl, [C8mim]Cl, and [THTDP]Cl. How-
ever, for [C2mim]Cl, no density data is available.
The viscosity of Cl-based ILs increases dramatically with

decreasing temperature. At low temperatures, the viscosity is
often up to 104 mPa·s and even 105 mPa·s. At low temperatures,
the experimental results on viscosity from different sources
differ greatly from each other (i.e., at 303.15 K and 1 bar, the
viscosity from ref 48 is 7770.4 mPa·s while it is 10 770 mPa·s
from ref 87), resulting in a large ARD in modeling viscosity
with both strategies. In general, the model results are good enough
in describing the viscosity of these ILs.
5.3.8.2. [THTDP]Cl. The experimental data of [THTDP]Cl

from ref 62 was excluded in regression because of the large devi-
ation (42.66%) from the average value based on the data from
other sources. In modeling viscosity, no data at temperatures
lower than 298.15 K was used. The ePC-SAFT-FVT model pro-
vides reliable results on the viscosity considering the deviation of
the experimental data from different sources.
5.3.9. [C1SO4]-Based ILs. In this part, six ILs ([C1mim]-

[C1SO4], [C2mim][C1SO4], [C4mim][C1SO4], [C1mpy][C1SO4],
[C1py][C1SO4], and [C4mpyr][C1SO4]) were considered. Among
them, [C1mim]+ and [C1py]

+ had not been studied with ePC-
SAFT. In this work, their ePC-SAFT parameters were esti-
mated from the linear equations 18−20. The ARDs on the
density for [C1py][C1SO4] and [C1mim][C1SO4] are 3.03 and
1.37%, respectively. For some cases, the linear relationship may
not suit well for the IL ion with a very short alkyl chain. For
example, if the linear relationship was used to predict the ePC-
SAFT parameters for [C1mpy]+, the energy parameter of this
cation was negative. Therefore, in this work, the density data of
[C1mpy][C1SO4] was used to get a set of ePC-SAFT parameters
for [C1mpy]+, and the fitted parameters are listed in Table 5.
For the experimental viscosities, only [C2mim][C1SO4] has

the results reported in a wide temperature range, while for
other ILs, the results are not sufficient. In addition, the avail-
able experimental viscosity results are not very consistent. The
performance of the viscosity model is good considering the
experimental uncertainty, which can been seen from the com-
parison of the modeling results with experimental data for
[C2mim][C1SO4] as illustrated in Figure 7.
5.3.10. [C2SO4]-Based ILs. [C2mim][C2SO4], [C2py]-

[C2SO4], [C2mpy][C2SO4], and [C2mpyr][C2SO4] are consid-
ered in this part. Before viscosity modeling, the performance of
ePC-SAFT in modeling density was studied for [C2py][C2SO4],
[C2mpy][C2SO4], and [C2mpyr][C2SO4], and the ePC-SAFT
modeling results are summarized in Table S6. The ARD on the
density for [C2mpy][C2SO4] is slightly high (1.31%) but still
acceptable in viscosity modeling.
Except [C2mpyr][C2SO4], the viscosity has been mea-

sured in a wide temperature range for the other three ILs.

For [C2mpy][C2SO4] and [C2py][C2SO4], the experimental vis-
cosities from different sources are not consistent at low tem-
peratures, and the modeling results on viscosity are about the
average values of the data from different sources. Because of the
missing experimental viscosity data at low temperatures, the FVT
parameters for [C2mpyr][C2SO4] need to be further investigated
in the future when more data in a wide temperature range are
available. The modeling results on viscosity for [C2mim][C2SO4]
at extreme low temperatures (253 K) are very poor. This is
mainly because the number of data points at low temperatures
is too few compared to the number of total data points. However,
the modeling results still agree well with the experimental data at
most temperatures and pressures.

5.3.11. [Ac]-Based ILs. Three ILs ([C2mim][Ac], [C4mim]-
[Ac], and [C4mpyr][Ac]) were studied as [Ac]-based ILs. The
reported viscosity data is mainly for [C2mim][Ac] and [C4mim]-
[Ac], but they differ obviously and cannot tell which source is
unreliable and to be excluded. All the data was included, resulting
in a relatively high ARD in modeling viscosity for these two ILs.
The comparison of the modeling results of [C4mim][Ac] with
the available experimental data is illustrated in Figure 8.

Table 5. Molecular Parameters of [C1mpy]+ and Cl−

[C1mpy]+ Cl−

m 2.8314 3.3078
σ (Å) 2.8178 3.3402
u/kB (k) 179.7077 529.6995

Figure 7. Comparison of modeling results of [C2mim][C1SO4] with
experimental data at different temperatures and atmospheric pressure.
Symbols, experimental data (Table 1); line, modeling results.

Figure 8. Comparison of modeling results of [C4mim][Ac] with
experimental data at different temperatures and atmospheric pressure.
Symbols, experimental data (Table 1); line, modeling results.
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For [C4mpyr][Ac], the modeling results on viscosity are much
better with a low ARD, and this is due to the small number of
data points (14 data points).
5.3.12. Br-Based ILs. The viscosity for Br-based ILs is very

scarce compared to other ILs, and only one IL ([THTDP]Br)
was considered. As illustrated in Figure 9, the modeling result

agrees well with experimental data, although at low temper-
atures the viscosity of [THTDP]Br is up to 104 mPa·s. The
ARD is 4.57% for this IL.
In summary, for most ILs studied in this work, the viscosity

model can provide reliable modeling results. For the ILs with
consistent experimental viscosity data in a wide temperature and
pressure range, the ARD on viscosity is always around 5−8%.
For some ILs with experimental viscosity data in a narrow tem-
perature range, the reliability of the FVT parameters needs to
be further investigated.
5.4. Viscosity of IL Mixtures.With the parameters of pure

ILs and the mixing rules (eqs 14−17), the ePC-SAFT-FVT
model was used to study the viscosity of IL mixtures.
A literature survey shows that, compared to the experimental

viscosity data of pure ILs, the available experimental data on IL
mixtures is limited, and the data is available only at atmospheric
pressure. For the ILs studied in this work, the viscosities are
available for only 10 binary mixtures, as summarized in Table 6.
5.5. Model Prediction. The viscosity model was first used

to predict the viscosity of the IL mixtures; that is, the binary
adjustable parameter kα in eq 15 was set to be zero. For the IL
mixtures with the same anion, ([C2mim][BF4]/[C3mim][BF4]
and [C4mim][BF4]/[C4py][BF4]), the model provides reliable
predictions. As mentioned before, the viscosity of ILs depends
much more on the anion than the cation. If two ILs have the
same anion, their viscosity will not differ so much, and it is rea-
sonable not to adjust any binary parameters in the mixing rules.
For the IL mixtures with the same cation, if their viscos-

ities do not differ so much, for example, for the mixtures of
[C2mim][Ac]/[C2mim][C2SO4], [C2mim][BF4]/[C2mim]-
[DCA], and [C4mim][Tf2N]/[C4mim][DCA], the model pre-
diction is reliable. But if their viscosities show a considerable dif-
ference, for example, for [C4mim][Tf2N]/[C4mim][PF6] and
[C4mim][Tf2N]/[C4mim][BF4], the viscosity of [Tf2N]-based

ILs is much lower than that of [PF6]-based ILs and also lower
than that of [BF4]-based ILs, the model prediction is not good
enough. For [C4mim][BF4]/[C4mim][PF6], the model pre-
diction shows an ARD of 15.46%.
The viscosity model was further used to study the viscosity

of IL mixtures without any common cation or anion. The model
prediction of [C4py][BF4]/[C4m4py][Tf2N] is reliable based
on the results listed in Table 6 and illustrated in Figure 10,

which further implies that the fitted FVT parameters of [C4m4py]-
[Tf2N] are reliable.
The modeling results of [C2py][C2SO4]/[C2mim][Tf2N]

are not very good. When the mole fraction of [C2py][C2SO4]
is 1, the predicted viscosity is lower than those for pure
[C2py][C2SO4], which means that there are discrepancies on the
viscosity data from different sources for pure [C2py][C2SO4].
The prediction and the experimental data from different

Figure 9. Comparison of modeling results of [THTDP]Br with
experimental data at different temperatures and atmospheric pressure.
Symbols, experimental data (Table 1); line, modeling results.

Table 6. Summary of Viscosity Prediction Results for IL
Mixtures

ILs T (K) ref
ARD of

prediction (%)

ILs with same
anion

[C2mim][BF4]/
[C3mim][BF4]

293.15−343.15 81 4.63

[C4mim][BF4]/
[C4py][BF4]

293.15−343.15 156 7.07

ILs with same
cation

[C2mim][BF4]/
[C2mim][DCA]

298.15 154 5.50

[C4mim][Tf2N]/
[C4mim][DCA]

283.15−348.15 13 3.61

[C2mim][Ac]/
[C2mim]
[C2SO4]

298.15−358.15 137 5.26

[C4mim][BF4]/
[C4mim][Tf2N]

283.15−363.15 13 10.3

[C4mim][Tf2N]/
[C4mim][PF6]

283.15−363.15 13 15.46

ILs without any
common ion

[C2py][C2SO4]/
[C2mim][Tf2N]

298.15 120 18.09

[C2mim][C2SO4]/
[C4m4py][Tf2N]

293.15−353.15 155 19.3

[C4py][BF4]/
[C4m4py][Tf2N]

293.15−353.15 158 7.82

Figure 10. Comparison of modeling prediction of [C4py][BF4](1)/
[C4m4py][Tf2N](2) with experimental data at different temperatures
at atmospheric pressure. Symbols, experimental data (Table 6); lines,
prediction results.
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sources for pure [C2py][C2SO4] at 298.15 K are shown in
Figure 11. At 298.15 K, the other two sets of experimental data

also show deviations with each other. This makes it hard to say
that the discrepancies of the model prediction are from the
experimental data or from the model. Therefore, there is a need to
conduct more experimental measurements in order to verify the
experimental data from different sources and the model prediction.
For the mixtures of [C2mim][C2SO4]/[C4m4py][Tf2N], there

is a convex peak in their viscosity, and it is hard to get reliable
model prediction.
5.6. Performance Improvement with Binary Parame-

ters. In general, ePC-SAFT-FVT can be used to predict the
viscosity for most of IL mixtures, but for some cases, the predic-
tion results are not accurate enough. In this section, the pos-
sibility of improving the model performance for the IL mix-
tures with considerable deviations was further investigated by
adjusting the binary parameter kα in eq 15. The binary param-
eters kα were obtained from fitting of the viscosity data for IL
mixtures, and the fitting results for some IL mixtures are listed in
Table 7.

When the model performance is compared with the results
listed in Tables 6 and 7, adjusting the binary parameter kα can
improve the model results for [C4mim][Tf2N]/[C4mim][PF6]
significantly. For [C4mim][Tf2N]/[C4mim][BF4], the model
results with a binary parameter are better than those predicted.
As mentioned before, there is a convex peak in the viscosity

of [C2mim][C2SO4]/[C4m4py][Tf2N] due to the strong

asymmetry between these two ILs, and a binary adjustable
parameter kα is needed to describe this system reliably. As shown
in Figure 12, the binary adjustable parameter improves the model
performance significantly.

6. CONCLUSION
In this work, ePC-SAFT-FVT was used to model the viscosities
of pure ILs containing one of the IL cations [Cnmim]+, [Cnpy]

+,
[Cnmpy]

+, [Cnmpyr]
+, or [THTDP]+ and one of the IL anions

[Tf2N]
−, [PF6]

−, [BF4]
−, [tfo]−, [DCA]−, [SCN]−, [C1SO4]

−,
[C2SO4]

−, [eFAP]−, Cl−, [Ac]−, or Br−. Before ePC-SAFT-FVT
modeling, the available experimental viscosity data of the pure
ILs studied in this work was surveyed and evaluated if possible,
and then the data after evaluation was used to obtain the param-
eters with two strategies. The comparison of the model results
with the available experimental data shows that the viscosity
described with ePC-SAFT-FVT with two strategies agrees well
with the experimental data in a wide temperature and pressure
range. When temperature is low and/or the pressure is high, the
deviation of ePC-SAFT-FVT is relatively high but still acceptable
in engineering applications. Additionally, it is observed that
ePC-SAFT-FVT can be used to predict the viscosity of most
of the IL mixtures except the strong asymmetric systems, and
adjusting the binary parameter can improve the model perfor-
mance for the strong asymmetric systems.
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Figure 11. Comparison of modeling prediction of [C2mim][Tf2N](1)/
[C2py][C2SO4](2) with experimental data at 298.15 K and atmospheric
pressure. Solid symbols, experimental data for mixtures (Table 6);
hollow symbols, experimental data for pure [C2py][C2SO4] at 298.15 K
from other sources; line, prediction results.

Table 7. Summary of Viscosity Modeling Results for the IL
Mixtures with Binary Parameters

ILs T (K) ref
binary

parameter
ARD of

modeling (%)

[C2mim][C2SO4]/
[C4m4py][Tf2N]

293.15−353.15 155 −0.0814 3.46

[C4mim][BF4]/
[C4mim][Tf2N]

283.15−363.15 13 −0.0247 6.97

[C4mim][Tf2N]/
[C4mim][PF6]

283.15−363.15 13 −0.0502 6.83

Figure 12. Comparison of modeling results of [C4m4py][Tf2N](1)/
[C2mim][C2SO4](2) with experimental data at different temperatures
and atmospheric pressure. Symbols: experimental data (Table 7);
solid lines, modeling results; dashed lines: prediction results.
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Arvela, P.; Eran̈en, K.; Yu Murzin, D.; Mikkola, J. P. CO2 removal
with ‘switchable’versus ‘classical’ionic liquids. Sep. Purif. Technol.
2012, 97, 42−50.
(3) Brennecke, J. F.; Gurkan, B. E. Ionic liquids for CO2 capture and
emission reduction. J. Phys. Chem. Lett. 2010, 1 (24), 3459−3464.
(4) Shen, G.; Held, C.; Mikkola, J. P.; Lu, X.; Ji, X. Modeling the
viscosity of ionic liquids with the electrolyte perturbed-chain statistical
association fluid theory. Ind. Eng. Chem. Res. 2014, 53 (52), 20258−
20268.
(5) Gardas, R. L.; Coutinho, J. A. P. A group contribution method
for viscosity estimation of ionic liquids. Fluid Phase Equilib. 2008, 266
(1), 195−201.
(6) Schmidt, H.; Stephan, M.; Safarov, J.; Kul, I.; Nocke, J.;
Abdulagatov, I. M.; Hassel, E. Experimental study of the density and
viscosity of 1-ethyl-3-methylimidazolium ethylsulfate. J. Chem.
Thermodyn. 2012, 47, 68−75.
(7) Wu, K. J.; Zhao, C. X.; He, C. H. Development of a group
contribution method for determination of thermal conductivity of
ionic liquids. Fluid Phase Equilib. 2013, 339, 10−14.
(8) Gardas, R. L.; Coutinho, J. A. P. A group contribution method
for viscosity estimation of ionic liquids. Fluid Phase Equilib. 2008, 266
(1), 195−201.
(9) de Riva, J.; Ferro, V. R.; del Olmo, L.; Ruiz, E.; Lopez, R.;
Palomar, J. Statistical refinement and fitting of experimental viscosity-
to-temperature data in ionic liquids. Ind. Eng. Chem. Res. 2014, 53
(25), 10475−10484.
(10) Haghbakhsh, R.; Raeissi, S. Two simple correlations to predict
viscosities of pure and aqueous solutions of ionic liquids. J. Mol. Liq.
2015, 211, 948−956.
(11) Hosseini, S. M.; Alavianmehr, M. M.; Moghadasi, J. Transport
properties of pure and mixture of ionic liquids from new rough hard-
sphere-based model. Fluid Phase Equilib. 2016, 429, 266−274.
(12) Xu, Y.; Tang, X.; Li, J.; Zhu, X. Viscosity estimation of ternary
mixtures containing ionic liquid from their binary subsystems, A
comparison of three viscosity equations. Fluid Phase Equilib. 2016,
427, 166−174.
(13) Almeida, H. F. D.; Canongia Lopes, J. N.; Rebelo, L. P. N.;
Coutinho, J. A.; Freire, M. G.; Marrucho, I. M. Densities and
Viscosities of Mixtures of Two Ionic Liquids Containing a Common
Cation. J. Chem. Eng. Data 2016, 61 (8), 2828−2843.
(14) Polishuk, I. Modeling of viscosities in extended pressure range
using SAFT+ Cubic EoS and modified Yarranton−Satyro correlation.
Ind. Eng. Chem. Res. 2012, 51 (41), 13527−13537.
(15) Abolala, M.; Peyvandi, K.; Varaminian, F. Modeling the
viscosity of pure imidazolium-based ionic liquids using SAFT-VR-Mie
EoS. Fluid Phase Equilib. 2015, 394, 61−70.
(16) Llovell, F.; Vega, L. F. Assessing Ionic Liquids Experimental
Data Using Molecular Modeling,[Cnmim][BF4] Case Study. J. Chem.
Eng. Data 2014, 59 (10), 3220−3231.

(17) Cameretti, L. F.; Sadowski, G.; M?llerup, J. M. Modeling of
aqueous electrolyte solutions with perturbed-chain statistical
associated fluid theory. Ind. Eng. Chem. Res. 2005, 44 (9), 3355−3362.
(18) Gross, J.; Sadowski, G. Perturbed-chain SAFT: An equation of
state based on a perturbation theory for chain molecules. Ind. Eng.
Chem. Res. 2001, 40 (4), 1244−1260.
(19) Ji, X.; Adidharma, H. Ion-based SAFT2 to represent aqueous
single-and multiple-salt solutions at 298.15 K. Ind. Eng. Chem. Res.
2006, 45 (22), 7719−7728.
(20) Ji, X.; Tan, S. P.; Adidharma, H.; Radosz, M. Statistical
associating fluid theory coupled with restricted primitive model to
represent aqueous strong electrolytes, multiple-salt solutions. Ind. Eng.
Chem. Res. 2005, 44 (19), 7584−7590.
(21) Held, C.; Prinz, A.; Wallmeyer, V.; Wallmeyer, V.; Sadowski, G.
Measuring and modeling alcohol/salt systems[J]. Chem. Eng. Sci.
2012, 68 (1), 328−339.
(22) Ji, X.; Adidharma, H. Ion-based statistical associating fluid
theory (SAFT2) to represent aqueous single-salt solutions at
temperatures and pressures up to 473.15 K and 1000 bar. Ind. Eng.
Chem. Res. 2007, 46 (13), 4667−4677.
(23) Ji, X.; Tan, S. P.; Adidharma, H.; Radosz, M. Statistical
associating fluid theory coupled with restrictive primitive model
extended to bivalent ions. SAFT2, 2. Brine/seawater properties
predicted. J. Phys. Chem. B 2006, 110 (33), 16700−16706.
(24) Ji, X.; Adidharma, H. Ion-based SAFT2 to represent aqueous
multiple-salt solutions at ambient and elevated temperatures and
pressures. Chem. Eng. Sci. 2008, 63 (1), 131−140.
(25) Ji, X.; Held, C.; Sadowski, G. Modeling imidazolium-based
ionic liquids with ePC-SAFT. Fluid Phase Equilib. 2012, 335, 64−73.
(26) Ji, X.; Held, C.; Sadowski, G. Modeling imidazolium-based
ionic liquids with ePC-SAFT. Part II. Application to H2S and
synthesis-gas components. Fluid Phase Equilib. 2014, 363, 59−65.
(27) Ji, X.; Held, C. Modeling the density of ionic liquids with ePC-
SAFT. Fluid Phase Equilib. 2016, 410, 9−22.
(28) Shen, G.; Held, C.; Lu, X.; Ji, X. Modeling thermodynamic
derivative properties of ionic liquids with ePC-SAFT. Fluid Phase
Equilib. 2015, 405, 73−82.
(29) Jacquemin, J.; Ge, R.; Nancarrow, P.; Rooney, D. W.; Costa;
Gomes, M. F.; Pad́ua, A. A.; Hardacre, C. Prediction of ionic liquid
properties. I. Volumetric properties as a function of temperature at 0.1
MPa. J. Chem. Eng. Data 2008, 53 (3), 716−726.
(30) Chung, T. H.; Ajlan, M.; Lee, L. L.; Starling, K. E. Generalized
multiparameter correlation for nonpolar and polar fluid transport
properties. Ind. Eng. Chem. Res. 1988, 27 (4), 671−679.
(31) Doolittle, A. K. Studies in Newtonian flow. II. The dependence
of the viscosity of liquids on free-space. J. Appl. Phys. 1951, 22 (12),
1471−1475.
(32) Allal, A.; Boned, C.; Baylaucq, A. Free-volume viscosity model
for fluids in the dense and gaseous states. Phys. Rev. E: Stat. Phys.,
Plasmas, Fluids, Relat. Interdiscip. Top. 2001, 64 (1), 011203.
(33) Bittner, B.; Wrobel, R. J.; Milchert, E. Physical properties of
pyridinium ionic liquids. J. Chem. Thermodyn. 2012, 55, 159−165.
(34) Yunus, N. M.; Mutalib, M. I. A.; Man, Z.; Bustam, M. A.;
Murugesan, T. Thermophysical properties of 1-alkylpyridinum
bis(trifluoromethylsulfonyl)imide ionic liquids. J. Chem. Thermodyn.
2010, 42 (4), 491−495.
(35) Larriba, M.; García, S.; Navarro, P. P.; García, J.; Rodríguez, F.
Physical properties of n-butylpyridinium tetrafluoroborate and n-
butylpyridinium bis(trifluoromethylsulfonyl)imide binary ionic liquid
mixtures. J. Chem. Eng. Data 2012, 57 (4), 1318−1325.
(36) Zeng, S.; Gao, H.; Zhang, X.; Dong, H.; Zhang, X.; Zhang, S.
Efficient and reversible capture of SO2 by pyridinium-based ionic
liquids. Chem. Eng. J. 2014, 251, 248−256.
(37) Tokuda, H.; Tsuzuki, S.; Susan, M. A. B. H.; Hayamizu, K.;
Watanabe, M. How ionic are room-temperature ionic liquids? An
indicator of the physicochemical properties. J. Phys. Chem. B 2006,
110 (39), 19593−19600.
(38) Crosthwaite, J. M.; Muldoon, M. J.; Dixon, J. N. K.; Anderson,
J. L.; Brennecke, J. F. Phase transition and decomposition temper-

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.8b00328
Ind. Eng. Chem. Res. 2018, 57, 8784−8801

8797



atures, heat capacities and viscosities of pyridinium ionic liquids. J.
Chem. Thermodyn. 2005, 37 (6), 559−568.
(39) Oliveira, F. S.; Freire, M. G.; Carvalho, P. J.; Coutinho, J. A.;
Lopes, J. N. C.; Rebelo, L. P.; Marrucho, I. M. Structural and
positional isomerism influence in the physical properties of
pyridinium NTf2-based ionic liquids, Pure and water-saturated
mixtures. J. Chem. Eng. Data 2010, 55 (10), 4514−4520.
(40) Papaiconomou, N.; Salminen, J.; Lee, J. M.; Prausnitz, J. M.
Physicochemical properties of hydrophobic ionic liquids containing 1-
octylpyridinium, 1-octyl-2-methylpyridinium, or 1-octyl-4-methylpyr-
idinium cations. J. Chem. Eng. Data 2007, 52 (3), 833−840.
(41) Seoane, R. G.; Corderí, S.; Goḿez, E.; Calvar, N.; Gonzaĺez, E.
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Abstract 

In this work, ePC-SAFT-DGT (i.e., the coupling of ePC-SAFT with the density 

gradient theory (DGT)) was further developed and extended to study the interfacial 

properties of ionic liquids (ILs) containing one of the IL-cations ([Cnmim]
+
, [Cnpy]

+
, 

[Cnmpy]
+
, [Cnmpyr]

+
, and [THTDP]

+
) and one of the IL-anions ([Tf2N]

-
, [PF6]

-
, [BF4]

-
, 

[tfo]
-
, [DCA]

-
, [SCN]

-
, [C1SO4]

-
, [C2SO4]

-
, [eFAP]

-
, Cl

-
, [Ac]

-
, and Br

-
). It shows that 

ePC-SAFT-DGT can be used to represent the surface tension of ILs reliably when 

comparing to the experimental data. Furthermore, using the anion-specific influence 

parameters that are linearized with the molecular weight of the IL-cations for a 

homologous series of ILs allows predicting the surface tension for the ILs in the same 

homologous series. ePC-SAFT-DGT can be further used to predict other interfacial 

properties, for example, the density profile in the vapor-liquid interface. 

