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A B S T R A C T   

In this work, the eSAFT-VR Mie equation of state (EoS) is extended to low relative permittivity, non-aqueous solutions. The effect of using different relative 
permittivity relations for the electrolyte solutions is studied, ranging from experimentally measured values to a salt-composition independent relative permittivity. 
Furthermore, the effect of using different approaches for the characteristic diameters in the Debye-Hückel and Born terms is presented. The eSAFT-VR Mie EoS is 
reparametrized using aqueous mean ionic activity coefficients, individual ion activity coefficients and densities with different relations for the relative permittivity. 
Afterwards, the performance of these models on non-aqueous solutions is evaluated based on the Mean Ionic Activity Coefficients of salts in non-aqueous solutions. 
The conclusion is that a mole fraction based mixing rule for the relative permittivity yields the best extrapolation from aqueous to non-aqueous solutions, and 
achieves quantitative predictions for the mean ionic activity coefficients of monovalent salts in methanol and ethanol without additional adjustable parameters.   

1. Introduction 

Electrolyte thermodynamics is constantly gaining interest due to an 
increasingly wide range of applications of electrolyte solutions. Typical 
examples of aqueous electrolyte solution processes are water purifica
tion and scaling. Furthermore in this category belong all processes that 
involve immiscible systems where the electrolyte is present in the 
aqueous phase only, such as carbon capture utilization and/or seques
tration (CCUS) [1,2], and oil and gas production from conventional [3] 
and unconventional [4,5] reservoirs. The participation of mixed-solvent 
systems or even non-aqueous electrolyte solutions in innovative appli
cations, such as power generation through reverse electrodialysis [6], 
fuel cell technology [7] and lithium batteries [8], enhances the need for 
accurate thermodynamic description of such mixtures as well. 

There are many electrolyte Equations of State (eEoS) that have 
proven to be successful for modeling aqueous solutions, which vary 
significantly in their formulation because of unresolved fundamental 
issues related to electrolyte thermodynamics. Walker et al. [9] presented 
an investigation of various aspects of electrolyte modeling including the 
effect of parameterization, relative permittivity model, electrostatic 
interaction model (Debye-Hückel, DH in brief, and Mean Spherical 
Approximation, MSA in brief) for aqueous solutions, within the context 

of eSAFT-VR Mie. An important conclusion of this work [9] is the high 
sensitivity of the models to the relative permittivity relation, which is 
quickly becoming one of the most influential and controversial topics in 
electrolyte EoS modeling [9–11]. 

Two reasons can be identified for the controversy regarding the 
relative permittivity: a fundamental one concerning the derivation of 
the ion-ion terms and a more practical one concerning the experimental 
relative permittivity of electrolyte solutions. It has been debated that 
since the ion-ion interactions are derived using the McMillan-Mayer 
framework, the solvent should be treated as a continuum with con
stant macroscopic properties (such as density and relative permittivity) 
[12–14]. However, in the book by Michelsen and Mollerup, this 
constraint is afterwards relaxed, and it is suggested that a 
salt-composition-dependent relative permittivity can be used within the 
context of EoS [14]. Also, according to Ahmed et al. [15], since the Born 
term accounts for charging an ion in a dielectric medium, the relative 
permittivity that is used within this term has to be 
salt-composition-dependent. To add to this ambiguity, experimental 
measurements of relative permittivity are actually a result of two 
distinct contributions [16]: kinetic depolarization (movement of ions 
due to the external electric field enforced during the measurements) and 
dielectric saturation (water molecules in the solvation shells are unable 
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to rotate according to an external electric field and are effectively not 
contributing to the relative permittivity of the solution). Kinetic depo
larization contributes to the 25-75% of the decrease in the permittivity 
[16]. 