1. Introduction 

Global warming is now widely recognized as being the biggest global issue facing 

human beings. Mitigating CO2 emission from fossil-fueled power plants as well as from 

the transportation sector has become a severe and worldwide concern, in which CO2 

separation is often needed. Technologies have been developed and used, whereas the 

cost is still high. Developing cost-efficient technologies, including new solvents and 

processes, for CO2 separation remains one of the research focuses. Among all the 

proposed solvents for developing new technologies, ionic liquids (ILs) have been 

considered as promising liquid absorbents for CO2 separation.
1, 2

 

To develop the IL-based technology for CO2 separation, the interfacial properties of 

vapor-liquid equilibrium are of importance.
3
 The surface tension of IL-solvent 

significantly affects the absorption efficiency, and both the penetration of CO2 from gas 

to liquid phases and the enhancement of absorption are closely related to the interfacial 

properties of solvent (e.g., ILs).
4
 Considering the huge number of ILs that can be 

synthesized, the wide temperature range in applications, and the time- and 

cost-consuming experimental measurements, it is desirable to develop a theoretical 

model to predict the interfacial properties of ILs.
5
 

Several theoretical models have been developed to describe the surface tension of ILs. 

For example, Xing et al.
6
 proposed a model to estimate surface tensions based on the 

molar surface Gibbs energy, density, and the refractive index. Requiring the density and 

refractive index as input limits the further application of this model. Marcus
7 
correlated 

the surface tension with the free volume theory. Zubeir et al
8 

using the molecular 

simulation to study the surface tension of [Cnmim][TCM] (tricyanomethanide) and 

obtained consistent simulation results with the experiment. 

Theoretical models providing the microscopic structure of interfacial phase have been 

developed. The two most promising approaches are the classical density functional 
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theory (DFT)
9-18 

and density gradient theory (DGT).
11, 19-27 

Among them, DGT has been 

widely used to predict the interfacial properties for a wide class of fluids due to its 

accuracy and simplicity in the calculation.
11, 19-27

 DGT allows predicting interfacial 

properties, such as surface tension, density profile, interface thickness, etc., using the 

equilibrium density in the bulk phase and the Helmholtz free energy density as inputs.
5
 

In DGT, an equation of state (EoS) is needed to calculate the phase equilibrium 

between the vapor and liquid phases and the local Helmholtz free energy. Among the 

developed EoSs, statistical associating fluid theory (SAFT) has been proven as the most 

promising one to describe the bulk properties of ILs.
28

 Oliveira et al.
29, 30

 combined the 

soft-SAFT with DGT to represent the surface tensions for three types of pure ILs with 

the anion of [Tf2N], in which the studied ILs were assumed as neutral components in 

soft-SAFT.  

However, assuming the ionic species of ILs as neutral components is basically 

conservative and limits the capacity of model predictions.
5
 In our previous work, 

SAFT-based models have been studied intensively
31-40

 for different systems, including 

ILs. Especially, ePC-SAFT with ion-specific parameters was developed
5, 41-44

 to predict 

the thermodynamic properties of ILs, and the developed ePC-SAFT was further 

combined with DGT (ePC-SAFT-DGT) to model the surface tension of ILs. However, 

the previous work was only limited to the ILs of [Cnmim][Tf2N], [Cnmim][PF6], and 

[Cnmim][BF4] (n = 2, 4, 6 and 8) due to the lack of parameters in the ePC-SAFT. 

Recently, the developed ePC-SAFT was extended to other commonly used ILs,
5, 41-45

 

while the performance of ePC-SAFT-DGT on those extended ILs has not yet been 

investigated.  

In this work, ePC-SAFT-DGT was slightly modified and extended to describe the 

interfacial properties of the commonly-used ILs containing one of the IL-cations 

[Cnmim]
+
, [Cnpy]

+
, [Cnmpy]

+
, [Cnmpyr]

+
, or [THTDP]

+
 and one of the IL-anions 

[Tf2N]
-
, [PF6]

-
, [BF4]

-
, [tfo]

-
, [DCA]

-
, [SCN]

-
, [C1SO4]

-
, [C2SO4]

-
, [eFAP]

-
, Cl

-
, [Ac]

-
, or 

Br
-
, respectively. In modeling, the experimental surface tensions of pure ILs were used 

to fit the influence parameter for each IL, in which the properties in the bulk phase and 

the Helmholtz free energy density across the interface were obtained with ePC-SAFT. 

The prediction ability of ePC-SAFT-DGT was further investigated. In addition, the 

available experimental surface tensions were surveyed thoroughly and further evaluated 

in order to suggest reliable experimental data points and to judge the model 

performance reasonably. 

2. Theory 

To combine DGT with ePC-SAFT for modeling the interfacial properties of ILs, in this 

part, the ePC-SAFT model, the DGT model, and the ePC-SAFT-DGT model were 

introduced briefly. 
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2.1 ePC-SAFT 

In ePC-SAFT,
41

 the dimensionless residual Helmholtz energy (�̃�𝑟𝑒𝑠) in ePC-SAFT was 

obtained as the summation of the contributions accounting for the hard-chain, 

dispersive and ionic interactions in the IL systems: 

�̃�𝑟𝑒𝑠 = �̃�ℎ𝑐 + �̃�𝑑𝑖𝑠𝑝 + �̃�𝑖𝑜𝑛                      (1) 

The expressions describing the hard-chain and dispersive terms can be referred to the 

article.
46

 The Debye–Hückel theory was used to represent the ionic term,
47 

and the 

relative dielectric constant was set at unity (i.e., vacuum value) for all ILs.
21 

A more 

recent version exists of ePC-SAFT that treats the dielectric constant as a 

medium-dependent property.
48

 This yields better results for mixtures with ILs, but the 

pure-IL properties are not affected. 

In ePC-SAFT, the pressure and the chemical potential of component n in the bulk phase 

(P and μn) can be calculated with the following equations:
46

 

𝑃 = 𝑘𝑇𝜌𝑏[1 + 𝜂 (
𝜕�̃�𝑟𝑒𝑠

𝜕𝜂
)

𝑇,𝑥𝑖

]                                                      (2) 

𝜇𝑛
𝑟𝑒𝑠

𝑘𝑇
= �̃�𝑟𝑒𝑠 + 𝜂(

𝜕�̃�𝑟𝑒𝑠

𝜕𝜂
)𝑇,𝑥𝑖

+ (
𝜕�̃�𝑟𝑒𝑠

𝜕𝑥𝑛
)𝑇,𝑣,𝑥𝑖≠𝑥𝑛

− ∑ [𝑥𝑗(
𝜕�̃�𝑟𝑒𝑠

𝜕𝑥𝑗
)𝑇,𝑣,𝑥𝑖≠𝑥𝑗

]𝑗=1,𝑁           (3) 

where ρb is the density in the bulk phase, T is the temperature in Kelvin, k is the 

Boltzmann constant, η is the packing fraction, x is the mole fraction, and v is the molar 

volume. 

Following our previous work,
41-44

 each IL was considered to be composed of an 

IL-cation and an IL-anion, i.e., we considered each IL as an equimolar mixture of 

IL-anion and IL-cation. Each IL-ion was modeled as a non-spherical species with 

repulsive, dispersive, and Coulomb forces, with three parameters, i.e., segment number 

mseg, segment diameter σ, and dispersion-energy ε/k.  

2.2 Density gradient theory (DGT) 

The original Square-Gradient theory was derived by van der Waals on vapor-liquid 

equilibrium at the end of the nineteenth century.
46

 The theory was further developed by 

several researchers.
47, 49

 The gradient theory is based on the assumption that the 

molecular density gradients at the interface are smaller compared to the reciprocal of 

intermolecular distance.
47, 49

 This hypothesis allows the local number density ρ and its 

gradient to be handled as independent variables. Using this assumption, the total  

Helmholtz free energy A at the interface can be described by keeping two lowest order 

terms in a Taylor series expansion,
5
 

𝐴 = ∫ 𝑑𝑟 [𝑎[�⃗�] +
1

2
𝑘𝑖𝑗 ∑ ∑ ∇𝜌𝑖∇𝜌𝑗𝑗𝑖 ]                     (4) 
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where 𝑎[�⃗�] is the local free energy, which is a function of local density ρ, ρi and ρj are 

the densities of components i and j, respectively, and κij is the influence parameter 

between components i and j.  

Assuming a planar liquid-vapor interface, equation (4) can be simplified to: 

𝐴 = 𝑆 ∫ 𝑑𝑧 [𝑎[�⃗�] +
1

2
(

d�⃗⃗⃗�

dz
)𝑇𝜿(

d�⃗⃗⃗�

dz
)]                                   (5) 

where �⃗� is the density vector at position z, κ is the influence parameter matrix 

composed by elements κij, and S is the surface area.  

Following equation (5), the grand potential 𝛺 at the interface can be represented with: 

𝛺 = 𝑆 ∫ 𝑑𝑧 [𝑎[�⃗�] +
1

2
(

𝑑�⃗⃗⃗�

𝑑𝑧
)

𝑇

𝜿 (
𝑑�⃗⃗⃗�

𝑑𝑧
) − �⃗� ∙ 𝜇𝑏⃗⃗⃗⃗⃗]                         (6) 

where 𝜇𝑏⃗⃗⃗⃗⃗ is the chemical potential vector in the bulk phase.  

Using Euler–Lagrange equation and assuming that the influence parameter κij is 

density-independent, the equilibrium density profile in the interface obeys the following 

relationship: 

𝜿 (
𝑑2 �⃗⃗⃗�

𝑑𝑧2) = (
𝜕𝑎

𝜕�⃗⃗⃗�
)𝑇,𝑣 − 𝜇𝑏⃗⃗⃗⃗⃗ = �⃗� − 𝜇𝑏⃗⃗⃗⃗⃗                             (7) 

where �⃗�=(∂a[�⃗�]/∂�⃗�)T,v is the local chemical potential vector. This seconder-order 

differential equation is the basis for calculating the density profile in the interface. 

The surface tension of a fluid can be calculated from the density profile by: 

𝛾 =
𝜕(∆𝐴)

𝜕𝑆
=

𝜕(𝐴−𝐴𝑏)

𝜕𝑆
=∫ 𝑑𝑧 [𝑎[�⃗�] +

1

2
(

𝑑�⃗⃗⃗�

𝑑𝑧
)

𝑇

𝜿 (
𝑑�⃗⃗⃗�

𝑑𝑧
) − �⃗� ∙ 𝜇𝑏⃗⃗⃗⃗⃗ + 𝑃]                (8) 

In order to simplify the calculation of surface tension, multiplying equation (7) with 

(d�⃗�/dz)T
 and integrating with respect to the functional space give the following 

equation: 

1

2
(

𝑑�⃗⃗⃗�

𝑑𝑧
)

𝑇

𝜿 (
𝑑�⃗⃗⃗�

𝑑𝑧
) = 𝑎[�⃗�] − �⃗� ∙ 𝜇𝑏⃗⃗⃗⃗⃗ + 𝐶                            (9) 

where C is the integral constant. 

The value of integral constant C in equation (9) can be determined from the boundary 

condition, i.e., the properties in the bulk liquid and vapor phases. The density gradient 

approaches to zero in the liquid and vapor phases, which means that, under the 

boundary condition, equation (9) becomes: 

{
lim𝑧→+∞(𝑎[�⃗⃗⃗�] − �⃗⃗⃗� ∙ 𝜇𝑏

⃗⃗⃗⃗⃗⃗ + 𝐶) = 𝑎𝑙 − 𝜌𝑙⃗⃗⃗⃗ 𝜇𝑏𝑙⃗⃗ ⃗⃗ ⃗⃗ + 𝐶 =
𝐴𝑙−𝐺𝑙

𝑉
+ 𝐶 = −𝑃𝑙 + 𝐶 =  0

lim𝑧→−∞(𝑎[�⃗⃗⃗�] − �⃗⃗⃗� ∙ 𝜇𝑏
⃗⃗⃗⃗⃗⃗ + 𝐶) = 𝑎𝑣 − 𝜌𝑣⃗⃗⃗⃗⃗𝜇𝑏𝑣⃗⃗⃗⃗ ⃗⃗⃗ + 𝐶 =

𝐴𝑣−𝐺𝑣

𝑉
+ 𝐶 = −𝑃𝑣 + 𝐶 = 0

              (10) 
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where the superscripts of v and l represent the bulk properties in the vapor and liquid 

phases, respectively.  

At the vapor-liquid phase equilibrium, the pressures in vapor and liquid phases are 

equal and with a value of P, and then we obtained C = P. 

The right side of equation (9) can be represented with the tangent plane distance (tpd) 

function, and, thus, we have: 

𝑡𝑝𝑑(�⃗�) = 𝑎[�⃗�] − �⃗� ∙ 𝜇𝑏⃗⃗⃗⃗⃗ + 𝑃 =
1

2
(

𝑑�⃗⃗⃗�

𝑑𝑧
)

𝑇

𝜿 (
𝑑�⃗⃗⃗�

𝑑𝑧
)                        (11) 

Combining equations (11) and (8), the calculation of surface tension can be simplified 

to: 

𝛾 = ∫ 𝑑𝑧[2 ∙ 𝑡𝑝𝑑(�⃗�)]                                            (12) 

2.3 ePC-SAFT-DGT 

To obtain the surface properties with DGT, thermodynamic properties, such as pressure, 

chemical potential, and density, are needed. In this work, these properties were obtained 

with ePC-SAFT, and the developed model for representing interfacial properties was 

then termed as ePC-SAFT-DGT.  

It should be pointed out here that, in ePC-SAFT, as described in 2.3, each IL was 

completely dissociated into one cation and one anion, and subsequently, the chemical 

potential of each IL-ion can be obtained with ePC-SAFT (equation 3). This ion-specific 

characteristics of ePC-SAFT is important for capturing the ion nature of ILs, while the 

charge neutralization needs to be additionally considered when extended to more than 

one phase. To further simplify the numerical calculation and avoid the numerical 

problem for geometric DGT,
50

 in this work, it was assumed that the density profiles of 

IL-cation and IL-anion were equal, and the chemical potential of IL ion-pair 𝜇𝐼𝐿  was 

assumed as the sum of chemical potential of IL-cation 𝜇+ and IL-anion 𝜇−: 

𝜇𝐼𝐿 = 𝜇+ + 𝜇−                                                       (13)                                                          

The derivation was described in Appendix. 

Following this, equation (11) was simplified to the form of IL-specific: 

1

2
𝜅 ∙ (

𝑑𝜌

𝑑𝑧
)

2

= 𝑎[𝜌] − 𝜌 ∙ 𝜇𝐼𝐿 + 𝑃                                         (14) 

where 𝜌 is the density of IL. 

Applying the transformation of equation (14) from z space to ρ space and conducting 

integral with respect to ρ, we obtained: 

𝑧 = 𝑧0 + ∫ √
𝜅

2𝑡𝑝𝑑(𝜌)
𝑑𝜌

𝜌(𝑧)

𝜌(𝑧0)
                                       (15) 
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where tpd() represents: 

𝑡𝑝𝑑(𝜌) =  𝑎[𝜌] − 𝜌 ∙ 𝜇𝐼𝐿 + 𝑃                                    (16)     

The density profile ρ(z) can be calculated from equation (16). Subsequently, the surface 

tension of a pure IL can be calculated by 

𝛾 = ∫ 2𝑡𝑝𝑑(𝜌)𝑑𝑧
+∞

−∞
= ∫ √2𝜅𝑡𝑝𝑑(𝜌)𝑑𝜌

𝜌𝑙

𝜌𝑣
                 (17) 

where the limits of integration are the densities of the IL in the bulk liquid (ρl) and bulk 

vapor (ρv).  

As shown in equations (14) to (17), the vapor pressure and the density of each IL in the 

vapor phase are also needed in modeling. Following our previous work,
5
 a constant 

vapor pressure of one Pa and a constant vapor packing fraction 10
−6

 were set. This is 

reasonable because the vapor pressure and the vapor density of IL are extremely low 

compared with the common solvents. 

In modeling, the influence parameter κ of an IL in ePC-SAFT-DGT was set to be an 

adjustable parameter and obtained from the fitting of the experimental surface tensions. 

3. Experimental surface tensions of pure ILs 

Experimental data is of importance for both model development and verification. 

According to Zubeir et al.
8
 and Freire et al.,

51
 the

 
surface tension is affected by the 

water content significantly, especially for more hydrophilic ILs, which may be the main 

reason of the discrepancy of experimental results from different research groups.  

Therefore, the surface tension of pure ILs studied in this work was surveyed and 

summarized in this part. It shows that the surface tension of pure ILs has been 

measured extensively and mainly with the approaches of the Pendant drop shape and 

Ring tensiometer. To further evaluate experimental data, the mean relative deviation 

(MRD) was estimated:
52

 

1
100

Ns
j

iiNc
j

i i

MRD(%)= %
Nc Ns

 









                                    (18)   

where Nc is the number of data points at the same temperature, Ns is the number of 

sources offered the data, 𝛾𝑖
𝑗
 is the experimental data, and 𝛾�̅� is the average value of 

the experimental data points at the same temperature. 

Based on the estimated MRD, in general, two criteria were used to evaluate the 

experimental data: 

(1) The experimental results with MRD less than 5% are considered as consistent; 
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(2) For the case with more than 4 sources, if the MRD for one source is greater than 3% 

while the MRDs for other sources are smaller than 3%, the source with MRD > 3% 

is excluded. 

In general, the experimental results of surface tensions from different sources show 

some discrepancies among each other for some ILs due to the IL impurity, the 

experimental uncertainty, and the method used for measurements. Taking 

[C2mim][Tf2N] as an example, as illustrated in Fig. 1, the experimental results from 

the references of [53] and [54] were excluded due to their MRDs are greater than 5%. It 

should be pointed out here that in the reference [55], the surface tensions were 

measured with two different methods with consistent results as shown in Fig. 1. 

Additionally, even though the reported experimental uncertainty in each individual 

reference was small (in general, < 1%), the experimental uncertainty with a value of 

2~3% is very common when collecting the experimental surface tensions from different 

sources. 

250 300 350 400 450 500 550
20

25

30

35

40

45

 

 

,
 m

N
/m

Tempeture, K

 

Fig. 1. Comparison of surface tensions from different sources for [C2mim][Tf2N]. 

Symbol, experimental data; black ■, reference [56]; red ●, reference [57]; blue ▲, 

reference [55]; pink ▼, reference [55]; orange ◀, reference [53]; purple ▶, reference 

[54]; green ◆ , reference [58]; gray ★, reference [59]. 

In Table 1, all the available sources with experimental surface tensions for the ILs 

studied in this work are listed, and their full names are listed in Table A1 in the 

Appendix. The sources with consistent results were noted as “ref”, while the sources 

with the data points that are inconsistent with others were noted as “excluded ref”.  
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The survey and evaluation of the experimental surface tensions show that most of the 

experimental data points are consistent with each other, and the surface tensions of an 

IL measured with different methods do not show obvious discrepancies. Some further 

discussion on the data evaluation is described in section 4. 

It should be mentioned here that the [Tf2N]- and [BF4]-based ILs have been studied 

previously
5
 with ePC-SAFT-DGT. Since the publication of the previous work, new 

experimental surface tensions have been determined. Therefore, in this work, a new 

survey of the experimental data for [Cnmim][Tf2N] and [Cnmim][BF4] was also 

conducted. 