The confusion regarding relative permittivity stems from the fact 
that it is not resolved whether a salt-composition-dependent or inde
pendent- relative permittivity value should be used within EoS frame
works and, on top of that, the thermodynamic contribution (dielectric 
relaxation) cannot be measured due to the kinetic depolarization. On the 

other hand, the static permittivity is a required input in the DH [17] 
theory and the Born [18] theory for primitive models. Apart from the 
correct value of the relative permittivity, its derivatives are also 
important as they influence the DH and Born contributions in the mean 
ionic activity coefficient [9,15,19,20], second derivative properties [9], 
as well as chemical and phase equilibrium in mixed-solvent electrolyte 
solutions [21]. Using empirical models for the relative permittivity 
within the framework of thermodynamic models may introduce 
unphysical behavior [22]. 

Within the EoS community, there are different approaches with 
respect to the relative permittivity. In the non-primitive approach, the 
static relative permittivity of the solution is calculated by the EoS, and it 
is therefore an output of thermodynamic modeling [23–26]. One such 
work focusing on non-aqueous and mixed solvent solutions is that of Das 
et al. [25]. On the other hand, in the primitive approach, the relative 
permittivity is an input for the EoS. Within this framework, some models 
utilize a constant value of the relative static permittivity equal to that of 
the solvent [27–29]. Another approach adopted by many models is the 
Schreckenberg relation [30,31], where the relative permittivity used in 
EoS is in principle that of the solvent, but it is calculated as a function of 

Table 1 
Summary of electrolyte EoS from the literature.  

Model Relative Permittivity Adjustable Parameters Fitted Properties 

eSAFT-VRЕ 
Schreckenberg et al.1 Schreckenberg et al.1 σion, εion, IPion,water(εion,water) VLE,ρ, γ±

eSAFT-VR Mie 
Selam et al.2 Constant σion, IPion,water(εion,water) ρ, γ±
Eriksen et al.3 Schreckenberg et al.1 IPion,water(εion,water) VLE,ρ,Φ 

ePC-SAFT 
Held et al.4 Constant σion, uion ρ, γ±
Held et al.5* Constant σion, uion, IP(kion, water, kion, ion,kion, solvent , lion, solvent) ρ,Φ 
Held et al.6** Constant σion, uion, solvent specific σion, uion, IP(kion,ion) ρ, γ± ,Φ 
Bülow et al.7** Mole fraction mixing 

rule7 
Parameters taken from previous implementation of the model5 for aqueous 
solution, while kion, ion is assumed zero. 

– 

ePPC-SAFT 
Rozmus et al.8 Pottel model εAB

ion vapp, γ±

Ahmed et al. 9* Pottel model σMSA, ion, εAB
ion ρ, γ±

Pinto et al. 9 Schreckenber, Pottel, 
Simonin 

Various adjustable parameters γ± ,Φ,vapp ,Δhsol 

eCPA 
Maribo-Mogensen 

et al.10* 
Maribo-Mogensen 
et al.11 

IPion,water (ΔUsalt,water, αsalt , Ta,salt), cion , RBorn, ion γ± ,Φ,Δhhyd for Born diameter (RBorn, ion), ρ 
for Peneloux parameter (cion) 

Schlaikjer et al.12* Maribo-Mogensen 
et al.11 

IPion,water (ΔUsalt,water, αsalt , Ta,salt), Γion, σion, cion [cion, RBorn, ion
10] γ± ,Φ, SLE, ρ. 

Olsen et al.13 Maribo-Mogensen 
et al.11 

IPion,water (ΔUsalt,water, αsalt , Ta,salt), σion [RBorn,ion from 10] γ± ,Φ,ρ 

Other models 
Zuber et al. 14** Zuber et al. 15 σion, solvent specific, IPion,solvent (uion,solvent) VLE, γ±,ρ 
Zuo and Fürst 16** Zuo and Fürst 16 Various approaches VLE, γ±

Abbreviations: γ±: MIAC, Φ: osmotic coefficient, ρ: density, vapp: apparent molar volume, Δhsol: solution enthalpy, Δhhyd: hydration enthalpy, VLE: Vapor pressure, SLE: 
salt solubility, IP: interaction parameter, different type depending on the model 

* : application in mixed solvents. 
** : application in non-aqueous solvents. 