Table 1 Summary of the available sources for the experimental surface tensions of pure ILs 

 Excluded ref Ref T, K 

[C2mim][Tf2N] 53, 54 55, 57-59 278.15-363.58 

[C3mim][Tf2N]  56, 58 293.15-475 

[C4mim][Tf2N]  51, 55, 56, 58-60 278.75-475.2 

[C5mim][Tf2N]  56, 58 293.15-512 

[C6mim][Tf2N]  53, 56, 58, 61 293.15-532 

[C7mim][Tf2N]  58 293.15-353.15 

[C8mim][Tf2N]  56, 58 293.15-472 

[C10mim][Tf2N]  56, 58 293.15-533 

[C12mim][Tf2N]  56 333-532 

[C14mim][Tf2N]  56 312-512 

[C2py][Tf2N] 62 63, 64 288.15-338.15 

[C3py][Tf2N]  64 318.35-362.18 

[C4py][Tf2N]  62, 65 293.15-338.15 

[C5py][Tf2N]  65 283.15-338.15 

[C6py][Tf2N]  62 293.15-323.15 

[C3mpy][Tf2N]  64, 66, 67 273.45-352.62 

[C4mpy][Tf2N] 68 62, 66, 67 292.3-343.15 

[C3mpyr][Tf2N]  67, 69 288.15-343.15 

[C4mpyr][Tf2N] 70 67, 69 288.15-343.15 

[C4m2py][Tf2N]  62 293.15-323.15 

[C4m4py][Tf2N]  62 293.15-323.15 

[THTDP][Tf2N] 71 53, 67, 72, 73 273-364 

[C2mim][BF4] 70, 74 75 288-356 

[C3mim][BF4] 74 76, 77 288.15-338.15 

[C4mim][BF4]  51, 55, 59, 60, 74, 77-81 283.15-393 

[C5mim][BF4]  74, 76, 77 283-346 

[C6mim][BF4] 61 74, 75, 77, 78, 80 268-393 

[C7mim][BF4]  76 263-364 

[C8mim][BF4]  51, 59, 78, 79 288.15-393 

[C9mim][BF4]  78 269-363 
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[C10mim][BF4]  78 283-364 

[C3py][BF4]  82, 83 278.15-338.15 

[C4py][BF4]  83, 84 278.15-338.15 

[C4mpy][BF4]  62, 83, 85 278.15-323.16 

[C8mpy][BF4]  86 278.15-328.15 

[C4m2py][BF4]  87 288.15-338.15 

[C4m4py][BF4] 79 83, 85, 88 278.15-333.15 

[C3mim][PF6]  89 283-365 

[C4mim][PF6] 53, 78 51, 59, 60, 88-92 287-365 

[C5mim][PF6]  89 262-362 

[C6mim][PF6] 61, 78 51, 55, 59, 80, 88, 91 283-353.15 

[C7mim][PF6]  89 293-364 

[C8mim][PF6] 88, 91 51, 90 288.15-393 

[C9mim][PF6]  89 288-365 

[C4mpy][PF6]  89 323-365 

[C2mim][tfo] 53 60, 75 268-356 

[C4mim][tfo] 70 51, 59, 60, 75 283-356 

[C6mim][tfo]  75 293-355 

[C2py][tfo]  93 293.15-338.15 

[C4py][tfo]  84 298.15-338.15 

[C4mpy][tfo]  62 293.15-323.15 

[C2mim][DCA] 94 60, 95 278-356 

[C4mim][DCA]  79, 95, 96 282-356 

[C6mim][DCA]  96 298-343 

[C2py][DCA]  97 288.15-318.15 

[C3py][DCA]  6 298.15-338.15 

[C4py][DCA]  6 298.15-338.15 

[C5py][DCA]  6 298.15-338.15 

[C4mpy][DCA] 79 98 278.15-328.15 

[C4mpyr][DCA]  79 293.05-353.45 

[THTDP][DCA] 53 71-73 284-365 

[C2mim][SCN]  60 298.2-343.2 

[C4mim][SCN] 79, 80 96, 99, 100 298-343 

[C4mpyr][SCN]  79 303.35-344.15 

[C4m4py][SCN]  79 302.85-342.15 

[C1mim][C1SO4]  88, 101 288.15-333.15 

[C2mim][C1SO4] 88 102, 103 283.15-333.15 

[C4mim][C1SO4] 79 54, 104, 105 283.15-368.15 

[C2mim][C2SO4] 59 104, 106-108 288.15-333.15 

[C2mim][eFAP]  109, 110 273-354 

[C4mim][eFAP]  110 279-353 

[C6mim][eFAP]  110 267-360 

[C4mpy][eFAP]  62 293.15-323.15 
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[THTDP][eFAP]  111 298.51-343.29 

[C4mim][Cl]  78 298-393 

[C6mim][Cl]  78 298-393 

[C8mim][Cl]  78, 88 298-393 

[THTDP][Cl] 53 71, 72 293.15-353.15 

[C2mim][Ac] 112 60, 113 278.15-338.15 

[C4mim][Ac] 112 114-116 298-343.5 

[C4mpyr][Ac]  114 298-343 

[THTDP][Br]  72, 117 293.15-343.4 

4. Modeling results and discussion  

4.1 ePC-SAFT parameters 

In this work, the parameters of IL-ions in ePC-SAFT were directly taken from 

literatures
41, 43

 or estimated with the linear expressions.
41, 43, 118

 For the ILs that have not 

been considered previously, the performance of ePC-SAFT was verified firstly by 

comparing the predicted density with the available experimental data, and the 

verification results are summarized in the Appendix, Table A2. According to the results 

listed in Table A2, the densities predicted with ePC-SAFT agree well with the 

experimental results, indicating that ePC-SAFT is reliable for describing the 

thermodynamic properties for these ILs. 

[Cnmim]
+ 

0.0334 2.1956

0.0015 3.4276

/ 0.422 159.49

segm M

M

k M





  


 
  

                                           (19) 

[Cnpy]
+ 

4

0.04841 3.4605

3.9762 10 3.2589

/ 0.37096 185.1174

segm M

M

k M







  


  
  


                                        (20) 

[Cnmpy]
+ 

2

2 1

1.2684 10 4.4561

2.6666 10 2.0172 10

/ 8.2432 961.30

segm M

M

k M







 

    


   
  


                                  (21) 
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[Cnmpyr]
+ 

2 1

3

2.4411 10 8.3618 10

9.7383 10 2.3594

/ 7.5581 801.31

seg - -m M

M

k M -







    


  
 


                                 (22) 

where M is the molar mass in g/mol, σ is the segment diameter in Å, and ε/k is the 

dispersion-energy in Kelvin.  

4.2 ePC-SAFT-DGT modeling and model prediction 

To evaluate the model performance, the absolute relative deviation (ARD) was used and 

calculated by 

exp

exp

1
cal

i i

i i

ARD=
N

 




                                       (23) 

where γ
cal

 is the calculated surface tension, γ
exp

 is the experimental surface tension, and 

N denotes the number of data points. 

Two strategies were used to model the surface tension of ILs: a molecular-based 

approach with one influence parameter for each IL (strategy 1), and an approach using 

IL-cation linearized parameters in modeling (strategy 2). Strategy 1 is more accurate 

compared to the experimental data, while strategy 2 is with fewer parameters for 

modeling a homologous series of ILs. Additionally, strategy 2 can be used to predict the 

interfacial properties for the ILs in the same homologous series.  

In order to test the prediction ability of strategy 2, the ILs with available experimental 

surface tensions were separated into two groups, one was used to adjust the linear 

relation of influence parameters for the ILs in a homologous series (group 1); the other 

was used to test the model prediction capacity by using the influence parameter 

evaluated by the linear relation (group 2). In this work, the following criterion was used 

to group ILs: ILs with the fitted ePC-SAFT parameters were grouped for the parameter 

fitting, i.e., group 1; ILs with the ePC-SAFT parameters estimated by equations 

(19)~(22) were grouped as the predicted group, i.e., group 2. 

It should be mentioned here that, for some ILs, the experimental results are insufficient 

or questionable, the parameters of these ILs may need to be modified after more data 

pointed are determined in future work, and these parameters are shown in italic in Table 

2.  

Table 2. Fitted and predicted/estimated (bold) influence parameters of ILs 

 κ,10
-19

Jm
5
mol

-2  κ,10
-19

Jm
5
mol

-2 

 Strategy 1 Strategy 2  Strategy 1 Strategy 2 
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[C2mim][Tf2N] 11.69 10.85 [C7mim][PF6] 9.58 9.42 

[C3mim][Tf2N] 11.59 11.81 [C8mim][PF6] 9.86 9.80 

[C4mim][Tf2N] 12.22 12.78 [C9mim][PF6] 10.97 10.17 

[C5mim][Tf2N] 12.19 13.75 [C4mpy][PF6] 9.63  

[C6mim][Tf2N] 14.19 14.71 [C2mim][tfo] 6.03 5.98 

[C7mim][Tf2N] 16.46 15.68 [C4mim][tfo] 7.00 7.08 

[C8mim][Tf2N] 16.36 16.65 [C6mim][tfo] 8.32 8.18 

[C10mim][Tf2N] 19.38 18.58 [C2py][tfo] 5.70  

[C12mim][Tf2N] 21.62 20.52 [C4py][tfo] 6.18  

[C14mim][Tf2N] 21.20 22.45 [C4mpy][tfo] 8.60  

[C2py][Tf2N] 10.58 10.55 [C2mim][DCA] 7.77 7.48 

[C3py][Tf2N] 11.28 11.12 [C4mim][DCA] 7.92 8.42 

[C4py][Tf2N] 11.43 11.69 [C6mim][DCA] 9.83 9.36 

[C5py][Tf2N] 11.64 12.26 [C2py][DCA] 6.47 6.59 

[C6py][Tf2N] 14.11 12.83 [C3py][DCA] 8.03 7.88 

[C3mpy][Tf2N] 14.05  [C4py][DCA] 9.26 9.17 

[C4mpy][Tf2N] 14.76  [C5py][DCA] 10.30 10.46 

[C3mpyr][Tf2N] 13.00  [C4mpy][DCA] 10.08  

[C4mpyr][Tf2N] 13.48  [C4mpyr][DCA] 12.01  

[C4m2py][Tf2N] 13.90  [THTDP][DCA] 49.05  

[C4m4py][Tf2N] 14.78  [C2mim][SCN] 3.74  

[THTDP][Tf2N] 73.39  [C4mim][SCN] 4.79  

[C2mim][BF4] 6.14 6.37 [C4mpyr][SCN] 5.92  

[C3mim][BF4] 6.78 6.64 [C4m4py][SCN] 5.09  

[C4mim][BF4] 6.87 6.90 [C1mim][C1SO4] 7.70 7.41 

[C5mim][BF4] 7.41 7.17 [C2mim][C1SO4] 7.80 7.89 

[C6mim][BF4] 7.93 7.43 [C4mim][C1SO4] 8.39 8.37 

[C7mim][BF4] 8.03 7.70 [C2mim][C2SO4] 6.21  

[C8mim][BF4] 7.32 7.97 [C2mim][eFAP] 17.90 17.77 

[C9mim][BF4] 8.85 8.23 [C4mim][eFAP] 19.68 20.14 

[C10mim][BF4] 9.37 8.50 [C6mim][eFAP] 22.74 22.51 

[C3py][BF4] 5.90  [C4mpy][eFAP] 23.58  

[C4py][BF4] 6.23  [THTDP][eFAP] 83.75  

[C4mpy][BF4] 7.90  [C4mim][Cl] 5.60 5.93 

[C8mpy][BF4] 8.59  [C6mim][Cl] 6.80 5.96 

[C4m2py][BF4] 6.91  [C8mim][Cl] 5.76 6.00 

[C4m4py][BF4] 7.99  [THTDP][Cl] 41.77  

[C3mim][PF6] 8.00 7.91 [C2mim][Ac] 4.43  

[C4mim][PF6] 8.33 8.29 [C4mim][Ac] 4.80  

[C5mim][PF6] 8.80 8.67 [C4mpyr][Ac] 5.14  

[C6mim][PF6] 8.98 9.04 [THTDP][Br] 45.17  
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Table 3. Summary of the fitted parameters in strategy 2
*
  

 c1 100c2  c1 100c2 

[Cnmim][Tf2N] 3.18 6.90 [Cnmim][DCA] 3.77 3.34 

[Cnpy][Tf2N] 6.15 4.06 [Cnpy][DCA] -3.36 9.20 

[Cnmim][BF4] 4.26 1.90 [Cnmim][C1SO4] 5.98 1.72 

[Cnmim][PF6] 4.55 2.69 [Cnmim][eFAP] 8.36 8.46 

[Cnmim][tfo] 1.62 3.92 [Cnmim][Cl] 5.74 0.13 

*
The influence parameters in strategy 2 follow a linear function of molecular weights, κ = 

(c1+ c2·M) 10
-19

Jm
5
mol

-2
, where M (g/mol) is the molecular weight of IL-cation.  

 Table 4. ARDs of modeling and prediction (bold) results with ePC-SAFT-DGT 

 

 
ARD (%)  ARD (%) 

 Strategy 1 Strategy 2  Strategy 1 Strategy 2 

[C2mim][Tf2N] 3.75 2.20 [C7mim][PF6] 0.72 0.98 

[C3mim][Tf2N] 1.94 2.03 [C8mim][PF6] 0.72 0.72 

[C4mim][Tf2N] 2.16 2.16 [C9mim][PF6] 0.75 3.73 

[C5mim][Tf2N] 3.00 6.28 [C4mpy][PF6] 0.21  

[C6mim][Tf2N] 2.87 2.43 [C2mim][tfo] 1.98 1.87 

[C7mim][Tf2N] 0.13 2.40 [C4mim][tfo] 1.08 1.09 

[C8mim][Tf2N] 3.15 3.64 [C6mim][tfo] 0.89 1.06 

[C10mim][Tf2N] 4.18 4.80 [C2py][tfo] 0.88  

[C12mim][Tf2N] 2.04 3.07 [C4py][tfo] 0.60  

[C14mim][Tf2N] 4.31 4.21 [C4mpy][tfo] 0.42  

[C2py][Tf2N] 0.95 0.86 [C2mim][DCA] 1.29 2.45 

[C3py][Tf2N] 0.66 0.68 [C4mim][DCA] 2.99 4.20 

[C4py][Tf2N] 2.01 2.20 [C6mim][DCA] 0.35 2.54 

[C5py][Tf2N] 0.79 2.56 [C2py][DCA] 0.35 1.08 

[C6py][Tf2N] 0.34 4.74 [C3py][DCA] 0.50 1.08 

[C3mpy][Tf2N] 1.73  [C4py][DCA] 0.55 0.80 

[C4mpy][Tf2N] 2.73  [C5py][DCA] 0.53 0.95 

[C3mpyr][Tf2N] 3.37  [C4mpy][DCA] 0.54  

[C4mpyr][Tf2N] 1.95  [C4mpyr][DCA] 0.47  

[C4m2py][Tf2N] 0.42  [THTDP][DCA] 1.60  

[C4m4py][Tf2N] 0.41  [C2mim][SCN] 0.96  

[THTDP][Tf2N] 2.35  [C4mim][SCN] 2.75  

[C2mim][BF4] 0.85 1.91 [C4mpyr][SCN] 2.67  

[C3mim][BF4] 1.11 1.45 [C4m4py][SCN] 6.65  

[C4mim][BF4] 0.81 0.83 [C1mim][C1SO4] 1.79 1.82 

[C5mim][BF4] 1.33 1.93 [C2mim][C1SO4] 0.80 1.03 
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[C6mim][BF4] 2.40 3.34 [C4mim][C1SO4] 1.10 1.15 

[C7mim][BF4] 0.91 2.09 [C2mim][C2SO4] 0.77 0.00 

[C8mim][BF4] 2.87 4.63 [C2mim][eFAP] 1.09 1.18 

[C9mim][BF4] 0.81 3.57 [C4mim][eFAP] 0.82 1.33 

[C10mim][BF4] 0.82 4.76 [C6mim][eFAP] 0.70 0.87 

[C3py][BF4] 0.30  [C4mpy][eFAP] 0.62  

[C4py][BF4] 0.62  [THTDP][eFAP] 0.57  

[C4mpy][BF4] 1.35  [C4mim][Cl] 0.63 3.05 

[C8mpy][BF4] 2.34  [C6mim][Cl] 0.66 6.52 

[C4m2py][BF4] 0.41  [C8mim][Cl] 0.67 2.33 

[C4m4py][BF4] 0.25  [THTDP][Cl] 1.72  

[C3mim][PF6] 0.63  [C2mim][Ac] 0.83  

[C4mim][PF6] 2.37 2.38 [C4mim][Ac] 2.66  

[C5mim][PF6] 1.22 1.38 [C4mpyr][Ac] 0.81  

[C6mim][PF6] 1.13 1.03 [THTDP][Br] 2.57  

[Cnmim][Tf2N] (n = 2, 4, 6, 8), [Cnmim][BF4] (n = 4, 6, 8), and [Cnmim][PF6] (n = 4, 6, 

8) have been studied previously.
5
 Considering that the expression was modeified in this 

work, and more experimental surface tensions have been reported after the article 

publication, these ILs were re-studied.  

Based on the screened surface tensions after evaluation, the influence parameters of ILs 

can be obtained with different strategies. For strategy 1, the influence parameter of each 

IL was obtained from the fitting of experimental surface tensions. In strategy 2, the 

experimental surface tensions for the ILs in “group 1” were used for obtaining the 

linear relation of influence parameters for a homologous series ILs, and then the 

influence parameters for the ILs in “group 2” in the same homologous series were 

predicted from the obtained linear relation. All the obtained influence parameters are 

summarized in Table 2, in which the influence parameters in “bold” were those 

predicted with the linear relation based on the parameters listed in Table 3. The model 

performance in ARDs is summarized in Table 4, and, again, those for the predictions 

were noted in “bold”. Beside ARDs, considering the fact that the experimental data and 

model predicted results can be approximated as a linear relation with temperature, the 

comparison of the slope in these two cases was conducted. The results illustrate that the 

model do not always underestimate or overestimate the slope when compared with the 

experimental data as listed in Table A3.  

Compared with the influence parameters obtained previously
5
 with the value around 

10
-19

 Jm
5
mol

-2
, the influence parameters obtained in this work are magnified by 10 

times. In fact, the influence parameters can also be estimated theoretically
96

 although 

this method is seldom used due to the difficulty to obtain the rigorous integration of the 

intermolecular interaction potential. Based on the method of theoretical estimation,
96

 

the influence parameters for different substances can be obtained for comparison, and a 

stronger intermolecular interaction potential will lead to a larger influence parameter. 
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The comparison with the theoretically estimated influence parameters shows that the 

influence parameters of ILs obtained previously are in the same order of magnitude as 

the substances with a very short alkyl chain, like CO2 and CH4, but much lower than 

the long alkyl chain substances, like decane (10.27·10
-19

 Jm
5
mol

-2);
97,98

 while the 

influence parameters of ILs newly obtained in this work are in the same order as those 

with long alkyl chain.
97,98

 Considering the strong interaction between ILs, the newly 

obtained influence parameters of ILs are more reasonable, and, thus, the new 

expression for calculating chemical potential is more reasonable, compared to our 

previous work.    

In the following text, the performance of ePC-SAFT-DGT model was discussed for 

specific ILs.       

[Tf2N]-based ILs 

For [Cnmim][Tf2N], with all the available and consistent experimental surface tensions, 

the influence parameter κ was fitted with both strategies. In strategy 1, for all the 

studied ten ILs, ARD is below 5%, which is acceptable considering the experimental 

uncertainties combined with the requirements for industrial applications. In strategy 2, 

the consistent experimental surface tensions for [C2mim][Tf2N], [C4mim][Tf2N], 

[C6mim][Tf2N], and [C8mim][Tf2N] were used to fit the influence parameters based on 

the linear relation with the molecular weight of IL-cation for [Cnmim][Tf2N], and the 

fitted results are listed in Table 3.  

Two strategies give almost the same ARDs for all the ILs considered in this series, 

except [C5mim][Tf2N]. The ARD of [C5mim][Tf2N] in strategy 2 is slightly higher. In 

strategy 2, the influence parameter of [C5mim][Tf2N] was predicted from the linear 

relation, and the predicted surface tensions are consistent with the experimental data 

points from [58] as illustrated in Fig. 2 but show a systematic discrepancy from the 

experimental data of [56]. In strategy 1, the influence parameter of this IL was fitted to 

the experimental data from both references. As the number of data points from [58] is 

greater than that from [58], the fitting results are more consistent with the data from 

[56]. Since only two sets of data are available, it is hard to tell which set is more 

reliable if we compared the experimental data itself. As the predictions in strategy 2 

agree well with the data points from [58], this set may be more reliable compared to 

that from [56]. 
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Fig. 2. Surface tension of [C5mim][Tf2N]. Symbol, experimental data; □, reference [58]; 

∆, reference [56]; Solid line, modeling results of strategy 1. Dashed line, model results 

with strategy 2. 

In this series, five [Cnpy][Tf2N] ILs were also considered, where the ePC-SAFT 

parameters for [C2py]
+
 and [C5py]

+ 
were estimated from equation (21). The model 

results from strategy 1 agree well with the experimental data based on the ARDs listed 

in Table 4.  

The model results in strategy 2 are reliable for all the ILs, except [C6py][Tf2N] with an 

ARD of 4.74%. The experimental results of this IL can only be found in one source, and 

the reliability of the experimental data is unsure. More data needs to be determined 

experimentally to evaluate the model performance. 

For [C3mpy][Tf2N], [C4mpy][Tf2N], [C3mpyr][Tf2N], [C4mpyr][Tf2N], [C4m2py][Tf2N], 

[C4m4py][Tf2N], and [THTDP][Tf2N], only strategy 1 can be applied to model these 

ILs. The modeling results agree well with the experimental data based on the ARDs 

listed in Table 4, and their influence parameters also increase with increasing molecular 

weight. 

For all the studied [Tf2N]-based ILs, their influence parameters are in the range of 

(10~20)·10
-19

 Jm
5
mol

-2
, except the IL with a very long alkyl-chain in the cation or 

with [THTDP]
+
. The influence parameters in both two strategies are consistent for all 

the [Tf2N]-based ILs.  

[BF4]-based ILs 

[Cnmim][BF4] (n = 4, 6, 8) has been studied in [5] based on the relatively limited 

experimental surface tensions. In this work, more ILs ([C2mim][BF4], [C3mim][BF4], 
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[C5mim][BF4], [C7mim][BF4], [C9mim][BF4], and [C10mim][BF4]) were covered, and 

more experimental results for [C4mim][BF4] and [C6mim][BF4] were included.  

The model results of strategy 1 provide ARDs in the range of 0.81~2.4%, and the 

results of [C6mim][BF4] and [C8mim][BF4] are apparently worse mainly caused by the 

discrepancies of the experimental data from different sources. The linear relation was 

obtained based on the experimental results of [C2mim][Tf2N], [C4mim][Tf2N], 

[C6mim][Tf2N], and [C8mim][Tf2N] in strategy 2, and the fitted parameters are listed in 

Table 3.  

ePC-SAFT-DGT combined with the linearized influence parameter was used to predict 

the surface tensions for other ILs in this series. The prediction performance in ARD is 

listed in Table 4. For all the ILs studied, the prediction is acceptable even though the 

ARDs for [C9mim][BF4] (3.57%) and [C10mim][BF4] (4.76%) are relative high. Adding 

[C10mim][BF4] in parameter fitting may further improve the model performance for 

these two ILs.  

In addition to the imidazolium-based ILs, [C3py][BF4], [C4py][BF4], [C4mpy][BF4], 

[C8mpy][BF4], [C4m2py][BF4], and [C4m4py][BF4] were considered with strategy 1. 

The data from [79] for [C4m4py][BF4] was excluded due to the significant random 

errors. Based on the ARDs listed in Table 4, the model results agree well with the 

experimental data points. 

For all the [BF4]-based ILs, the influence parameters are around 8.0·10
-19

 Jm
5
mol

-2
, 

which is smaller than that for the [Tf2N]-based ILs with the same cation.  

[PF6]-based ILs 

For [Cnmim][PF6], [C4mim][PF6], [C6mim][PF6], and [C8mim][PF6] studied previously
5
 

were re-studied as the different assumption was used for further developing 

ePC-SAFT-DGT, and more experimental surface tensions for [C4mim][PF6] and 

[C6mim][PF6] have been reported. The comparison of the available experimental 

surface tensions shows that the data for [C4mim][PF6] is inconsistent with each other, 

and further analysis was conducted for the data from the same references. The analysis 

shows that the data points from [53] for [C2mim][Tf2N], [C2mim][tfo], [THTDP][DCA], 

and [THTDP][Cl] are also inconsistent with those from other sources, and thus all the 

experimental results this reference were excluded in the further study. 

The fitted influence parameters in strategy 1 are listed in Table 2. The linear expression 

in strategy 2 for [Cnmim][PF6] was obtained based on the data points for [C4mim][PF6], 

[C6mim][PF6], and [C8mim][PF6]. The model performance in ARD is listed in Table 4. 

Fig. 3 depicts the comparison of the modeling and experimental results for 

[C4mim][PF6], [C6mim][PF6], and [C8mim][PF6] with both strategies, showing the 

model deviation from the experimental result is relatively high at high temperatures. 

Since only one set of data is available in this temperature range, it is hard to judge the 

discrepancy is from the experimental data or from the model.  
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With the parameters estimated from the linearized relation (Table 3), ePC-SAFT-DGT 

can be used to predict the surface tensions of other [PF6]-based ILs in this series. The 

perdition performance in ARD is listed in Table 4, indicating reliable prediction for all 

the studied ILs.  
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Fig. 3. Surface tension of [Cnmim][PF6]. Symbol, experimentla data; □, [C4mim][PF6] 

references [51, 59, 60, 88-92]; ○, [C6mim][PF6] references [51, 55, 59, 80, 88, 91]; △ , 

[C8mim][PF6] references [51, 90]; Solid line, modeling results with strategy 1; Dashed 

line, modeling results with strategy 2. 

For other [PF6]-based ILs, only one set of surface tensions for [C4mpy][PF6] can be 

found in the literature, and more experimental data needs to be determined. The model 

performance with strategy 1 shows extremely good results, while the fitted influence 

parameter needs to be further verified with more experimental results. 

For all the [PF6]-based ILs, the influence parameters are in the range of (8~10)·10
-19

 

Jm
5
mol

-2
. 

[tfo]-based ILs 

Based on the experimental surface tensions for [C2mim][tfo], [C4mim][tfo], and 

[C6mim][tfo], the influence parameters in ePC-SAFT-DGT were fitted with two 

strategies, and the model performance is listed in Table 4. Both two strategies perform 

well. The parameters for estimating the influence parameters of [Cnmim][tfo] can be 

found in Table 3. In this series of ILs, only three ILs are available, which were all used 

in obtaining the linear relation in strategy 2. Thus, the model prediction performance 
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cannot be checked. In the future, when more experimental results are available for other 

ILs in this series, more research work will be conducted.  

[C2py][tfo], [C4py][tfo], and [C4mpy][tfo] were also studied with strategy 1. For all 

these three ILs, only one set of data is available, and more experimental data needs to 

be determined. The model results are perfect, while the model performance needs to be 

further investigated with more experimental data.  

For all the [tfo]-based ILs considered in this work, the influence parameters are in the 

range of (6 ~ 9)·10
-19

 Jm
5
mol

-2
. 

[DCA]-based ILs 

For [Cnmim][DCA], the experimental surface tensions are available for [C2mim][DCA], 

[C4mim][DCA], and [C6mim][DCA], among which the data from [94] for 

[C2mim][DCA] was excluded due to its temperature-dependence on the surface tension 

is different from other two sources. Based on the reliable experimental surface tensions, 

the influence parameters were obtained with the results listed in Table 2, and the 

corresponding parameters with strategy 2 are listed in Table 3. 

The model with the parameter obtained in strategy 2 shows large discrepancies for 

[C4mim][DCA] from the experimental data, and the ARD is 4.20%. As shown in Fig. 4, 

the experimental data points from different sources show a large deviation. 

[DCA]-based ILs are hydrophilic, therefore, the measured surface tensions can 

beaffected significantly by the water content in the sample.
8, 51

 The water contents 

reported in [95] and [96] are 4.6·10
-5

 and 2.25·10
-4

 (mass fraction, the same below), 

respectively, while that in from [79] is less than 2·10
-3

. Thus, the data in [95] may be 

more reliable than that in [96]. However, more experimental measurements needs to be 

conducted in order to verify and confirm the experimental results from different sources, 

so that more reliable model parameters can be adjusted. 
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Fig. 4. Surface tension of [C4mim][DCA]. Symbol, experimental data; □, reference [79]; 

○, reference [95]; △ , reference [96]; Solid line, modeling results with strategy 1; 

Dashed line, modeling results with strategy 2. 

 

For [Cnpy][DCA], the surface tension has been determined for [C2py][DCA], 

[C3py][DCA], [C4py][DCA], and [C5py][DCA]. The model developed in this work was 

used to represent their surface tensions with two strategies, and the linear relation for 

[Cnpy][DCA] in strategy 2 was obtained from these four ILs with the results listed in 

Table 3. 

The model results compared with the experimental data points are illustrated in Fig. 5 

for these ILs, and the model with two strategies gives almost the same results for this 

series of ILs. 
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Fig. 5. Surface tension of [Cnpy][DCA]. Symbol, experimental data; □, [C2py][DCA], 

reference [95]; ○, [C3py][DCA], reference [6]; △ , [C4py][DCA], reference [6]; ▽ , 

[C5py][DCA], reference [6]; Solid line, modeling results with strategy 1; Dashed line, 

modeling results with strategy 2. 

 

In the [DCA]-based ILs, [C4mpy][DCA], [C4mpyr][DCA], and [THTDP][DCA] were 

also studied. For [C4mpy][DCA], two sets of data show a large deviation, and the data 

from [79] was excluded due to the experimental value is vibrated dramatically. The 

comparison of the model results with the reliable experimental data shows that all the 

results are acceptable with the ARDs listed in Table 4. 

For all the [DCA]-based ILs, the influence parameters are in the range of (7.5~12)·10
-19

 

Jm
5
mol

-2
, expect [THTDP][DCA] due to the much larger molecular weight of 

[THTDP]
+
 compared to other cations. The obtained influence parameter for 

[C4mpyr][DCA] is also relatively high (12.01·10
-19

 Jm
5
mol

-2
). Only one set of data is 

available for each IL, and more data needs to be determined to verify the reliability of 

the obtained influence parameter. 

[SCN]- and [Ac]-based ILs 

Four ILs with the anion of [SCN]
-
 were considered in this work, and they are 

[C2mim][SCN], [C4mim][SCN], [C4mpyr][SCN], and [C4m4py][SCN]. The surface 
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tensions of [C4mim][SCN] have been determined with five sources, showing large 

deviations at high temperatures. The data from [79] for [C4mim][SCN] was excluded 

due to the inconsistent data for other ILs ([C4m4py][BF4], [C4mim][C1SO4]) from this 

source compared to that from other sources. The data from [80] for [C4mim][SCN] was 

also excluded due to the obvious different temperature-dependence compared with 

those in other sources.  

The model performances in ARDs for these ILs are listed in Table 4. The model 

provides a poor description for [C4m4py][SCN] but reliable results for other 

[SCN]-based ILs. The model results of [C4m4py][SCN] together with the experimental 

data points are illustrated in Fig. 6. For this IL, only one set of data is available, and it is 

from [79]. According to [79], the purity is greater than 98% and the water content is 

less than 6.10·10
-4

. The ring tensiometer method was used to measure the surface 

tension in [79], while the futher investigation shows that the surface tensions measured 

with this method by others are consistent with those messured with other methods. As 

discussed in the former paragraph, the data from [79] is questionable, and, thus, the 

model performance for [C4m4py][SCN] needs to be further verified with reliable data. 

The influence parameters of the [SCN]-based ILs are smaller than those for other ILs, 

and they are in the range of (3.5~5.1)·10
-19

 Jm
5
mol

-2
. 
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Fig. 6. The modeling results of [C4m4py][SCN]. Solid line, modeling results with 

ePC-SAFT-DGT; Symbol, experimental data, reference [79] 

 

Three [Ac]-based ILs ([C2mim][Ac], [C4mim][Ac], and [C4mpyr][Ac]) were studied. 

Although the surface tensions of [C3mim][Ac], [C5mim][Ac], and [C6mim][Ac] were 
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reported in [112], they were not considered in parameter fitting as the reported surface 

tensions for [C2mim][Ac] and [C4mim][Ac] are much lower than those from other 

sources.  

The ARDs are 0.83%, 2.66% and 0.81% for [C2mim][Ac], [C4mim][Ac], and 

[C4mpyr][Ac], respectively, and that for [C4mim][Ac] is relative large but mainly due to 

the discrepancies of experimental data. 

Similar to the [SCN]-based ILs, the influence parameters of the [Ac]-based ILs are also 

very small, and the range is (4.4~5.2)·10
-19

 Jm
5
mol

-2
. 

[C1SO4]- and [C2SO4]-based ILs 

For these two series ILs, the surface tensions are only available for the 

imidazolium-based ILs. [C1mim][C1SO4], [C2mim][C1SO4], and [C4mim][C1SO4] were 

studied with two strategies, and the obtained parameters are listed in Table 2. The 

model provides reliable results compared with the experimental data based on the 

ARDs listed in Table 4. For all the [C1SO4]-based ILs, the influence parameters are in 

the range of (7.4~8.4)·10
-19

 Jm
5
mol

-2
. 

The only [C2SO4]-based IL that can be studied is [C2mim][C2SO4]. The model provides 

very good results with an influence parameter of 6.21·10
-19

 Jm
5
mol

-2
. This value is 

smaller than that for [C2mim][C1SO4] (7.80/7.89·10
-19 

Jm
5
mol

-2
 in strategy 1/2). More 

experiment needs to be conducted to determine the surface tensions for [C2SO4]-based 

ILs in order to evaluate the overall model performance. 

[eFAP]-based ILs 

For the [eFAP]-based ILs, surface tensions have been determined experimentally for 

five ILs. However, except [C2mim][eFAP], only one set of data is available for other 

four ILs.  

Firstly, the surface tensions of [C2mim][eFAP], [C4mim][eFAP], and [C6mim][eFAP] 

were modeled with two strategies, and the corresponding ARDs are listed in Table 4. 

The model performance is further illustrated in Fig. 7. It shows that the model with both 

two strategies can be used to describe the surface tension reliably. 
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Fig. 7. Surface tension of [Cnmim][eFAP]. Symbol, experimental data; ▽, 

[C2mim][eFAP], references [109, 110]; □, [C4mim][eFAP], reference [110]; ◁, 

[C6mim][eFAP], reference [110]; Solid line, modeling results with strategy 1; Dashed 

line, modeling results with strategy 2. 

Two [eFAP]-based ILs other than those imidazolium-based were further studied with 

strategy 1, and they are [C4mpy][eFAP] and [THTDP][eFAP]. As mentioned before, 

only one set of data for each of these two ILs is available, and the ARDs for 

[C4mpy][eFAP] and [THTDP][eFAP] are 0.62 and 0.57%, respectively. More data is 

needed to verify the performance of ePC-SAFT-DGT for the [eFAP]-based ILs. 

As can be seen from Table 2, the influence parameters of the [eFAP]-based ILs are 

much greater compared with other ILs with the same cation. Except [THTDP][eFAP], 

the influence parameters are within the range of (17.9~23.6)·10
-19

 Jm
5
mol

-2
.  

Cl- and Br- based ILs 

For the halogen anion-based ILs, the study on surface tension is limited, and only Cl- 

and Br-based ILs have been concerned. 

For the Cl-based ILs, firstly, [C4mim]Cl, [C6mim]Cl, and [C8mim]Cl were studied with 

both strategies. The model with strategy 1 provides reliable results for all these ILs. 

However, the fitted influence parameters do not show an obvious trend with respect to 

the alkyl-chain length in the IL-cation. As a result, strategy 2, i.e., using the linear 
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relation of influence parameters, failed to model [C6mim]Cl with an ARD of 6.52% 

(Table 3). This implies that, based on the available data for these three [Cnmim]Cl, 

strategy 2 seems unsuitable for these Cl-based ILs. 

For [THTDP]Cl, the modeling results agree well with the experimental data with an 

ARD of 1.72%. However, the experimental data for the Cl-based ILs is still limited, and 

more experimental results are needed to test the model performance. 

For the Br-based ILs, experimental surface tensions are only available for [THTDP]Br, 

and the available data points from two sources show some discrepancies but still are 

acceptable. The model can be used to describe its surface tensions with an ARD of 

2.57%. 

For [Cnmim]Cl, the influence parameters are around 6.0·10
-19

 Jm
5
mol

-2
, but they are 

41.7697·10
-19

 and 45.1705·10
-19

 Jm
5
mol

-2 for [THTDP]Cl and [THTDP]Br, 

respectively. The large value of influence parameter is caused by the large molecular 

weight of [THTDP]
+
. 

Density profile across the vapor-liquid interface 

Using the developed model with the obtained influence parameters, the density profile 

across the vapor-liquid interface can be predicted. Fig. 8 illustrates the density profile 

for [Cnpy][DCA] at 293.15 K, and those for three [C3py]-based ILs are depicted in Fig. 

9. Compared the results of these two series of ILs, the IL-anion shows a stronger impact 

on the density profile than the IL-cation.  
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Fig. 8, Density profile of [Cnpy][DCA] at 293.15 K. Black solid line, [C2py][DCA]; red 

solid line, [C3py][DCA]; green solid line, [C4py][DCA]; blue solid line, [C5py][DCA]. 
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Fig. 9, Density profile of [C3py]-based ILs at 293.15 K. Black solid line, [C3py][BF4]; 

red solid line, [C3py][Tf2N]; blue solid line, [C3py][DCA]. 

Conclusion 

In this work, the model ePC-SAFT-DGT was further developed and extended to 

represent the interfacial properties of commonly-used ILs which contain one of the 

IL-cations [Cnmim]
+
, [Cnpy]

+
, [Cnmpy]

+
, [Cnmpyr]

+
, or [THTDP]

+ 
and one of the 

IL-anions [Tf2N]
-
, [PF6]

-
, [BF4]

-
, [tfo]

-
, [DCA]

-
, [SCN]

-
, [C1SO4]

-
, [C2SO4]

-
, [eFAP]

-
, 

Cl
-
, [Ac]

-
, or Br

-
, respectively. The influence parameter for each IL was obtained from 

the fitting of experimental data with two strategies, i.e., the molecular-based approach 

with one parameter for each IL (strategy 1) and the IL-cation molecular-weight 

linearized parameters for the ILs in the same homologous series (strategy 2). The 

comparison of the model results with the available experimental data shows that 

ePC-SAFT-DGT with both strategies can be used to describe the surface tension of pure 

ILs in a wide temperature range, and the model with strategy 2 can be used to predict 

the surface tension for the ILs in the same homologous series. The developed 

ePC-SAFT-DGT can be further used to predict other interfacial properties, such as the 

density profile of ILs at the vapor-liquid interface. 

Acknowledgment:  

This work was supported by the Swedish Research Council (Grant No. 2016-04023) 

and the Joint Research Fund for Overseas Chinese Scholars and Scholars in Hong Kong 

and Macao Young Scholars (No. 21729601). 

 

 



 

28 

 

Appendix  

Table A1. Full names of IL-ions studied in this work. 

IL-ion Full name 

[Cnmim]
+ 1-n-alkyl-3-methylimidazolium cation  

[Cnpy]
+ 1-n-alkyl-pyridinium cation 

[Cnmpy]
+ 1-n-alkyl-3-methylpyridinium cation 

[Cnmpyr]
+ 1-methyl-1-n-alkylpyrrolidinium cation 

[THTDP]
+ Trihexyltetradecylphosphonium cation 

[Tf2N]
- Bis(trifluoromethyl-sulfonyl)amide anion 

[PF6]
- Hexafluorophosphate anion 

[BF4]
- Tetrafluoroborate anion 

[tfo]
- Trifluoromethanesulfonate anion 

[DCA]
- Dicyanamide anion 

[SCN]
- Thiocyanate anion 

[C1SO4]
- Methylsulfate anion 

[C2SO4]
- Ethylsulfate anion 

[eFAP]
- Tris(pentafluoroethyl)trifluorophosphate anion 

Cl
- Chloride anion 

[Ac]
- Acetate anion 

Br
- Bromide anion 

[C4m4py]
+ 1-butyl-4-methylpyridinium cation 

[C4m2py]
+ 1-butyl-2-methylpyridinium cation 

Table A2. Performance in ARDs for ePC-SAFT predicting the density of ILs 

 
ARD (%) ref 

[C5py][Tf2N] 0.33 65 

[C5mim][BF4] 0.40 74, 76 

[C7mim][BF4] 0.11 76 

[C9mim][BF4] 1.16 76 

[C4mpy][PF6] 0.30 119 

[C2py][DCA] 0.30 97 

[C3py][DCA] 0.04 6 

[C4py][DCA] 0.04 6 

[C5py][DCA] 0.20 6 
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Table A3. Slope calculated by ePC-SAFT-DGT and fitted by experimental data  

 Slope (Nm-1K-1)  Slope (Nm-1K-1) 

 Experiment Strategy 1 Strategy 2  Experiment Strategy 1 Strategy 2 

[C2mim][Tf2N] -0.059 -0.060 -0.056 [C7mim][PF6] -0.049 -0.062 -0.062 

[C3mim][Tf2N] -0.053 -0.055 -0.055 [C8mim][PF6] -0.056 -0.060 -0.060 

[C4mim][Tf2N] -0.052 -0.055 -0.055 [C9mim][PF6] -0.049 -0.058 -0.055 

[C5mim][Tf2N] -0.058 -0.048 -0.051 [C4mpy][PF6] -0.065 -0.072  

[C6mim][Tf2N] -0.056 -0.049 -0.050 [C2mim][tfo] -0.034 -0.067 -0.067 

[C7mim][Tf2N] -0.060 -0.060 -0.059 [C4mim][tfo] -0.038 -0.060 -0.061 

[C8mim][Tf2N] -0.057 -0.048 -0.048 [C6mim][tfo] -0.039 -0.056 -0.056 

[C10mim][Tf2N] -0.059 -0.046 -0.045 [C2py][tfo] -0.038 -0.068  

[C12mim][Tf2N] -0.048 -0.041 -0.040 [C4py][tfo] -0.079 -0.065  

[C14mim][Tf2N] -0.053 -0.039 -0.040 [C4mpy][tfo] -0.042 -0.062  

[C2py][Tf2N] -0.044 -0.069 -0.069 [C2mim][DCA] -0.080 -0.091 -0.088 

[C3py][Tf2N] -0.046 -0.063 -0.062 [C4mim][DCA] -0.056 -0.075 -0.077 

[C4py][Tf2N] -0.066 -0.064 -0.066 [C6mim][DCA] -0.061 -0.070 -0.069 

[C5py][Tf2N] -0.046 -0.063 -0.064 [C2py][DCA] -0.068 -0.090 -0.090 

[C6py][Tf2N] -0.054 -0.066 -0.064 [C3py][DCA] -0.064 -0.090 -0.090 

[C3mpy][Tf2N] -0.042 -0.069  [C4py][DCA] -0.061 -0.089 -0.089 

[C4mpy][Tf2N] -0.053 -0.066  [C5py][DCA] -0.061 -0.087 -0.087 

[C3mpyr][Tf2N] -0.080 -0.065  [C4mpy][DCA] -0.061 -0.082  

[C4mpyr][Tf2N] -0.038 -0.065  [C4mpyr][DCA] -0.091 -0.087  

[C4m2py][Tf2N] -0.052 -0.069  [THTDP][DCA] -0.081 -0.066  

[C4m4py][Tf2N] -0.052 -0.068  [C2mim][SCN] -0.097 -0.073  

[THTDP][Tf2N] -0.059 -0.069  [C4mim][SCN] -0.093 -0.066  

[C2mim][BF4] -0.065 -0.090 -0.091 [C4mpyr][SCN] -0.099 -0.069  

[C3mim][BF4] -0.062 -0.084 -0.071 [C4m4py][SCN] -0.250 -0.064  

[C4mim][BF4] -0.066 -0.074 -0.074 [C1mim][C1SO4] -0.135 -0.095 -0.094 

[C5mim][BF4] -0.056 -0.073 -0.072 [C2mim][C1SO4] -0.059 -0.088 -0.089 

[C6mim][BF4] -0.045 -0.067 -0.065 [C4mim][C1SO4] -0.089 -0.073 -0.072 
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[C7mim][BF4] -0.051 -0.064 -0.063 [C2mim][C2SO4] -0.048 -0.066  

[C8mim][BF4] -0.067 -0.053 -0.056 [C2mim][eFAP] -0.053 -0.071 -0.071 

[C9mim][BF4] -0.046 -0.057 -0.055 [C4mim][eFAP] -0.054 -0.066 -0.067 

[C10mim][BF4] -0.042 -0.054 -0.051 [C6mim][eFAP] -0.059 -0.065 -0.065 

[C3py][BF4] -0.077 -0.087  [C4mpy][eFAP] -0.049 -0.072  

[C4py][BF4] -0.062 -0.081  [THTDP][eFAP] -0.054 -0.066  

[C4mpy][BF4] -0.065 -0.080  [C4mim][Cl] -0.067 -0.078 -0.080 

[C8mpy][BF4] -0.112 -0.047  [C6mim][Cl] -0.058 -0.069 -0.064 

[C4m2py][BF4] -0.062 -0.077  [C8mim][Cl] -0.058 -0.053 -0.054 

[C4m4py][BF4] -0.072 -0.080  [THTDP][Cl] -0.078 -0.064  

[C3mim][PF6] -0.065 -0.079 -0.079 [C2mim][Ac] -0.051 -0.076  

[C4mim][PF6] -0.039 -0.074 -0.074 [C4mim][Ac] -0.044 -0.062  

[C5mim][PF6] -0.052 -0.072 -0.071 [C4mpyr][Ac] -0.043 -0.062  

[C6mim][PF6] -0.059 -0.066 -0.067 [THTDP][Br] -0.064 -0.067  

 

Chemical potential in ePC-SAFT-DGT 

For pure ILs, a Z-bond was proposed between IL-cations and IL-anions,
120

 forming a 

grid structure, and thus, it is reasonable to assume that the density profiles of cation and 

anion for an IL were equal among the interface:  

𝜌+(𝑧) = 𝜌−(𝑧)                                           (A1) 

Based on this assumption, for a pure IL, if geometric-mean mixing rule was used for 

the mixture of IL-cation and IL-anion, and, thus, equation (11) was changed to: 

1

2
(𝜅+ + 𝜅− + 2√𝜅−𝜅+) ∙ (

𝑑𝜌

𝑑𝑧
)

2

= 𝑎[𝜌] − 𝜌 ∗ (𝜇𝑏
+ + 𝜇𝑏

−) + 𝑃          (A2)            

where 𝜌 represents the local density of an IL-ion, and the superscripts + and – 

represent the properties of IL-cation and IL-anion, respectively.  