Table 2 
Correlations for the relative permittivity of pure solvents (εpure

r ) with tempera
ture (T in K) [38].  

Solvent εpure
r 

Water 
− 19.2905+

29814.5
T

− 0.019678 T+
0.013189

102 T2 −
0.031144

105 T3 

Methanol 101.514− 0.00264 (T− 298.15)

Ethanol 175.72 −
3.0699

T
− 0.35350 T −

0.20285
102 T2 +

0.50644
105 T3  

Table 3 
Pure component parameters of SAFT-VR Mie used in this work.  

Component m σ(Å) λr
a ε/kB(K) εHB

ab /kB(K) Kab(Å
3
) Association scheme 

Water[48] 1 3.0555 35.823 418 1600 496.66 4C 
Methanol[48] 1.7989 3.1425 16.968 276.92 2156 222.18 3B 
Ethanolb 1.6539 3.685 15.4738 299.2 2672.4 156.51 2B  

a : λa = 6 in all solvents. 
b : Determined in this study by fitting vapor pressure (AARD=0.5%) and liquid density (AARD=0.2%) in the range 230-488 K. AARD% =

100
NP

∑
NP
1

(

|
propexp − propcalc

propexp |

)

.  
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the density and temperature. In this case, there is a mild dependence of 
the mixture relative permittivity on the salt concentration, as shown by 
Walker et al.[9]. Similar solution relative permittivity is achieved using 
a simple mole fraction mixing rule proposed by Bülow et al. [10]. 
Various correlations of experimental data have also been used, such as 
the relations by Breil, Michelsen and Mollerup [14], Zuber et al. [32], or 
the Simonin model [33]. Models with a theoretical basis, such as the 
Pottel model [15,34] and the Maribo-Mogensen model [20,35] have also 
been implemented in electrolyte EoS (eEoS). Most of these relative 
permittivity relations have been used in the framework of eEoS in the 
literature, although their application has been mostly limited to single 
solvent, aqueous solutions. A recent direct comparison of various rela
tive permittivity relations in the context of ePPC-SAFT shows that the 
effect of using different relative permittivity relations in the eEoS pre
dictions of various properties of aqueous electrolyte solutions is 

absorbed by the model’s adjustable parameters [36]. 
Up to recently, the discussion in the literature has been limited to 

aqueous solutions. The different focus in insight and modeling work 
between water and other solvents has been recently illustrated by Held 
[37] in a review paper on modeling electrolyte solutions in water-poor 
media. In this review paper, Held pinpointed that although several 
electrolyte models exist in the literature, they are either still restricted to 
aqueous solutions or their extension to non-aqueous solutions requires 
complete reparameterization and sometimes even solvent-dependent 
parameters. According to the author [37], the reason for the inability 
of models to be extended to non-aqueous solutions is due to invalid 
expressions for the permittivity, the constraint to use salt-specific model 
parameters, the assumption of complete dissociation of an electrolyte 
into its ions, and neglecting Born term or Gibbs energies of transfer when 
an additional liquid phase is present. 

Zuo and Fürst [38] were the first ones to present predictive results in 
non-aqueous solvents. They extended the Fürst and Renon EoS to predict 
vapor pressures and mean activity coefficients of binary non-aqueous 
electrolyte systems by use of the two methods; in method I, they kept 
the same parameters as determined for aqueous solutions, while using 
the Stokes cationic diameters that are different for each solvent, but 

Table 4 
Mean Ionic Activity Coefficient data sources for single salts in non-aqueous 
solvents reported in the literature.  