Therefore, if we defined the influence parameter κ and the chemical potential of IL as: 

𝜅 = 𝜅+ + 𝜅− + 2√𝜅−𝜅+ = (√𝜅+ + √𝜅−)2                            (A3) 

𝜇𝐼𝐿 = 𝜇+ + 𝜇−                                                     (A4) 

Equation (A2) can be simplified to the form for pure system: 
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1

2
𝜅 ∙ (

𝑑𝜌

𝑑𝑧
)

2

= 𝑎[𝜌] − 𝜌 ∙ 𝜇𝐼𝐿 + 𝑃                                       (A5) 

This indicates that the expression for calculating chemical potential of IL (equation (13)) 

is reasonable. 
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Nomenclature 

A = Total Helmholtz free energy at the interface (J) 

ARD = Absolute relative deviation (%) 

�̃� = Dimensionless Helmholtz free energy 

a = Local Helmholtz free energy (J/m
3
)  

M = Molar mass (g/mol) 

MRD = Mean relative deviation (%) 

m = Segment number 

k = Boltzmann constant (J/K) 

P = Pressure (Pa) 

S = Surface area (m
2
) 

T = Temperature (K) 

tpd = Tangent plane distance 

v = Mole volume (m
3
/mol) 

x = Mole fraction 

Z = Spatial dimension (m) 

 

Greek Letters 

ρ = Density (mol/m
3
)  

ε = Dispersion energy parameter (K) 

η = Packing fraction  

σ = Segment diameter (Å) 

μ = Chemical potential (J/mol) 

κ = Influence parameter (Jm
5
mol

-2
) 

γ = Surface tension (mN/m) 

Ω = Grand potential at the interface (J) 

 

Superscripts and Subscripts 
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v = Vapor phase property 

l = Liquid phase property 

b = Bulk phase property 

cal = Calculated property 

disp = Contribution due to dispersive attraction 

exp = Experimental property 

hc = Residual contribution of hard-chain system 

ion = Contribution due to ionic term 

res = Residual  

 

       

 

 



 

34 

 

References  

(1) Ramdin, M.; de Loos, T. W.; Vlugt, T. J. H., State-of-the-Art of CO2 Capture with 

Ionic Liquids. Ind. Eng. Chem. Res. 2012, 51, (24), 8149-8177. 

(2) Boot-Handford, M. E.; Abanades, J. C.; Anthony, E. J.; Blunt, M. J.; Brandani, S.; 

Mac Dowell, N.; Fernandez, J. R.; Ferrari, M. C.; Gross, R.; Hallett, J. P.; Haszeldine, 

R. S.; Heptonstall, P.; Lyngfelt, A.; Makuch, Z.; Mangano, E.; Porter, R. T. J.; 

Pourkashanian, M.; Rochelle, G. T.; Shah, N.; Yao, J. G.; Fennell, P. S., Carbon 

capture and storage update. Energy. Environ. Sci. 2014, 7, (1), 130-189. 

(3) Werth, S.; Kohns, M.; Langenbach, K.; Heilig, M.; Horsch, M.; Hasse, H., 

Interfacial and bulk properties of vapor-liquid equilibria in the system toluene plus 

hydrogen chloride plus carbon dioxide by molecular simulation and density gradient 

theory plus PC-SAFT. Fluid Phase Equilib. 2016, 427, 219-230. 

(4) Fu, D.; Wang, H.; Du, L., Experiments and model for the surface tension of (MDEA 

+ Bmim BF4 ) and (MDEA plus Bmim Br ) aqueous solutions. J. Chem. Thermodyn. 

2014, 71, 1-5. 

(5) Shen, G.; Held, C.; Lu, X.; Ji, X., Modelling interfacial properties of ionic liquids 

with ePC-SAFT combined with density gradient theory. Mol. Phys. 2016, 114, 

(16-17), 2492-2499. 

(6) Xing, N.; Dai, B.; Ma, X.; Wei, J.; Pan, Y.; Guan, W., The molar surface Gibbs 

energy and prediction of surface tension of C(n)py DCA (n=3,4,5). J. Chem. 

Thermodyn. 2016, 95, 21-25. 

(7) Marcus, Y., On the surface tension of room temperature ionic liquids. Fluid Phase 

Equilib. 2017, 444, 56-60. 

(8) Zubeir, L. F.; Rocha, M. A.; Vergadou, N.; Weggemans, W. M.; Peristeras, L. D.; 

Schulz, P. S.; Economou, I. G.; Kroon, M. C., Thermophysical properties of 

imidazolium tricyanomethanide ionic liquids: experiments and molecular 

simulation. Phys. Chem. Chem. Phys 2016, 18, (33), 23121-23138. 

(9) Zimmermann, P.; Goetsch, T.; Zeiner, T.; Enders, S., Prediction of adsorption 

isotherms of n-aldehydes mixtures using density functional theory in combination 

with Peng-Robinson equation of state. Fluid Phase Equilib. 2016, 424, 173-181. 

(10) Zimmermann, P.; Goetsch, T.; Zeiner, T.; Enders, S., Modelling of adsorption 

isotherms of isomers using density functional theory. Mol. Phys. 2017, 115, (9-12), 

1389-1407. 

(11) Chicaroux, A. K.; Zeiner, T., Investigation of interfacial properties of aqueous 

two-phase systems by density gradient theory Dedicated to Prof. Sabine Enders on 

her 50th birthday and in honor of her previous scientific impact. Fluid Phase Equilib. 

2016, 407, 135-142. 

(12) Zeiner, T.; Schrader, P.; Enders, S.; Browarzik, D., Phase- and interfacial behavior 

of hyperbranched polymer solutions. Fluid Phase Equilib. 2011, 302, (1), 321-330. 

(13) Johannessen, E.; Gross, J.; Bedeaux, D., Nonequilibrium thermodynamics of 

interfaces using classical density functional theory. J. Chem. Phys. 2008, 129, (18), 

184703. 



 

35 

 

(14) Klink, C.; Gross, J., A Density Functional Theory for Vapor–Liquid Interfaces of 

Mixtures Using the Perturbed-Chain Polar Statistical Associating Fluid Theory 

Equation of State. Ind. Eng. Chem. Res. 2014, 53, (14), 6169-6178. 

(15) Klink, C.; Planková, B.; Gross, J., Density Functional Theory for Liquid–Liquid 

Interfaces of Mixtures Using the Perturbed-Chain Polar Statistical Associating Fluid 

Theory Equation of State. Ind. Eng. Chem. Res. 2015, 54, (16), 4633-4642. 

(16) Klink, C.; Waibel, C.; Gross, J., Analysis of interfacial transport resistivities of 

pure components and mixtures based on density functional theory. Ind. Eng. Chem. 

Res. 2015, 54, (45), 11483-11492. 

(17) Camacho Vergara, E. L.; Kontogeorgis, G. M.;  Liang, X., Gas adsorption and 

interfacial tension with classical density functional theory. Ind. Eng. Chem. Res. 

2019, 58(14), 5650-5664. 

(18) Gross, J., A density functional theory for vapor-liquid interfaces using the 

PCP-SAFT equation of state. J. Chem. Phys. 2009, 131, (20), 204705. 

(19) Amézquita, O. N.; Enders, S.; Jaeger, P.; Eggers, R., Interfacial properties of 

mixtures containing supercritical gases. J. Supercrit. Fluid. 2010, 55, (2), 724-734. 

(20) Danzer, A.; Enders, S., Theoretical and experimental investigation of the 

interfacial properties in the ternary mixtures water+ 1-hexanol+ acetic acid and 

water+ hexylacetate+ acetic acid using density gradient theory and spinning-drop 

tensiometry. J. Mol. Liq. 2019, 283, 482-490. 

(21) Enders, S.; Quitzsch, K., Calculation of interfacial properties of demixed fluids 

using density gradient theory. Langmuir 1998, 14, (16), 4606-4614. 

(22) Goetsch, T.; Danzer, A.; Zimmermann, P.; Koehler, A.; Kissing, K.; Enders, S.; 

Zeiner, T., Liquid-Liquid Equilibrium and Interfacial Tension of Hexane 

Isomers-Methanol Systems. Ind. Eng. Chem. Res. 2017, 56, (34), 9743-9752. 

(23) Liang, X.; Michelsen, M. L.; Kontogeorgis, G. M., A density gradient theory based 

method for surface tension calculations. Fluid Phase Equilib. 2016, 428, 153-163. 

(24) Kahl, H.; Enders, S., Calculation of surface properties of pure fluids using density 

gradient theory and SAFT-EOS. Fluid Phase Equilib. 2000, 172, (1), 27-42. 

(25) Mairhofer, J.; Gross, J., Modeling properties of the one-dimensional vapor-liquid 

interface: Application of classical density functional and density gradient theory. 

Fluid Phase Equilib. 2018, 458, 243-252. 

(26) Liang, X.; Michelsen, M. L., General approach for solving the density gradient 

theory in the interfacial tension calculations.  Fluid Phase Equilib. 2017, 451, 

79-90. 

(27) Mairhofer, J.; Gross, J., Modeling of interfacial properties of multicomponent 

systems using density gradient theory and PCP-SAFT. Fluid Phase Equilib. 2017, 

439, 31-42. 

(28) Vega, L. F.; Vilaseca, O.; Llovell, F.; Andreu, J. S., Modeling ionic liquids and the 

solubility of gases in them: Recent advances and perspectives. Fluid Phase Equilib. 

2010, 294, (1-2), 15-30. 

(29) Oliveira, M. B.; Llovell, F.; Coutinho, J. A. P.; Vega, L. F., Modeling the NTf2 

Pyridinium Ionic Liquids Family and Their Mixtures with the Soft Statistical 



 

36 

 

Associating Fluid Theory Equation of State. J. Phys. Chem. B 2012, 116, (30), 

9089-9100. 

(30) Oliveira, M. B.; Dominguez-Perez, M.; Freire, M. G.; Llovell, F.; Cabeza, O.; 

Lopes-da-Silva, J. A.; Vega, L. F.; Coutinho, J. A. P., Surface Tension of Binary 

Mixtures of 1-Alkyl-3-methylimidazolium Bis(trifluoromethylsulfonyl)imide Ionic 

Liquids: Experimental Measurements and Soft-SAFT Modeling. J. Phys. Chem. B 

2012, 116, (40), 12133-12141. 

(31) Ji, X.; Adidharma, H., Ion-based SAFT2 to represent aqueous single- and 

multiple-salt solutions at 298.15 K. Ind. Eng. Chem. Res. 2006, 45, (22), 7719-7728. 

(32) Ji, X.; Adidharma, H., Ion-based statistical associating fluid theory (SAFT2) to 

represent aqueous single-salt solutions at temperatures and pressures up to 473.15 K 

and 1000 bar. Ind. Eng. Chem. Res. 2007, 46, (13), 4667-4677. 

(33) Ji, X.; Adidharma, H., Ion-based SAFT2 to represent aqueous multiple-salt 

solutions at ambient and elevated temperatures and pressures. Chem. Eng. Sci. 2008, 

63, (1), 131-140. 

(34) Ji, X.; Adidharma, H., Thermodynamic modeling of ionic liquid density with 

heterosegmented statistical associating fluid theory. Chem. Eng. Sci. 2009, 64, (9), 

1985-1992. 

(35) Ji, X.; Adidharma, H., Thermodynamic modeling of CO2 solubility in ionic liquid 

with heterosegmented statistical associating fluid theory. Fluid Phase Equilib. 2010, 

293, (2), 141-150. 

(36) Ji, X.; Adidharma, H., Prediction of molar volume and partial molar volume for 

CO2/ionic liquid systems with heterosegmented statistical associating fluid theory. 

Fluid Phase Equilib. 2012, 315, 53-63. 

(37) Ji, X.; Tan, S. P.; Adidharma, H.; Radosz, M., Statistical associating fluid theory 

coupled with restrictive primitive model extended to bivalent ions. SAFT2: 2. 

Brine/seawater properties predicted. J. Phys. Chem. B 2006, 110, (33), 

16700-16706. 

(38) Ji, X. Y.; Tan, S. P.; Adidharma, H.; Radosz, M., SAFT1-RPM approximation 

extended to phase equilibria and densities of CO2-H2O and CO2-H2O-NaCl systems. 

Ind. Eng. Chem. Res. 2005, 44, (22), 8419-8427. 

(39) Ji, X. Y.; Tan, S. P.; Adidharma, H.; Radosz, M., Statistical associating fluid theory 

coupled with restricted primitive model to represent aqueous strong electrolytes: 

Multiple-salt solutions. Ind. Eng. Chem. Res. 2005, 44, (19), 7584-7590. 

(40) Tan, S. P.; Ji, X.; Adidharma, H.; Radosz, M., Statistical associating fluid theory 

coupled with restrictive primitive model extended to bivalent ions. SAFT2: 1. Single 

salt plus water solutions. J. Phys. Chem. B 2006, 110, (33), 16694-16699. 

(41) Ji, X.; Held, C.; Sadowski, G., Modeling imidazolium-based ionic liquids with 

ePC-SAFT. Fluid Phase Equilib. 2012, 335, 64-73. 

(42) Ji, X.; Held, C.; Sadowski, G., Modeling imidazolium-based ionic liquids with 

ePC-SAFT. Part II. Application to H2S and synthesis-gas components. Fluid Phase 

Equilib. 2014, 363, 59-65. 

(43) Ji, X.; Held, C., Modeling the density of ionic liquids with ePC-SAFT. Fluid Phase 



 

37 

 

Equilib. 2016, 410, 9-22. 

(44) Shen, G.; Held, C.; Lu, X.; Ji, X., Modeling thermodynamic derivative properties 

of ionic liquids with ePC-SAFT. Fluid Phase Equilib. 2015, 405, 73-82. 

(45) Zubeir, L. F.; Nijssen, T. M.; Spyriouni, T.; Meuldijk, J.; Hill, J. r.-R. d.; Kroon, M. 

C., Carbon dioxide solubilities and diffusivities in 1-alkyl-3-methylimidazolium 

tricyanomethanide ionic liquids: an experimental and modeling study. J. Chem. Eng. 

Data 2016, 61, (12), 4281-4295. 

(46) Gross, J.; Sadowski, G., Perturbed-chain SAFT: An equation of state based on a 

perturbation theory for chain molecules. Ind. Eng. Chem. Res. 2001, 40, (4), 

1244-1260. 

(47) Cameretti, L. F.; Sadowski, G.; Mollerup, J. M., Modeling of aqueous electrolyte 

solutions with perturbed-chain statistical associated fluid theory. Ind. Eng. Chem. 

Res. 2005, 44, (9), 3355-3362. 

(48) Bülow, M.; Ji, X.; Held, C., Incorporating a concentration-dependent dielectric 

constant into ePC-SAFT. An application to binary mixtures containing ionic liquids. 

Fluid Phase Equilib. 2019, 492, 26-33. 

(49) Tan, S. P.; Adidharma, H.; Radosz, M., Statistical associating fluid theory coupled 

with restricted primitive model to represent aqueous strong electrolytes. Ind. Eng. 

Chem. Res. 2005, 44, (12), 4442-4452. 

(50) Liang, X.; Michelsen, M. L.; Kontogeorgis, G. M., Pitfalls of using the 

geometric-mean combining rule in the density gradient theory. Fluid Phase Equilib. 

2016, 415, 75-83. 

(51) Freire, M. G.; Carvalho, P. J.; Fernandes, A. M.; Marrucho, I. M.; Queimada, A. J.; 

Coutinho, J. A. P., Surface tensions of imidazolium based ionic liquids: Anion, 

cation, temperature and water effect. J. Colloid Interface Sci. 2007, 314, (2), 

621-630. 

(52) Sun, Y.; Schemann, A.; Held, C.; Lu, X.; Shen, G.; Ji, X., Modeling 

Thermodynamic Derivative Properties and Gas Solubility of Ionic Liquids with 

ePC-SAFT. Ind. Eng. Chem. Res. 2019, 58, (19), 8401-8417. 

(53) Kilaru, P.; Baker, G. A.; Scovazzo, P., Density and surface tension measurements 

of imidazolium-, quaternary phosphonium-, and ammonium-based 

room-temperature ionic liquids: Data and correlations. J. Chem. Eng. Data  2007, 

52, (6), 2306-2314. 

(54) Beigi, A. A. M.; Abdouss, M.; Yousefi, M.; Pourmortazavi, S. M.; Vahid, A., 

Investigation on physical and electrochemical properties of three imidazolium based 

ionic liquids (1-hexyl-3-methylimidazolium tetrafluoroborate, 

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide and 

1-butyl-3-methylimidazolium methylsulfate). J. Mol. Liq. 2013, 177, 361-368. 

(55) Klomfar, J.; Souckova, M.; Patek, J., Surface tension measurements with validated 

accuracy for four 1-alkyl-3-methylimidazolium based ionic liquids. J. Chem. 

Thermodyn. 2010, 42, (3), 323-329. 

(56) Tariq, M.; Serro, A. P.; Mata, J. L.; Saramago, B.; Esperanca, J. M. S. S.; Canongia 

Lopes, J. N.; Rebelo, L. P. N., High-temperature surface tension and density 



 

38 

 

measurements of 1-alkyl-3-methylimidazolium bistriflamide ionic liquids. Fluid 

Phase Equilib. 2010, 294, (1-2), 131-138. 

(57) Souckova, M.; Klomfar, J.; Patek, J., Surface tension and 0.1 MPa densities of 

imidazolium-, pyridinium-, pyrrolidinium-, and piperidinium-based 

tris(pentafluoroethyl)trifluorophosphate ionic liquids. Fluid Phase Equilib. 2012, 

333, 38-46. 

(58) Carvalho, P. J.; Freire, M. G.; Marrucho, I. M.; Queimada, A. J.; Coutinho, J. A. P., 

Surface tensions for the 1-alkyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ionic liquids. J. Chem. Eng. Data 2008, 53, (6), 

1346-1350. 

(59) Wandschneider, A.; Lehmann, J. K.; Heintz, A., Surface tension and density of 

pure ionic liquids and some binary mixtures with 1-propanol and 1-butanol. J. Chem. 

Eng. Data 2008, 53, (2), 596-599. 

(60) Almeida, H. F. D.; Teles, A. R. R.; Lopes-da-Silva, J. A.; Freire, M. G.; Coutinho, J. 

A. P., Influence of the anion on the surface tension of 

1-ethyl-3-methylimidazolium-based ionic liquids. J. Chem. Thermodyn. 2012, 54, 

49-54. 

(61) Muhammad, A.; Mutalib, M. I. A.; Wilfred, C. D.; Murugesan, T.; Shafeeq, A., 

Thermophysical properties of 1-hexyl-3-methyl imidazolium based ionic liquids 

with tetrafluoroborate, hexafluorophosphate and bis(trifluoromethylsulfonyl)imide 

anions. J. Chem. Thermodyn. 2008, 40, (9), 1433-1438. 

(62) Bittner, B.; Wrobel, R. J.; Milchert, E., Physical properties of pyridinium ionic 

liquids. J. Chem. Thermodyn. 2012, 55, 159-165. 

(63) Benito, J.; Garcia-Mardones, M.; Perez-Gregorio, V.; Gascon, I.; Lafuente, C., 

Physicochemical Study of n-Ethylpyridinium bis(trifluoromethylsulfonyl)imide 

Ionic Liquid. J. Solution Chem. 2014, 43, (4), 696-710. 

(64) Klomfar, J.; Souckova, M.; Patek, J., Surface tension and density for members of 

four ionic liquid homologous series containing a pyridinium based-cation and the 

bis(trifluoromethylsulfonyl)imide anion. Fluid Phase Equilib. 2017, 431, 24-33. 

(65) Kolbeck, C.; Lehmann, J.; Lovelock, K. R. J.; Cremer, T.; Paape, N.; Wasserscheid, 

P.; Froeba, A. P.; Maier, F.; Steinrueck, H. P., Density and Surface Tension of Ionic 

Liquids. J. Phys. Chem. B 2010, 114, (51), 17025-17036. 

(66) Bhattacharjee, A.; Carvalho, P. J.; Coutinho, J. A. P., The effect of the cation 

aromaticity upon the thermophysical properties of piperidinium- and 

pyridinium-based ionic liquids. Fluid Phase Equilib. 2014, 375, 80-88. 

(67) Carvalho, P. J.; Neves, C. M. S. S.; Coutinho, J. A. P., Surface Tensions of 

Bis(trifluoromethylsulfonyl)imide Anion-Based Ionic Liquids. J. Chem. Eng. Data 

2010, 55, (9), 3807-3812. 

(68) Zhang, Q.-G.; Wei, Y.; Sun, S.-S.; Wang, C.; Yang, M.; Liu, Q.-S.; Gao, Y.-A., 

Study on Thermodynamic Properties of Ionic Liquid N-Butyl-3-methylpyridinium 

Bis(trifluoromethylsulfonyl)imide. J. Chem. Eng. Data  2012, 57, (8), 2185-2190. 

(69) Geppert-Rybczynska, M.; Lehmann, J. K.; Heintz, A., Physicochemical properties 

of two 1-alkyl-1-methylpyrrolidinium bis (trifluoromethyl) sulfonyl imide ionic 



 

39 

 

liquids and of binary mixtures of 1-butyl-1-methylpyrrolidinium bis 

(trifluoromethyl) sulfonyl imide with methanol or acetonitrile. J. Chem. Thermodyn. 

2014, 71, 171-181. 

(70) Shamsipur, M.; Beigi, A. A. M.; Teymouri, M.; Pourmortazavi, S. M.; Irandoust, 

M., Physical and electrochemical properties of ionic liquids 

1-ethyl-3-methylimidazolium tetrafluoroborate, 1-butyl-3-methylimidazolium 

trifluoromethanesulfonate and 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide. J. Mol. Liq. 2010, 157, (1), 43-50. 

(71) Blanco, D.; Bartolome, M.; Ramajo, B.; Viesca, J. L.; Gonzalez, R.; Hernandez 

Battez, A., Wetting Properties of Seven Phosphonium Cation-Based Ionic Liquids. 

Ind. Eng. Chem. Res. 2016, 55, (36), 9594-9602. 

(72) Almeida, H. F. D.; Lopes-da-Silva, J. A.; Freire, M. G.; Coutinho, J. A. P., Surface 

tension and refractive index of pure and water-saturated 

tetradecyltrihexylphosphonium-based ionic liquids. J. Chem. Thermodyn. 2013, 57, 

372-379. 

(73) Klomfar, J.; Souckova, M.; Patek, J., Low Temperature Densities from (218 to 364) 

K and up to 50 MPa in Pressure and Surface Tension for 

Trihexyl(tetradecyl)phosphonium Bis(trifluoromethylsulfonyl)imide and 

Dicyanamide and 1-Hexyl-3-methylimidazolium Hexafluorophosphate. J. Chem. 

Eng. Data 2014, 59, (7), 2263-2274. 

(74) Xu, W.-G.; Li, L.; Ma, X.-X.; Wei, J.; Duan, W.-B.; Guan, W.; Yang, J.-Z., Density, 

Surface Tension, and Refractive Index of Ionic Liquids Homologue of 

1-Alkyl-3-methylimidazolium Tetrafluoroborate [Cnmim][BF4] (n=2,3,4,5,6). J. 

Chem. Eng. Data 2012, 57, (8), 2177-2184. 

(75) Souckova, M.; Klomfar, J.; Patek, J., Surface tension of 

1-alkyl-3-methylimidazolium based ionic liquids with trifluoromethanesulfonate 

and tetrafluoroborate anion. Fluid Phase Equilib. 2011, 303, (2), 184-190. 

(76) Souckova, M.; Klomfar, J.; Patek, J., Surface tension and 0.1 MPa density of 

1-alkyl-3-methylimidazolium tetrafluoroborates in a homologous series perspective. 

J. Chem. Thermodyn. 2016, 100, 79-88. 

(77) Wang, J.-Y.; Zhang, X.-J.; Liu, Y.-M.; Hu, Y.-Q., Interfacial Tensions of 

Imidazolium-Based Ionic Liquids with N-Alkanes and Cyclohexane. J. Chem. Eng. 

Data 2011, 56, (10), 3734-3737. 

(78) Ghatee, M. H.; Zolghadr, A. R., Surface tension measurements of 

imidazolium-based ionic liquids at liquid-vapor equilibrium. Fluid Phase Equilib. 

2008, 263, (2), 168-175. 

(79) Sanchez, L. G.; Espel, J. R.; Onink, F.; Meindersma, G. W.; de Haan, A. B., Density, 

Viscosity, and Surface Tension of Synthesis Grade Imidazolium, Pyridinium, and 

Pyrrolidinium Based Room Temperature Ionic Liquids. J. Chem. Eng. Data 2009, 

54, (10), 2803-2812. 

(80) Vakili-Nezhaad, G.; Vatani, M.; Asghari, M.; Ashour, I., Effect of temperature on 

the physical properties of 1-butyl-3-methylimidazolium based ionic liquids with 

thiocyanate and tetrafluoroborate anions, and 1-hexyl-3-methylimidazolium with 



 

40 

 

tetrafluoroborate and hexafluorophosphate anions. J. Chem. Thermodyn. 2012, 54, 

148-154. 

(81) Yusoff, R.; Shamiri, A.; Aroua, M. K.; Ahmady, A.; Shafeeyan, M. S.; Lee, W. S.; 

Lim, S. L.; Burhanuddin, S. N. M., Physical properties of aqueous mixtures of 

N-methyldiethanolamine (MDEA) and ionic liquids. J. Ind. Eng. Chem. 2014, 20, 

(5), 3349-3355. 

(82) Bandres, I.; Carmen Lopez, M.; Castro, M.; Barbera, J.; Lafuente, C., 

Thermophysical properties of 1-propylpyridinium tetrafluoroborate. J. Chem. 

Thermodyn. 2012, 44, (1), 148-153. 

(83) Garcia-Mardones, M.; Cea, P.; Gascon, I.; Lafuente, C., Thermodynamic study of 

the surface of liquid mixtures containing pyridinium-based ionic liquids and 

alkanols. J. Chem. Thermodyn. 2014, 78, 234-240. 

(84) Bandres, I.; Royo, F. M.; Gascon, I.; Castro, M.; Lafuente, C., Anion Influence on 

Thermophysical Properties of Ionic Liquids: 1-Butylpyridinium Tetrafluoroborate 

and 1-Butylpyridinium Triflate. J. Phys. Chem. B 2010, 114, (10), 3601-3607. 

(85) Bandres, I.; Giner, B.; Artigas, H.; Royo, F. M.; Lafuente, C., Thermophysic 

comparative study of two isomeric pyridinium-based ionic liquids. J. Phys. Chem. B 

2008, 112, (10), 3077-3084. 

(86) Bandres, I.; Giner, B.; Artigas, H.; Lafuente, C.; Royo, F. M., Thermophysical 

Properties of N-Octyl-3-methylpyridinium Tetrafluoroborate. J. Chem. Eng. Data 

2009, 54, (2), 236-240. 

(87) Bandres, I.; Pera, G.; Martin, S.; Castro, M.; Lafuente, C., Thermophysical Study 

of 1-Butyl-2-Methylpyridinium Tetrafluoroborate Ionic Liquid. J. Phys. Chem. B 

2009, 113, (35), 11936-11942. 

(88) AlTuwaim, M. S.; Alkhaldi, K. H. A. E.; Al-Jimaz, A. S.; Mohammad, A. A., 

Temperature Dependence of Physicochemical Properties of Imidazolium-, 

Pyroldinium-, and Phosphonium-Based Ionic Liquids. J. Chem. Eng. Data 2014, 59, 

(6), 1955-1963. 

(89) Klomfar, J.; Souckova, M.; Patek, J., Group contribution and parachor analysis of 

experimental data on densities and surface tension for six ionic liquids with the PF6 

anion. Fluid Phase Equilib. 2015, 385, 62-71. 

(90) Klomfar, J.; Souckova, M.; Patek, J., Surface Tension Measurements for Four 

1-Alkyl-3-methylimidazolium-Based Ionic Liquids with Hexafluorophosphate 

Anion. J. Chem. Eng. Data 2009, 54, (4), 1389-1394. 

(91) Pereiro, A. B.; Legido, J. L.; Rodriguez, A., Physical properties of ionic liquids 

based on 1-alkyl-3-methylimidazolium cation and hexafluorophosphate as anion 

and temperature dependence. J. Chem. Thermodyn. 2007, 39, (8), 1168-1175. 

(92) Singh, M. P.; Mandal, S. K.; Verma, Y. L.; Gupta, A. K.; Singh, R. K.; Chandra, S., 

Viscoelastic, Surface, and Volumetric Properties of Ionic Liquids BMIM OcSO(4) , 

BMIM PF6 , and EMIM MeSo(3). J. Chem. Eng. Data 2014, 59, (8), 2349-2359. 

(93) Garcia-Andreu, M.; Castro, M.; Gascon, I.; Lafuente, C., Thermophysical 

characterization of 1-ethylpyridinium triflate and comparison with similar ionic 

liquids. J. Chem. Thermodyn. 2016, 103, 395-402. 



 

41 

 

(94) Navarro, P.; Larriba, M.; Garcia, J.; Rodriguez, F., Thermal stability, specific heats, 

and surface tensions of ( emim DCA + 4empy Tf2N ) ionic liquid mixtures. J. Chem. 

Thermodyn. 2014, 76, 152-160. 

(95) Klomfar, J.; Souckova, M.; Patek, J., Temperature Dependence of the Surface 

Tension and Density at 0.1 MPa for 1-Ethyl- and 1-Butyl-3-methylimidazolium 

Dicyanamide. J. Chem. Eng. Data 2011, 56, (8), 3454-3462. 

(96) Almeida, H. F. D.; Carvalho, P. J.; Kurnia, K. A.; Lopes-da-Silva, J. A.; Coutinho, J. 

A. P.; Freire, M. G., Surface tensions of ionic liquids: Non-regular trend along the 

number of cyano groups. Fluid Phase Equilib. 2016, 409, 458-465. 

(97) Xing, N. N.; Fan, B. H.; Bu, X. X.; Wei, J.; Pan, Y.; Guan, W., Study on 

thermophysical properties for aqueous solutions of ionic liquid N-ethyl-pyridine 

dicyanamide [C2py][DCA]. J. Mol. Liq. 2016, 219, 390-395. 

(98) Bandres, I.; Giner, B.; Gascon, I.; Castro, M.; Lafuente, C., Physicochemical 

characterization of n-butyl-3-methylpyridinium dicyanamide ionic liquid. J. Phys. 

Chem. B 2008, 112, (39), 12461-12467. 

(99) Domanska, U.; Krolikowska, M., Effect of temperature and composition on the 

surface tension and thermodynamic properties of binary mixtures of 

1-butyl-3-methylimidazolium thiocyanate with alcohols. J. Colloid Interface Sci. 

2010, 348, (2), 661-667. 

(100) Larriba, M.; Navarro, P.; Garcia, J.; Rodriguez, F., Selective extraction of 

toluene from n-heptane using emim SCN and bmim SCN ionic liquids as solvents. J. 

Chem. Thermodyn. 2014, 79, 266-271. 

(101) Pereiro, A. B.; Santamarta, F.; Tojo, E.; Rodriguez, A.; Tojo, J., Temperature 

dependence of physical properties of ionic liquid 1,3-dimethylimidazolium methyl 

sulfate. J. Chem. Eng. Data 2006, 51, (3), 952-954. 

(102) Wang, J.-Y.; Zhao, F.-Y.; Liu, Y.-M.; Wang, X.-L.; Hu, Y.-Q., Thermophysical 

properties of pure 1-ethyl-3-methylimidazolium methylsulphate and its binary 

mixtures with alcohols. Fluid Phase Equilib. 2011, 305, (2), 114-120. 

(103) Batchelor, T.; Cunder, J.; Fadeev, A. Y., Wetting study of imidazolium ionic 

liquids. J. Colloid Interface Sci. 2009, 330, (2), 415-420. 

(104) Fernandez, A.; Garcia, J.; Torrecilla, J. S.; Oliet, M.; Rodriguez, F., Volumetric, 

transport and surface properties of bmim MeSO4 and emim EtSO4 ionic liquids as a 

function of temperature. J. Chem. Eng. Data 2008, 53, (7), 1518-1522. 

(105) Pereiro, A. B.; Verdia, P.; Tojo, E.; Rodriguez, A., Physical properties of 

1-butyl-3-methylimidazolium methyl sulfate as a function of temperature. J. Chem. 

Eng. Data 2007, 52, (2), 377-380. 

(106) Gomez, E.; Gonzalez, B.; Calvar, N.; Tojo, E.; Dominguez, A., Physical 

properties of pure 1-ethyl-3-methylimidazolium ethylsulfate and its binary mixtures 

with ethanol and water at several temperatures. J. Chem. Eng. Data 2006, 51, (6), 

2096-2102. 

(107) Nieto de Castro, C. A.; Langa, E.; Morais, A. L.; Matos Lopes, M. L.; 

Lourenco, M. J. V.; Santos, F. J. V.; Santos, M. S. C. S.; Canongia Lopes, J. N.; Veiga, 

H. I. M.; Macatrao, M.; Esperanca, J. M. S. S.; Marques, C. S.; Rebelo, L. P. N.; 



 

42 

 

Afonso, C. A. M., Studies on the density, heat capacity, surface tension and infinite 

dilution diffusion with the ionic liquids [C4mim][NTf2], [C4mim][dca], [C2mim] 

[EtOSO3] and Aliquat dca. Fluid Phase Equilib. 2010, 294, (1-2), 157-179. 

(108) Larriba, M.; Garcia, S.; Garcia, J.; Torrecilla, J. S.; Rodriguez, F., 

Thermophysical Properties of 1-Ethyl-3-methylimidazolium 

1,1,2,2-Tetrafluoroethanesulfonate and 1-Ethyl-3-methylimidazolium Ethylsulfate 

Ionic Liquids as a Function of Temperature. J. Chem. Eng. Data 2011, 56, (9), 

3589-3597. 

(109) Liu, Q.-S.; Tong, J.; Tan, Z.-C.; Welz-Biermann, U.; Yang, J.-Z., Density and 

Surface Tension of Ionic Liquid [C2mim][PF3(CF2CF3)3] and Prediction of 

Properties [Cnmim][PF3(CF2CF3)3] (n=1, 3, 4, 5, 6). J. Chem. Eng. Data 2010, 55, 

(7), 2586-2589. 

(110) Souckova, M.; Klomfar, J.; Patek, J., Temperature dependence of the surface 

tension and 0.1 MPa density for 1-C-n-3-methylimidazolium 

tris(pentafluoroethyl)trifluorophosphate with n=2, 4, and 6. J. Chem. Thermodyn. 

2012, 48, 267-275. 

(111) Ferreira, C. E.; Talavera-Prieto, N. M. C.; Fonseca, I. M. A.; Portugal, A. T. G.; 

Ferreira, A. G. M., Measurements of pVT, viscosity, and surface tension of 

trihexyltetradecylphosphonium tris(pentafluoroethyl)trifluorophosphate ionic liquid 

and modelling with equations of state. J. Chem. Thermodyn. 2012, 47, 183-196. 

(112) Ma, X.-X.; Wei, J.; Zhang, Q.-B.; Tian, F.; Feng, Y.-Y.; Guan, W., Prediction 

of Thermophysical Properties of Acetate-Based Ionic Liquids Using Semiempirical 

Methods. Ind. Eng. Chem. Res. 2013, 52, (27), 9490-9496. 

(113) Castro, M. C.; Rodriguez, H.; Arce, A.; Soto, A., Mixtures of Ethanol and the 

Ionic Liquid 1-Ethyl-3-methylimidazolium Acetate for the Fractionated Solubility 

of Biopolymers of Lignocellulosic Biomass. Ind. Eng. Chem. Res. 2014, 53, (29), 

11850-11861. 

(114) Almeida, H. F. D.; Passos, H.; Lopes-da-Silva, J. A.; Fernandes, A. M.; Freire, 

M. G.; Coutinho, J. A. P., Thermophysical Properties of Five Acetate-Based Ionic 

Liquids. J. Chem. Eng. Data 2012, 57, (11), 3005-3013. 

(115) Safarov, J.; Geppert-Rybczynska, M.; Kul, I.; Hassel, E., Thermophysical 

properties of 1-butyl-3-methylimidazolium acetate over a wide range of 

temperatures and pressures. Fluid Phase Equilib. 2014, 383, 144-155. 

(116) Xu, A.; Wang, J.; Zhang, Y.; Chen, Q., Effect of Alkyl Chain Length in Anions 

on Thermodynamic and Surface Properties of 1-Butyl-3-methylimidazolium 

Carboxylate Ionic Liquids. Ind. Eng. Chem. Res. 2012, 51, (8), 3458-3465. 

(117) Manic, M. S.; Macedo, E. A.; Najdanovic-Visak, V., 

Trihexyl(tetradecyl)phosphonium bromide: Liquid density, surface tension and 

solubility of carbondioxide. Fluid Phase Equilib. 2012, 324, 8-12. 

(118) Sun, Y.; Shen, G.; Held, C.; Feng, X.; Lu, X.; Ji, X., Modeling Viscosity of 

Ionic Liquids with Electrolyte Perturbed-Chain Statistical Associating Fluid Theory 

and Free Volume Theory. Ind. Eng. Chem. Res. 2018, 57, (26), 8784-8801. 

(119) Souckova, M.; Klomfar, J.; Patek, J., Measurements and group contribution 



 

43 

 

analysis of 0.1 MPa densities for still poorly studied ionic liquids with the PF6 and 

NTf2 anions. J. Chem. Thermodyn. 2014, 77, 31-39. 

(120) Dong, K.; Zhang, S.; Wang, Q., A new class of ion-ion interaction: Z-bond. 

Science China-Chemistry 2015, 58, (3), 495-500. 

 

 



 
 

 

 

 

 

  



 
 

 

 

Paper Ⅳ 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





1 
 

 

 

 

 

 

How to detect possible pitfalls in ePC-SAFT modelling:  

Extension to ionic liquids 

Yunhao Sun
a,b

, Zhida Zuo
b
, Aatto Laaksonen

a,b,c,d
, Xiaohua Lu

*,b
, Xiaoyan Ji

*,a 

 

a
Division of Energy Science/Energy Engineering, Luleå University of Technology, 97187 Luleå, 
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Abstract 
An ion-specific electrolyte perturbed-chain statistical associating fluid theory (ePC-SAFT) has 

been developed to describe the thermodynamic and transport properties of ionic liquids (ILs) for 

developing IL-based technologies to separate CO2 from gas mixtures. However, as it has been 

pointed out previously, SAFT-based models can lead to a pitfall, manifesting as an additional 

fictitious liquid-liquid critical line connected to an additional mechanically stable critical point 

when modeling pure substances. In this work, a method for detecting a pitfall in ILs was 

developed, where an expression with ionic term for calculating the critical point with ePC-SAFT 



2 
 

was derived and an algorithm for detecting the additional fictitious phase equilibrium for ILs was 

proposed. The pitfall occurrence for an extended set ILs taken from our previous work was 

investigated. It shows that a pitfall occurs only for one single IL among all 96 ILs in the 

temperature and pressure range of interest. For [C8mpy][BF4], at 290.27 ~ 291.78 K, a  pitfall 

may occur at the pressures of interest; at 273.15 ~ 290.20 K, it may occur at any given pressure. 

The ion-specific ePC-SAFT parameters for [C8mpy]
+
 may therefore need to be modified in the 

future when more reliable experimental results are available for parameter fitting. 

Keywords:  ePC-SAFT,   Ionic liquids,   Pitfall,   Critical point,   Additional phase equilibrium   

 

1. Introduction 
 

Capture and separation of CO2 from the flue gas emitted by fossil-fueled power plants and in 

purifying the gas generated from biomass gasification for biofuel production are crucial to 

reduce fast increasing anthropogenic greenhouse gases in the atmosphere. The captured CO2 can 

be stored and/or utilized/converted for mitigating CO2 emissions from the energy sector; biofuel 

is carbon-neutral and, thus, biofuel production via biomass gasification is proposed as an 

important option to mitigate CO2 emissions from the transportation sector. However, the 

currently used technologies for CO2 separation are still expensive, calling for novel 

developments.
1
 

Recently, ionic liquids (ILs) have been suggested as promising liquid absorbents for CO2 

separation, due to their many unique properties, such as tunable nature, relatively high CO2 

solubility and selectivity, relatively low energy demand for solvent regeneration, etc.
1-2

 The 

number of ILs that can be theoretically obtained is an order of 10
18

, making it desirable to 

develop theoretical models to select the properties needed for technology development. It has 

been proven that the statistical associating fluid theory (SAFT)-based models are promising in 

describing the properties of ILs in the bulk phase,
3
 and extensive research has been conducted to 

improve them. For example, hetero-segmented SAFT was developed
4-6

 to describe the density 

and CO2 solubility of IL. Karakatsani et al.
7-9

 used the truncated Perturbed-Chain Polar SAFT 

(tPC-PSAFT) to describe the solubility of CO, CO2, O2, and CHF3 in eight imidazolium-based 

ILs.  

It has also been pointed out
10-16,18-24

 that SAFT-based models may generate numerical pitfalls. 

More specifically, the model parameters that were fitted to experimental data may generate an 

additional fictitious critical point, leading to an unrealistic behavior in the phase diagram within 

a certain temperature and pressure range.
32

 In fact, this pitfall can also be generated for other 

equation of states (EOSs), e.g. Soave–Redlich–Kwong EoS.
10-12

 Pitfall can be a serious problem 

in the applications of these EOSs, which may lead to inconsistent predictions.
22

 However, when 
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the additional fictitious critical temperature is very low, pitfall will only occur in the temperature 

range outside of practical interest.
19

  

For SAFT-based models, pitfall occurrence has been studied for the common substances. 