Potentiometric methods 
NaF methanol, ethanol Hernández-Luis et al.,2003 

[72] 
NaCl methanol Yan et al.,1995 [73] 
NaCl 90% ethanol, 10% water Esteso et al., 1989 [74] 
NaBr methanol, ethanol Han & Pan, 1993 [75] 
NaBr ethanol Gonzalez-Diaz et al., 1995 

[76] 
KCl methanol Malahias & Popovych, 1982 

[77] 
Vapor pressure methods 

NaCl, NaBr methanol Vlasov & Antonov, 1973 
[78] 

NaI ethanol, 2-propanol, acetonitrile Barthel & Lauermann,1986 
[56] 

KBr methanol Kolhapurkar et al., 2006 
[79] 

LiCl, LiBr, LiI, 
NaBr, NaI 

methanol, ethanol Held et al., 2012 [42] 

LiCl, LiBr methanol Skabichevskii,1969 [71] 
LiCl, LiBr methanol Safarov, 2005 [69] 
LiCl, LiBr ethanol Safarov, 2006 [67] 
LiCl, LiBr DMSO, acetonitrile Xin et al., 2019 [8] 
LiCl, LiBr 2-propanol Zafarani-Moattar & Aria, 

2001 [70] 
LiBr acetone Barthel et al., 1999 [60] 
LiBr methanol Nasirzadeh et al., 2004 [63] 
LiBr ethanol Nasirzadeh et al., 2004 [64] 
LiBr 2-propanol Nasirzadeh et al., 2005 [65] 

Solubility methods 
KCl, KBr, NaCl DMSO Long et al., 2011 [80] 
KI acetone, ethanol, 1-propanol Long et al., 2012 [55] 
LiBr methanol, ethanol, 1-propanol, 2- 

propanol and 1-butanol 
Li et al., 2011 [81]  

Fig. 1. Comparison of experimental MIAC of NaCl and LiBr in MeOH and LiBr in EtOH. References for the experimental data are shown in Table 4.  

Table 5 
Database of MIAC of salts in aqueous and non-aqueous electrolyte solutions at 
298.15 K and atmospheric pressure used in this work.  

Solvent Salt Number of Data Points Reference 

Water LiCl 19 [83]  
LiBr 10 [83]  
LiI 23 [83]  
NaCl 53 [83]  
NaBr 47 [83]  
NaI 4 [83]  
KCl 38 [83]  
KBr 32 [83]  
KІ 7 [83] 

Methanol LiCl 62 [69,71,84,85]  
LiBr 48 [69,71,84]  
LiI 5 [42]  
NaCl 25 [73,85]  
NaBr 27 [75,78]  
NaI 13 [56]  
KCl 11 [77]  
KBr 7 [79]  
KI 10 [85] 

Ethanol LiCl 25 [42,67,85]  
LiBr 35 [64,67,86]  
LiI 5 [42]  
NaCl 10 [42,74]  
NaBr 31 [42,75,76]  
NaI 20 [56]  
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their values are entirely predictive. In method II, they kept the ionic 
diameters the same as in aqueous solutions but fitted the rest of the 
model parameters to experimental data for ethanol and predicted the 
rest of the solvents quite well. The latter approach has been further 
extended by Zuo et al. [39]. 

Recently, the first predictive approach using transferable parameters 
between solvents has been presented by Bülow et al. [10]. In this work, 
the authors claim to have achieved accurate mean ionic activity co
efficients (MIAC) and solvation energy predictions using parameters 
based on aqueous solutions by using a simple, salt-dependent mixing 
rule to predict the relative permittivity of the electrolyte solutions. In a 
latter publication, the authors proceeded to model mixed solvent LLE 
with good results [40]. However, in none of these works the authors 
show how switching the relative permittivity relation without read
justing the model’s parameters affects the MIAC predictions of aqueous 
solutions and they also do not comment on the physics behind using this 
particular mixing rule for the relative permittivity. These topics are 
discussed in this work. Other modeling efforts for single solvent, 
non-aqueous mixtures are very limited, and most utilize solvent specific 
ionic diameters fitted to experimental data [41–43]. 