Polishuk et al.
13-15

 studied the pitfall occurrence of SAFT-based models and found that all SAFT-

based models may produce pitfalls. For PC-SAFT, Yelash et al.
16,24

 and Polishuk et al.
19

 reported 

that the polynomial approximations used in formulating the dispersion term are responsible for 

producing this pitfall for pure compounds.
21

 The pitfall occurrence of PC-SAFT for pure 

substances was investigated by Privat et al.,
32

 and the results show that for most common 

substances, pitfall only occurs outside the temperature and pressure domains of interest. Their 

further study
22

 indicates that pitfall also exists in solid-liquid equilibrium for mixtures. Yelash et 

al.
16

 studied the pitfall occurrence of PC-SAFT for “model” polymers. They observed that when 

applying PC-SAFT for the substances with a long chain (number of segments larger than 70), 

two additional fictitious phase equilibria may generate (i.e., a liquid-liquid equilibrium at a rather 

high density and a gas-gas equilibrium at a very low density). However, this phenomenon only 

occurs beyond the temperature and pressure regions of typical interest.
16

 Alsaifi et al.
20-21

 used 

the bifurcation diagrams to study the pitfall of different SAFT-based EOSs. They found that the 

mathematical artifacts led to the appearance of unphysical branches giving rise to multiplicity of 

volume roots in all the SAFT models.
20-21

 Polishuk
17

 proposed a critical point-based revised 

method to avoid the pitfalls in PC-SAFT by a major revision of this model, and the re-fitted 

universal parameters of PC-SAFT made the model virtually free of the undesired numerical 

pitfall.
17

 The revised model can also be applied for the sparsely volatile substances like ILs.
25-26

 

Several SAFT-based models have been applied to model ILs. However, investigating the pitfall 

occurrence of these models in modeling ILs is still limited. Chen et al.
27-28

 and Shahriari et al.
29

 

stated that no pitfall was observed in their models for ILs, but no further information about the 

pitfall occurrence was provided. The pitfall occurrence in the molecule-based PC-SAFT was 

studied for pure ILs by Polishuk et al.,
19

 showing that the additional fictitious critical temperature 

is higher than 273 K for most ILs studied. This indicates that the application of the molecule-

based PC-SAFT will be affected by the pitfall when modeling ILs in the typical temperature and 

pressure domains of interest. 

In a series of our previous works, an ion-specific ePC-SAFT was developed
33-37

 to predict the 

thermodynamic properties of ILs and the gas solubilities in ILs. The developed ePC-SAFT was 

further combined with the free volume theory
38-39 

and the density gradient theory
40

 to predict the 

viscosity and surface tension of ILs, respectively. However, any thorough investigation of the 

pitfall occurrences in the case of ILs has not yet been conducted to date.  

In this work, the method of detecting pitfalls was developed and applied for the ion-specific ePC-

SAFT in modeling ILs. The entire set of 96 ILs, studied in our previous work,
33-40

 were included 

and investigated across a wide temperature and pressure range. 
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2. Theory 
 

2.1 Brief introduction of ePC-SAFT 

Following our previous work,
33

 the dimensionless residual Helmholtz energy (a
res

) in ePC-SAFT 

for the IL-based systems can be described with the contributions from hard-chain (a
hc

), 

dispersion (a
disp

), and ion (a
ion

) terms as shown in the following equation:
41,42

 

res hc disp iona a a a                                (1) 

The corresponding pressure (P) and the chemical potential of component l (μl) can be calculated 

with the following equations:
41

 

𝑃 = 𝑘𝑇𝜌[1 + 𝜂(
𝜕𝑎𝑟𝑒𝑠

𝜕𝜂
)𝑇,𝑥𝑖

]                                                                                                           (2) 

𝜇𝑙
𝑟𝑒𝑠

𝑘𝑇
= 𝑎𝑟𝑒𝑠 + 𝜂(

𝜕𝑎𝑟𝑒𝑠

𝜕𝜂
)𝑇,𝑥𝑖

+ (
𝜕𝑎𝑟𝑒𝑠

𝜕𝑥𝑙
)𝑇,𝑣,𝑥𝑖≠𝑥𝑙

− ∑ [𝑥𝑗(
𝜕𝑎𝑟𝑒𝑠

𝜕𝑥𝑗
)𝑇,𝑣,𝑥𝑖≠𝑥𝑗

]𝑗=1,𝑁                                   (3) 

where ρ is the density in the bulk phase, T is the temperature in Kelvin, k is the Boltzmann 

constant, x is the mole fraction, v is the molar volume, and η is the packing fraction calculated 

with equation (4). 

η = ρ ∑ 𝑥𝑖𝑚𝑖𝑑𝑖
3

𝑖                                                                                                                           (4) 

where mi and di are the segment number and the temperature-dependent diameter of component 

i,
41

 respectively.  

As described previously,
33-40 

we considered each IL as an equimolar mixture of IL-anion and IL-

cation, and each IL-ion was modeled as a non-spherical species with three parameters, i.e., 

segment number mseg, segment diameter σ, and dispersion-energy u/k.  

2.2 Occurrence of a pitfall  

It has been pointed out by Segura et al.
12

 that PC-SAFT, as an EOS model, may generate an 

additional phase critical line connected to an additional mechanically stable critical point for a 

pure component within a certain temperature range, which is considered as a pitfall. In this work, 

we used CO2 as an example to briefly explain the pitfall. 

According to Privat et al.,
32

 the additional fictitious critical temperature of CO2 is 86.69 K for 

ePC-SAFT, and three isotherms are illustrated in Fig. 1a. At 70 K, ePC-SAFT provides five roots 

for density within a certain pressure range. Among these five roots, the vapor and metastable 

ones (between the vapor and liquid roots) are not the major focus here. The additional two roots, 

i.e., those with higher η, are physically inconsistent, and an additional fictitious liquid-liquid 

phase equilibrium can be obtained, leading to a pitfall for ePC-SAFT.  
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Fig. 1. Isotherms of pure CO2 calculated with ePC-SAFT 

This can be interpreted more clearly in the 𝜇-P (chemical potential-pressure) plane, where the 

root with the lowest 𝜇 (i.e., the lowest molar Gibbs free energy) is physically stable (solid line). 

As shown in Fig. 1b, at 70 K, ePC-SAFT provides two loops (the unstable parts corresponding to 

the dashed line in Fig. 1b) and two intersection points (two-phase equilibria). When the pressure 

is higher than 2964.46 bar, the largest root (i.e., the additional root) is physically stable (lowest 

𝜇), leading to an additional fictitious liquid phase (L’) and an additional fictitious LL’E (L-L’ 

equilibrium) contradicts the physical consistency. In this work, to separate these liquid phases, 

the one corresponding to the normal physically stable root is called the original liquid phase (L), 

and the one corresponding to the “additional” physically stable root is called the additional 

fictitious liquid phase (L’).  

2.3 Possible pitfall in the case of pure ILs 
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Scheme 1. Scheme for detecting a pitfall in ILs at the interested temperature and pressure range. TC is the 

additional fictitious critical temperature, {T,P} represents the temperature and pressure range of interest, 

and φ denotes an  empty set. 

Following the work by Privat et al,
32

 when the additional fictitious critical temperature is 

extremely low, the pitfall will only occur in the temperature range outside of interest. Therefore, 

as illustrated in Scheme 1, the first step of checking for a pitfall is to look for the additional 

fictitious critical temperature of ILs. For the case when the temperature of interest is lower than 

the additional fictitious critical temperature, LL’E needs to be studied in order to investigate 

where a possible pitfall may occur. Based on the obtained LL’E, the temperature and pressure 

range can be further determined for the pitfall to occur, and the pitfall occurs only in the region 

of L’, i.e., at a certain pressure with a temperature lower than that of LL’E.
32

  

Detecting additional fictitious critical points 

From the P-η isotherm diagram (Fig. 1a), the critical point refers to an inflection point where the 

concavity and convexity of a function are transformed. Thus, equations (5) combined with the P-

η-T relation (equation (6)) can be used to search for the inflection point (i.e., the critical point).  

{

(
𝜕𝑃

𝜕𝜂
)

𝑇,𝑥
= 0

(
𝜕2𝑃

𝜕𝜂2)
𝑇,𝑥

= 0

                                                                                                                                                                                           
(5)

             

No 

Yes ILs Tc < 273.15 K 
No pitfall 

at {T,P} 

Calculate Tc 

Yes No pitfall 

at {T,P} 
LL’E∩{T,P}=φ 

No 

Pitfall occurred in the 

region of L’ for pure IL 

Calculate LL’E for pure IL 
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𝑃(𝑇𝑐 , 𝜂𝑐) − 𝑃𝑐 = 0                                                                                                                                                                               
 (6)

 

where Tc and ηc are the critical temperature and the packing-fraction, respectively, and Pc is the 

critical pressure.  

In equation (5), the first and second-order derivatives of pressure to the packing fraction η can be 

calculated by:
20 

(
𝜕𝑃

𝜕𝜂
)𝑇,𝑥 = 𝑘𝑇[𝜌 (

𝜕𝑧

𝜕𝜂
)

𝑇,𝑥
+ 𝑧 (

𝜕𝜌

𝜕𝜂
)

𝑇,𝑥
]                                                                                      (7)                                                                             

(
𝜕2𝑃

𝜕𝜂2)𝑇,𝑥 = 𝑘𝑇[𝜌 (
𝜕2𝑧

𝜕𝜂2)
𝑇,𝑥

+ 2 (
𝜕𝜌

𝜕𝜂
)

𝑇,𝑥
(

𝜕𝑧

𝜕𝜂
)

𝑇,𝑥
]                                                                (8)                                                      

where z is the compressibility factor.  

In equations (7) and (8), the derivative of density to the packing fraction reads: 

(
𝜕𝜌

𝜕𝜂
)

𝑇,𝑥
=

6

𝜋
∑ 𝑥𝑖𝑚𝑖𝑑𝑖𝑖                                                                                                              (9)                                                                                                        

For ePC-SAFT, the compressibility factor z in equations (8) and (9) is the summation of different 

terms, where the ideal-gas term is equal to one:
42 

z = 1 + zℎ𝑐 + z𝑑𝑖𝑠𝑝 + z𝑖𝑜𝑛                                                                                    (10)  

Subsequently, the first and second-order derivatives of compressibility factor to the packing 

fraction η can be calculated by: 

(
𝜕𝑧

𝜕𝜂
)

𝑇,𝑥
= (

∂zℎ𝑐

𝜕𝜂
)

𝑇,𝑥
+ (

∂z𝑑𝑖𝑠𝑝

𝜕𝜂
)

𝑇,𝑥
+ (

∂z𝑖𝑜𝑛

𝜕𝜂
)

𝑇,𝑥
                                                              (11)                        

(
𝜕2𝑧

𝜕𝜂2)
𝑇,𝑥

= (
𝜕2𝑧ℎ𝑐

𝜕𝜂2 )
𝑇,𝑥

+ (
𝜕2𝑧𝑑𝑖𝑠𝑝

𝜕𝜂2 )
𝑇,𝑥

+ (
𝜕2𝑧𝑖𝑜𝑛

𝜕𝜂2 )
𝑇,𝑥

                                                             (12)    

The expressions of z
hc

, z
disp

, and z
ion

 can be found in [41] and [42], and those of (
∂zℎ𝑐

𝜕𝜂
)

𝑇,𝑥
, 

(
∂z𝑑𝑖𝑠𝑝

𝜕𝜂
)

𝑇,𝑥
, (

𝜕2𝑧ℎ𝑐

𝜕𝜂2 )
𝑇,𝑥

, and (
𝜕2𝑧𝑑𝑖𝑠𝑝

𝜕𝜂2 )
𝑇,𝑥

were described in [43].  

In this work, the expressions of (
∂z𝑖𝑜𝑛

𝜕𝜂
)

𝑇,𝑥
 and (

𝜕2𝑧𝑖𝑜𝑛

𝜕𝜂2 )
𝑇,𝑥

 were derived as follows. 

For PC-SAFT, the compressibility factor contributed by the ionic term reads: 

𝑧𝑖𝑜𝑛 =
𝜅 ∑ 𝑞𝑖

2𝑥𝑖𝜎𝑖𝑖

24𝜋𝑘𝑇𝜀
                                                                                                            (13)                                                                                                                                   

where qi is the charge in Coulomb units for component i, and ε is the dielectric constant of the 

medium and it was set to the vacuum value for all ILs.
21

 κ is the inverse Debye screening length, 

and σ is an intermediate variable with the expression of:
43 
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𝜎𝑖 = −2𝜒𝑖 +
3

1+𝜅𝑑𝑖
                                                                                                            (14)  

where  

𝜒𝑖 =
9

(𝜅𝑑𝑖)3
[1.5 + ln(1 + 𝜅𝑑𝑖) − 2(1 + 𝜅𝑑𝑖) + 0.5(1 + 𝜅𝑑𝑖)2]                                         (15)                                          

The first and second-order derivatives of z
ion

 to the packing fraction η can be derived from 

equation (13): 

(
∂z𝑖𝑜𝑛

𝜕𝜂
)

𝑇,𝑥
= [−

∑ 𝑞𝑖
2𝑥𝑖𝜎𝑖𝑖

24𝜋𝑘𝑇𝜀
∙ (

𝜕𝜅

𝜕𝜌
)

𝑇,𝑥
−

𝜅 ∑ 𝑞𝑖
2𝑥𝑖(

𝜕𝜎𝑖
𝜕𝜌

)
𝑇,𝑥

𝑖

24𝜋𝑘𝑇𝜀
] ∙ (

𝜕𝜌

𝜕𝜂
)

𝑇,𝑥
                                       (16) 

(
∂2z𝑖𝑜𝑛

𝜕𝜂2 )
𝑇,𝑥

=

−
1

24𝜋𝑘𝑇
∙ (

𝜕2𝜅

𝜕𝜌2)
𝑇,𝑥

∙ ∑ 𝑞𝑖
2𝑥𝑖𝜎𝑖𝑖 −

1

12𝜋𝑘𝑇
(

𝜕𝜅

𝜕𝜌
)

𝑇,𝑥
∑ 𝑞𝑖

2𝑥𝑖 (
𝜕𝜎𝑖

𝜕𝜌
)

𝑇,𝑥
𝑖 −

𝜅

24𝜋𝑘𝑇
∑ 𝑞𝑖

2𝑥𝑖 (
𝜕2𝜎𝑖

𝜕𝜌2 )
𝑇,𝑥

𝑖        (17)         

In equations (16) and (17), the first-order derivatives of κ and σi to density can be expressed by: 

(
𝜕𝜅

𝜕𝜌
)

𝑇,𝑥
=

1

2
√

∑ 𝑞𝑖
2𝑥𝑖𝑖

𝑘𝑇𝜀𝜌
                                                                                                        (18) 

(
𝜕𝜎𝑖

𝜕𝜌
)

𝑇,𝑥
= −2 (

𝜕𝜒𝑖

𝜕𝜌
)

𝑇,𝑥
−

3𝑑𝑖

(1+𝜅𝑑𝑖)2 ∙ (
𝜕𝜅

𝜕𝜌
)

𝑇,𝑥
                                                            (19)                                                                                                                                                                                                                                                                                                                                                                              

where  

(
𝜕𝜒𝑖

𝜕𝜌
)

𝑇,𝑥
= {−

9

(𝜅𝑑𝑖)4
[1.5 + ln(1 + 𝜅𝑑𝑖) − 2(1 + 𝜅𝑑𝑖) + 0.5(1 + 𝜅𝑑𝑖)2] +

3

(𝜅𝑑𝑖)3 (
1

1+𝜅𝑑𝑖
+ 𝜅𝑑𝑖 −

1)} ∙ 𝑑𝑖 ∙ (
𝜕𝜅

𝜕𝜌
)

𝑇,𝑥
                                                                                                        (20)     

The second-order derivatives of κ and σi to density can be calculated by: 

(
𝜕2𝜅

𝜕𝜌2)
𝑇,𝑥

= −
1

4
√

∑ 𝑞𝑖
2𝑥𝑖𝑖

𝑘𝑇𝜀𝜌
𝜌⁄                                                                                                         (21) 

(
𝜕2𝜎𝑖

𝜕𝜌2 )
𝑇,𝑥

= −2 (
𝜕2𝜒𝑖

𝜕𝜌2 )
𝑇,𝑥

−
3𝑑𝑖

(1+𝜅𝑑𝑖)3 ∙ (
𝜕2𝜅

𝜕𝜌2)
𝑇,𝑥

+
6𝑑𝑖

2

(1+𝜅𝑑𝑖)3 ∙ (
𝜕𝜅

𝜕𝜌
)

𝑇,𝑥

2

                     (22)                                                                                                                                          

where 

(
𝜕2𝜒𝑖

𝜕𝜌2 )
𝑇,𝑥

= {−
9

(𝜅𝑑𝑖)4
[1.5 + ln(1 + 𝜅𝑑𝑖) − 2(1 + 𝜅𝑑𝑖) + 0.5(1 + 𝜅𝑑𝑖)2] +

3

(𝜅𝑑𝑖)3 (
1

1+𝜅𝑑𝑖
+

𝜅𝑑𝑖 − 1)} ∙ 𝑑𝑖 ∙ (
𝜕2𝜅

𝜕𝜌2)
𝑇,𝑥

+ {
36

(𝜅𝑑𝑖)5
[1.5 + ln(1 + 𝜅𝑑𝑖) − 2(1 + 𝜅𝑑𝑖) + 0.5(1 + 𝜅𝑑𝑖)2] −

18

(𝜅𝑑𝑖)4 (
1

1+𝜅𝑑𝑖
+ 𝜅𝑑𝑖 − 1) +

3

(𝜅𝑑𝑖)3 (−
1

(1+𝜅𝑑𝑖)2 + 1)} ∙ 𝑑𝑖
2 ∙ (

𝜕𝜅

𝜕𝜌
)

𝑇,𝑥

2

                                       (23) 
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The terms of (
𝜕3𝑃

𝜕𝜂3)𝑇,𝑥 , (
𝜕2𝑃

𝜕𝑇𝜕𝜂
)𝑇,𝑥 , and (

𝜕3𝑃

𝜕𝑇𝜕𝜂2)𝑇,𝑥  that are required in the Jacobian matrix were 

calculated by the central difference method when solving equations (5). Based on preliminary 

investigations, Tc = 200 K and ηc = 0.7 were set as the initial approximation when solving 

equation (5).  

Based on the value of additional fictitious temperature, the occurrence of pitfall can be 

determined, i.e., if the additional fictitious temperature is lower than the lowest temperature of 

interest, there is no pitfall at all within the temperature of interest (Scheme 1).    

Calculation of L-L’ equilibrium (LL’E) 

In the case that the temperature of interest is lower than the additional fictitious critical 

temperature, a possible pitfall occurrence in the interested temperature and pressure range needs 

to be further controlled by calculating LL’E (Scheme 1).  

The LL’E can be obtained by solving the following nonlinear equation: 

{
𝑃(𝑇, 𝜂) = 𝑃(𝑇, 𝜂𝑎𝑑𝑑)

𝜇𝐼𝐿(𝑇, 𝜂) = 𝜇𝐼𝐿(𝑇, 𝜂𝑎𝑑𝑑)
                                                                                                        (21) 

where 𝜇𝐼𝐿  is the chemical potential of the IL molecule, 𝜂 is the original physically stable root, 

and 𝜂𝑎𝑑𝑑  is the additional one. 

It should be pointed out that in the ion-specific ePC-SAFT developed previously,
33

 the IL-ion 

based chemical potential can be obtained, and this concept is convenient in a single-phase 

region.
33

 For the phase equilibrium, when IL is involved, the charge neutrality needs to be 

specifically considered as the Gibbs phase rule cannot automatically satisfy it. In this case, it is 

more convenient to use the IL-molecule based chemical potential instead of IL-ion based. In this 

work, the IL-molecule based chemical potential was obtained from those of the constituent IL-

ions based on the developed ePC-SAFT.   

Using the newly developed ePC-SAFT, the chemical potential of each IL-ion can be obtained by 

the summation of the ideal gas term (𝜇𝑖
𝑖𝑑) and the residual term (𝜇𝑖

𝑟𝑒𝑠 , equation (3)):
33

 

𝜇𝑖

𝑘𝑇
=

𝜇𝑖
𝑖𝑑

𝑘𝑇
+

𝜇𝑖
𝑟𝑒𝑠

𝑘𝑇
= ln(𝛬𝑖

3𝜌𝑖) +
𝜇𝑖

𝑟𝑒𝑠

𝑘𝑇
                                                                                         (22) 

where 𝛬 is the de Broglie wavelength that contains the translational and internal degrees of 

freedom: 

Λ𝑖 =
ℎ

(2𝜋𝑀𝑖𝑘𝑇)1/2                                                                                                                       (23) 

where h is the Planck constant, and M is the molecular mass.  
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In order to obtain the chemical potential for each IL-molecule from the constituent IL-ions, the 

relationship needs to be identified, which is described as following. 

Following the definition of Gibbs free energy, for a system with an IL component, we have:  

𝐺 = 𝑛+𝜇+ + 𝑛−𝜇− + ∑ 𝑛𝑖𝑖 𝜇𝑖 = 𝑛+(𝜇+ + 𝜇−) + ∑ 𝑛𝑖𝑖 𝜇𝑖                                                        (24) 

𝐺 = 𝑛𝐼𝐿𝜇𝐼𝐿 + ∑ 𝑛𝑖𝑖 𝜇𝑖                                                                                                                 (25) 

where 𝑛+, 𝑛−, 𝑛𝐼𝐿 , and 𝑛𝑖  are the mole numbers of the IL-cations, IL-anions, ILs, and other 

components, respectively. Equation (24) is the Gibbs free energy based on the IL-ions, while 

equation (25) is the corresponding quantity based on the IL-molecules.  

For a specific system, the Gibbs free energy is fixed, and for the IL-molecule, we also have: 

n𝐼𝐿 = 𝑛+ = 𝑛−                                                                                                                           (26) 

Therefore, we obtain: 

𝜇𝐼𝐿 = 𝜇+ + 𝜇−                                                                                                                            (27)   

Based on the chemical potential of each IL-molecule, LL’E can be obtained with equation (21). 

The algorithm for calculating LL’E was described in the Appendix. 

Based on LL’E, the region of pitfall occurrence can be determined, i.e., pitfall occurs at the 

temperature and pressure range within the region of L’ (Scheme 1).   

3. Results and discussion 
 

For IL-applications, in general, the temperature of interest is higher than 273.15 K. Therefore, in 

this work, 273.15 K was set as the lowest boundary to decide whether a pitfall needs to be 

considered for the studied ILs as a first step (Scheme 1). The pressure range was set to be 1 ~ 

200 bar considering the most applications in CO2 separation. 

3.1 Detecting additional fictitious critical points 

In this work, a possible pitfall of using ePC-SAFT for all the ILs (in total 96) considered in our 

previous work
33-40

 was studied. The additional fictitious critical temperatures together with the 

additional critical packing fraction of these ILs were calculated by solving the nonlinear 

equations (5). Consequently, the additional fictitious critical pressures of these ILs were 

calculated by solving equation (6). The additional fictitious critical properties of these 96 ILs 

calculated in this work are listed in Table 1. The complete names of IL-ions are listed in Table 

S1 in the supporting information. In calculation, the parameters of IL-ions were taken from the 

references [35,39] or estimated with the linear relation given in the supporting information.
35,39 
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Table 1. Additional fictitious critical points of ILs calculated with ePC-SAFT 

ILs Additional critical points ILs Additional critical point 

 

Tc (K) ηc Pc (bar)  Tc (K) ηc Pc (bar) 

[C2mim][Tf2N] 210.69 0.7043 8215.33 [C2mim][tfo] 234.57 0.7141 11676.88 

[C3mim][Tf2N] 209.42 0.7029 7841.19 [C4mim][tfo] 229.41 0.7092 10017.45 

[C4mim][Tf2N] 208.66 0.7016 7517.34 [C6mim][tfo] 227.00 0.7055 8873.22 

[C5mim][Tf2N] 208.36 0.7004 7235.34 [C2py][tfo] 241.85 0.7127 12149.22 

[C6mim][Tf2N] 208.47 0.6994 6987.97 [C4py][tfo] 237.92 0.7065 10516.73 

[C7mim][Tf2N] 208.94 0.6985 6770.33 [C4mpy][tfo] 242.20 0.7088 9911.88 

[C8mim][Tf2N] 209.75 0.6976 6577.38 [C2mim][DCA] 248.67 0.7160 14462.26 

[C10mim][Tf2N] 212.22 0.6961 6253.00 [C4mim][DCA] 240.61 0.7106 11950.37 

[C12mim][Tf2N] 215.66 0.6948 5991.98 [C6mim][DCA] 236.30 0.7065 10291.61 

[C14mim][Tf2N] 219.89 0.6937 5778.81 [C2py][DCA] 256.51 0.7144 15125.96 

[C2py][Tf2N] 215.10 0.7035 8500.20 [C3py][DCA] 252.26 0.7106 13667.58 

[C3py][Tf2N] 214.51 0.7016 8163.43 [C4py][DCA] 249.08 0.7076 12571.13 

[C4py][Tf2N] 214.33 0.7000 7884.77 [C5py][DCA] 246.81 0.7050 11725.52 

[C5py][Tf2N] 214.61 0.6986 7672.97 [C4mpy][DCA] 254.25 0.7102 11681.84 

[C6py][Tf2N] 215.20 0.6973 7493.93 [C4mpyr][DCA] 253.88 0.7098 11764.70 

[C3mpy][Tf2N] 197.48 0.7008 7312.23 [THTDP][DCA] 191.59 0.6863 6241.60 

[C4mpy][Tf2N] 219.54 0.7014 7539.66 [C2mim][SCN] 289.75 0.7098 17757.76 

[C8mpy][Tf2N] 316.27 0.7036 7835.95 [C4mim][SCN] 275.25 0.7059 14516.29 

[C3mpyr][Tf2N] 199.20 0.7019 7328.69 [C6mim][SCN] 266.27 0.7028 12337.41 

[C4mpyr][Tf2N] 219.17 0.7012 7582.55 [C8mim][SCN] 261.18 0.7004 10800.10 

[C5mpyr][Tf2N] 242.78 0.7004 7905.65 [C4py][SCN] 280.01 0.7036 15267.16 
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[C4m2py][Tf2N] 235.30 0.7014 8082.75 [C4mpyr][SCN] 287.53 0.7053 14058.31 

[C4m4py][Tf2N] 219.53 0.7014 7539.67 [C4m4py][SCN] 288.44 0.7056 13940.04 

[THTDP][Tf2N] 185.19 0.6857 5484.25 [C1mim][C1SO4] 236.46 0.7164 13972.95 

[C2mim][BF4] 225.80 0.7136 13842.28 [C2mim][C1SO4] 232.21 0.7135 12633.13 

[C3mim][BF4] 222.58 0.7111 12520.96 [C4mim][C1SO4] 226.65 0.7087 10690.29 

[C4mim][BF4] 220.38 0.7088 11465.61 [C4mpy][C1SO4] 240.13 0.7084 10531.47 

[C5mim][BF4] 219.01 0.7069 10608.67 [C2mim][C2SO4] 288.81 0.7118 13894.93 

[C6mim][BF4] 218.34 0.7052 9901.50 [C2py][C2SO4] 295.99 0.7106 14386.62 

[C7mim][BF4] 218.27 0.7037 9311.63 [C2mim][eFAP] 199.05 0.6976 6929.35 

[C8mim][BF4] 218.70 0.7023 8812.81 [C4mim][eFAP] 198.17 0.6960 6534.80 

[C9mim][BF4] 219.56 0.7011 8387.80 [C6mim][eFAP] 198.71 0.6948 6218.36 

[C10mim][BF4] 220.80 0.7000 8021.91 [C4mpy][eFAP] 207.43 0.6959 6579.95 

[C3py][BF4] 229.52 0.7088 13196.89 [THTDP][eFAP] 181.67 0.6850 5300.70 

[C4py][BF4] 227.72 0.7061 12163.11 [C4mim]Cl 215.54 0.7112 12984.33 

[C4mpy][BF4] 234.99 0.7085 11244.78 [C6mim]Cl 213.76 0.7070 10866.84 

[C6mpy][BF4] 298.78 0.7105 11197.13 [C8mim]Cl 214.60 0.7038 9466.87 

[C8mpy][BF4] 365.70 0.7126 10918.37 [THTDP]Cl 181.03 0.6864 6214.61 

[C4m2py][BF4] 257.20 0.7086 12271.38 [C2mim][Ac] 237.78 0.7142 14427.51 

[C4m4py][BF4] 234.99 0.7085 11244.92 [C4mim][Ac] 230.76 0.7092 11906.06 

[C3mim][PF6] 231.95 0.7089 11720.07 [C6mim][Ac] 227.46 0.7055 10245.77 

[C4mim][PF6] 229.36 0.7070 10852.63 [C4mpyr][Ac] 244.49 0.7085 11728.58 

[C5mim][PF6] 227.59 0.7052 10132.97 [THTDP]Br 167.22 0.6860 5846.74 

[C6mim][PF6] 226.50 0.7037 9528.01 [C2mim]Br 171.07 0.7087 12846.75 

[C7mim][PF6] 226.01 0.7024 9015.26 [C3mim]Br 171.70 0.7068 11552.03 

[C8mim][PF6] 226.03 0.7011 8575.59 [C4mim]Br 172.93 0.7051 10546.61 
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[C9mim][PF6] 226.50 0.7000 8196.37 [C5mim]Br 174.63 0.7037 9748.58 

[C4mpy][PF6] 242.71 0.7067 10668.10 [C6mim]Br 176.72 0.7023 9102.21 

 

To illustrate the occurrence of a pitfall for a pure IL, [C2mim][eFAP] with an additional fictitious 

temperature of 199.05 K was selected as an example. In Fig. 3a, three isotherms at 170, 199.05, 

and 230 K were presented. These three isotherms represent three different cases: (1) lower than 

the additional fictitious critical temperature (170 K), (2) at the additional fictitious temperature 

(199.05 K), and (3) higher than the additional fictitious critical temperature (230 K). At 170 K, 

an additional LL’E was generated. Fig. 3b shows the isotherms of pure [C2mim][eFAP] in 𝜇-P 

plane at 170 K. As illustrated in Fig. 3b, when the pressure is higher than 524.95 bar, the largest 

root (additional root) has the lowest residual Gibbs molar energy, being the physically stable root 

(partial enlargement is shown in Fig. 3c). In other words, at 170 K, the pitfall occurs for the IL 

when that pressure is higher than 524.95 bar. The same phenomenon can be observed at the 

temperature lower than 199.05 K (additional fictitious temperature) for this IL and for other ILs 

with different additional fictitious temperatures.  
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Fig. 3. Three isotherms of [C2mim][eFAP] calculated with ePC-SAFT at 170 K, 199.05 K and 230 K (a), 

isotherms of [C2mim][eFAP] in the chemical 𝜇-P plane at 170 K (b), and the partial enlargement of (b) 

around LL’E (c)  

3.2 Pitfall occurrence 

Based on the temperature boundary and the results listed in Table 1, among these 96 ILs, there 

are 86 ILs with an additional fictitious critical temperature lower than 273.15 K as illustrated in 

Fig. 4, indicating that ePC-SAFT with the ion-specific parameters, either been fitted to the 

density of pure ILs or predicted with the linear expressions based on the molecular weight, will 

not generate the pitfall at the temperatures of interest for most ILs.  
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Fig. 4. (a) The additional fictitious critical temperatures for the studied ILs. (b) The ILs (red triangel) with 

the additional fictitious critical temperature higher than 273.15 K 

Although the additional fictitious critical temperatures of 10 ILs are higher than 273.15 K, we 

still need to control whether LL’E will affect the solution in the temperature and pressure range 

of interest. In this work, the LL’E lines for these 10 ILs were calculated at the temperature higher 

than 273.15 K.   

In Fig. 5, the LL’E lines of these 10 ILs are presented, where the shadowed area represents the 

region with the temperature and pressure of interest. As we can see from Fig. 5, except 

[C8mpy][BF4], for all other 9 ILs, their LL’E lines are well-separated from the shadowed area, 

indicating no risk for a pitfall at the temperature and pressure of interest. The corresponding 

pressure ranges of LL’E for these 9 ILs are listed in Table 2. 

Table 2. Pressure ranges of LL’E for ILs at the temperature higher than 273.15 K 

ILs Pressure range (bar) ILs Pressure range (bar) 

[C8mpy][Tf2N] 1840.18 ~ 7835.95 [C4mpyr][SCN] 10099.45 ~ 14085.31 

[C6mpy][BF4] 6113.28 ~ 11197.13 [C4m4py][SCN] 9797.00 ~ 13940.04 

[C2mim][SCN] 12371.49 ~ 17757.76 [C2mim][C2SO4] 9888.85 ~ 13894.93 

[C4mim][SCN] 13969.24 ~ 14516.29 [C2py][C2SO4] 8650.43 ~ 14386.62 

[C4py][SCN] 13104.92 ~ 15267.16   

 

For [C8mpy][BF4], the LL’E line crosses the shadowed area at temperatures of 290.27 ~ 291.78 

K, which means that ePC-SAFT may generate a pitfall for this particular IL at the temperature 
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and pressure of interest. When the temperature and pressure are inside the region of the left side 

of LL’E line (i.e., L’), a pitfall will occur for ePC-SAFT. 

It should be pointed out that the LL’E line of [C8mpy][BF4] reaches a fictitious triple point at 

290.20 K, which is higher than 273.15 K. When the temperature is within the range of 273.15 ~ 

290.20 K, there is always a pitfall at any given pressures. However, for other studied ILs, their 

temperatures at the fictitious triple point are all lower than 273.15 K.  

According to the work from Yelash et al.
16,24

 and Polishuk et al.
19

,
 
the additional fictitious critical 

temperature mainly depends on the dispersion energy, and a large value may lead to a relatively 

high additional fictitious critical temperature.
19

 In our previous work,
35

 the parameters of IL-ions 

in the same homologous series were linearized with the molar weight. For [Cnmpy]
+
, only three 

IL-ions in this homologous series were used to obtain the linear relation for predicting the 

parameters of other IL-ions in the same homologous series, such as [C8mpy]
+
. The predicted 

large dispersion parameter for [C8mpy]
+
 may lead to the pitfall occurring in the normal 

temperature and pressure range. Adding more IL-ions in this series to obtain a new set of linear 

relations may help to overcome this problem, which will be further studied in our future work 

with more available experimental data points.   
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Fig. 5. LL’E (lines) calculated with ePC-SAFT for the ILs with an additional critical temperature higher 

than 273.15 K. The left side of lines is L’ region for each IL (pitfall region) and the right side of lines is L 

region for each IL.  

In summary, for all 96 ILs checked in this work, only one IL encounters the pitfall in the 

temperature and pressure range of interest when modeling ILs with ePC-SAFT.  
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Previously, Polishuk et al. have studied the pitfall occurrence when modeling ILs with the 

molecular-based PC-SAFT.
19

 In their work, in total, twelve [Cnmim]-based ILs were studied. 

Among them, four [Cnmim][PF6]-based and four [Cnmim][BF4]-based ILs show their additional 

fictitious critical temperatures around 370 K, and the additional fictitious critical temperatures of 

four [Cnmim][Tf2N]-based ILs range 250 ~ 290 K. In the current work, when ILs were modeled 

with ePC-SAFT, the additional fictitious critical temperatures for [Cnmim][PF6] and 

[Cnmim][BF4] are within the ranges of 226.01 ~ 231.95 and 218.27 ~ 225.80 K, respectively, 

which are much lower than those for the molecular-based PC-SAFT. The additional fictitious 

critical temperatures of [Cnmim][Tf2N] (250 ~ 290 K) for the molecular-based PC-SAFT are also 

higher than those modeled with ePC-SAFT with a range of 208.36 ~ 218.89 K. Therefore, ePC-

SAFT is recommended to model ILs. 

 

3.3 Suggestion to identify physically stable root. 

 

Several methods have been proposed to identify physically stable root when solving SAFT-based 

EOSs. Aslam et al.
30

 identified all possible packing fraction roots of SAFT by applying the 

global fixed-point homotopy and then decided the physically stable one by comparing their 

chemical potentials. The same idea was used by Privat et al.
32

 In their work, all possible roots 

were identified by firstly calculating all extreme points of the isotherm. The physically stable 

root was further identified by comparing their chemical potentials. Alsaifi et al. proposed a 

reference point approach to discard some non-physical roots without calculating the chemical 

potential.
21

 Lama et al.
31

 proposed a new methodology based on the second-order geometrical 

approximation to avoid pitfall.
31

 The critical point is used as an input in this algorithm, and thus 

the methodology cannot be used for the sparsely volatile substances without critical points like 

ILs.  

To detect the physically stable root, in this work, the combination of the algorithm proposed by 

Privat et al.
32

 and the reference point approach proposed by Aslam et al
21

 was used in modeling 

ILs with ePC-SAFT. Taking [C8mpy][Tf2N] as an example, the solution of ePC-SAFT at T0 = 

273.15 K and P0 = 1 bar was illustrated. 

Using the algorithm proposed by Privat et al., four extreme points in the isotherm at 273.15 K 

can be calculated:
32 

 

η1
𝑒𝑥𝑡𝑟 = 9.684 ∙ 10−7 𝑎𝑛𝑑 𝑃1

𝑒𝑥𝑡𝑟 = 7.662 ∙ 10−5 𝑏𝑎𝑟 

η2
𝑒𝑥𝑡𝑟 = 0.3862 𝑎𝑛𝑑 𝑃2

𝑒𝑥𝑡𝑟 = −2239 𝑏𝑎𝑟 

η3
𝑒𝑥𝑡𝑟 = 0.6416 𝑎𝑛𝑑 𝑃3

𝑒𝑥𝑡𝑟 = 4029 𝑏𝑎𝑟 

η4
𝑒𝑥𝑡𝑟 = 0.7631 𝑎𝑛𝑑 𝑃4

𝑒𝑥𝑡𝑟 = −3102 𝑏𝑎𝑟 
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Two sequences (Pn) and (Hn) were then defined based on the extreme points for pressure and 

packing fraction, respectively:
32

 

 

Pn = {0; 7.662 ∙ 10−5; -2239; 4029; -3102; +∞} (bar) 

Hn = {0; 9.684 ∙ 10−7; 0.3862; 0.6416; 0.7631; 1} 

 

The number of the packing fraction roots and the corresponding ranges of each roots can be 

determined by two sequences, i.e., for Pi < P0 < Pi+1 or Pi+1 < P0 < Pi, a packing fraction root 

exists in the range of [Hi, Hi+1]. Following this, for the case of pressure P0= 1 bar, their ranges 

can be determined, and they are: [P3, P4], [P5, P4] and [P5, P6]. Subsequently, three roots can be 

solved at the ranges of [H3, H4], [H4, H5] and [H5, H6], respectively. 

According to the work by Alsaifi et al,
21

 when the temperature is higher than that of reference 

point, there will be no physically stable packing fraction root that has a value less than the 

packing fraction of reference point.
21

 Therefore, the reference point can help to discard some 

non-physical roots without calculating their chemical potentials or even packing fractions. 

At P0 = 1 bar, based on the criterion for calculating the reference points, listed in Table 3, for 

ePC-SAFT, the specific reference point is (158.135 K, 0.5938). Since T0 (273.15 K) is greater 

than the temperature of reference point (158.135 K), any packing fraction roots with the value 

greater than 0.5938 are impossible to be physically stable ones. Obviously, the roots within the 

packing fraction ranges of [H4, H5] and [H5, H6] can be discarded. Therefore, the physically 

stable packing fraction root only exists within [H3, H4], which can be easily solved with a value 

of 0.5146.  

 

Table 3. The criterion for calculating the reference points
21 

Reference point Pressure range 

(0.5Tc, 5/6ηc) < 10 bar 

(Tc, ηc) > 10 bar 

 

To show the reliability of the combined method, all three roots with their corresponding 

chemical potentials were calculated and listed here:   

η1
𝑟𝑜𝑜𝑡 = 0.5146 𝑎𝑛𝑑 

𝜇

𝑘𝑇0
= −221.6 
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η2
𝑟𝑜𝑜𝑡 = 0.7209 𝑎𝑛𝑑 

𝜇

𝑘𝑇0
= −210.9 

η3
𝑟𝑜𝑜𝑡 = 0.7875 𝑎𝑛𝑑 

𝜇

𝑘𝑇0
= −212.7 

It shows that the packing fraction root with the value of 0.5146 reaches the lowest chemical 

potential, and this root is the physically stable one. Therefore, the combined method is effective. 

 

Conclusion 

In this work, methods for detecting an additional fictitious critical point and an additional 

fictitious LL’E for the ion-specific ePC-SAFT were developed, and a scheme for investigating 

the pitfall occurrence of pure ILs was proposed. The pitfall occurrence of all the 96 ILs 

considered in our previous work was studied. The results show that the pitfall only occurs in one 

single IL ([C8mpy][BF4]) among all the 96 ILs in the temperature and pressure range of 

interested. For [C8mpy][BF4], at 290.27 ~ 291.78 K, ePC-SAFT may generate a pitfall at the 

pressures of interest; at a temperature range of 273.15 ~ 290.20 K, there is always a pitfall at any 

given pressures. The ion-specific ePC-SAFT parameters for [C8mpy]
+
 may need to be modified 

in future work with more available experimental data. Additionally, it was found that the 

combination of the algorithm proposed by Privat et al. and the reference point approach can be 

used to identify the physically stable roots. This work focused on pure ILs, and the pitfall 

occurrence in modeling IL-gas systems will be investigated in our future work. 
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Appendix 

 

1. The algorithm for calculating LL’E of ILs 

To resolve equation (21), it is difficult to get the initial guess. In this work, an algorithm was 

adopted as described follows. 

Selecting an initial temperature (at least 20 K lower than the additional fictitious critical 

temperature but higher than the additional fictitious triple point), and drawing an isotherm at the 

𝜇-P plane to get an approximate pressure of the intersection point (i.e., the pressure of LL’E at 



20 
 

the initial temperature). Scheme A1 shows the detail of the algorithm. The temperature step dT 

was set to be 3 ~ 5 K when the temperature is 10 K lower than the additional fictitious critical 

temperature, otherwise, dT was 0.2 ~ 0.5 K.  
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Scheme A1. Algorithm for calculating LL’E of a pure IL. 

 

 

Initialization: 

T = Ti;  P
e
 = Pi; 𝜂𝑖 = 0.5; 𝜂𝑖

𝑎𝑑𝑑 = 0.9 

Solve equation P
e
 = 

P(T, 𝜂) with initial 

guess 𝜂𝑖 to get 𝜂𝑛 

Solve equation P
e
 = 

P(T, 𝜂) with initial guess 

𝜂𝑖
𝑎𝑑𝑑  to get 𝜂𝑎𝑑𝑑  

𝜇𝑛 = 𝜇(𝑇, 𝜂𝑛) 𝜇𝑎𝑑𝑑 = 𝜇(𝑇, 𝜂𝑎𝑑𝑑 ) 

δ𝑃 =  𝐹/
𝑑𝐹

𝑑𝑃
 

𝐹 = (𝜇𝑛 − 𝜇𝑎𝑑𝑑)/kT 

Calculate 
𝑑𝐹

𝑑𝑃
 using the central differences 

|𝐹| < 10−8 𝑃𝑒 = 𝑃𝑒 − δ𝑃 

𝑇 = 𝑇 + 𝑑𝑇 

𝜂𝑖 = 𝜂𝑛 

𝜂𝑖
𝑎𝑑𝑑 = 𝜂𝑎𝑑𝑑  

𝑇 < 𝑇𝑐
𝑎𝑑𝑑  

No Yes 

Yes 

No 

Finish 

Output:  

T, P
e
(LL’E) 
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Nomenclature 

 

a = Dimensionless Helmholtz free energy  

G = Gibbs free energy 

M = Molar mass  

m = Segment number 

L = Liquid phase 

L’ = Additional fictitious liquid phase 

LL’E = Additional fictitious liquid-liquid phase 

n = Mole numbers 

h = Planck constant 

k = Boltzmann constant  

P = Pressure  

q = Charge  

T = Temperature (K) 

u = Dispersion energy parameter (K) 

x = Mole fraction 

z = Compressibility factor 

 

Greek Letters 

ρ = Density  

ε = Dielectric constant of the medium 

η = Packing fraction  

δ = Segment diameter  

Λ = de Broglie wavelength 

σ, χ = Intermediate variable in Debye–Hückel theory 

μ = Chemical potential  

κ = Inverse Debye screening length 

 

Superscripts and Subscripts 

add = Properties correspond to additional root 
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c = Critical properties 

e = Equilibrium properties 

disp = Contribution due to dispersive attraction 

extr = Extreme point 

hc = Residual contribution of hard-chain system 

IL = Properties correspond to IL molecule 

ion = Contribution due to ionic term 

res = Residual term 

+ =  Properties correspond to IL-cation 

- =  Properties correspond to IL-anion 

 

Sequences 

Pn = Pressure of extreme points in isotherm 

Hn = Packing fraction of extreme points in isotherm 
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