In recent work on non-aqueous electrolyte solutions, ion pairing has 

been included: Müller et al. [44] recently extended the COSMO-RS-ES 
model to account for ion pairing using the Bjerrum treatment and re
ported improvement compared to the previous model that did not ac
count for it. On the other hand, Bülow et al. [45] reported that inclusion 
of the idealized Bjerrum treatment does not significantly affect solubility 
of salts in organic solvents, unlike the relative permittivity relation, 
which is crucial. Table 1 is a summary of the discussed models in terms 
of adjustable parameters, properties used for parameter estimation and 
relative permittivity. 

The importance of the relative permittivity in non-aqueous solutions 
will be examined in this work, along with the sensitivity of the DH and 
Born terms to this property, within the context of the eSAFT-VR Mie EoS 
[27]. This model has been already successfully used for MIAC, density, 
ion hydration energies [27], gas solubility [28], VLE and LLE of elec
trolyte solutions [46]. Proper accounting for the dielectric screening of 
electrolytes is key in modeling electrolyte solutions, however problems 
arise when we try to define what “accurate dielectric screening” means. 
Experimentally measured values contain both thermodynamic and ki
netic contributions, but should both contributions be used within the 
EoS framework? Furthermore, ion pairing reduces the decrement of the 
relative permittivity (RP) compared to free ions. The final goal of this 

Fig. 2. Relative permittivity of (a) Water-NaCl and (b) MeOH-LiCl and EtOH-LiCl at 298 K and 0.1 MPa. Lines are models (numbers are shown in Table 6), blank 
points are experimental data, green filled points correspond to kinetic depolarization, reproduced from Maribo-Mogensen et al.[91]. In (b) blue lines and points 
correspond to MeOH-LiCl and red to EtOH-LiCl. 

Table 6 
Born and DH contribution in ln(MIAC mole fraction scale) at molality of 4 mol/kg water for aqueous NaCl solutions at 298.15 K.  

Number Reference RP model and value at molality of 4 mol/kg water Born diameter (Å) Born DH diameter (Å) DH 
Na+ Cl- Na+ Cl- 

1 Walker et al. [9] Constant 78 - - 0 2.32 3.34 -0.74 
2 Walker et al. [9] MMa for solvent [16] 71 3.36 3.874 0.1 2.32 3.34 -0.84 
3 Walker et al. [9] MMa for electrolyte [91] 51 3.36 3.874 1.9 2.32 3.34 -1.62 
4 Inchekel et al. [33] Simonin et al. [92] 42 3.172 4.096 1.2 3.17 4.10 -1.62 b 

6 Olsen et al. [20] (set 1) MMa for solvent [16] 61 3.33 3.656 0.65 2.36 3.19 -1.10 
7 Olsen et al. [20] (set 2) MMa for solvent [16] 61 3.33 3.656 0.65 2.36 3.19 -1.10 
8 Olsen et al. [20] (set 3) MMa for solvent [16] 55 3.08 3.98 1 2.63 3.57 -1.30 
9 Olsen et al. [20] (set 4) MMa for solvent [16] 78 3.33 3.656 0.1 2.58 3.49 -1.04 
10 Valisko and Boda [89] Polynomial fit of exp data 48 3.24 4.52 1.73 c 1.90 3.62 -1.99 c 

11 Shilov and Lyashchenko [90] Polynomial fit of exp data 41 - - 2.18 d - - -1.68 d 

12 This work Constant 78 - - 0 1.95 2.94 -0.90 
13 This work MFMR 69 3.36 3.874 0.5 1.95 2.94 -1.15 
14 This work Zuber et al. [32] 48 3.36 3.874 2.46 1.95 2.94 -2.21  

a : MM stands for Maribo-Mogensen et al. 
b : This model utilizes the MSA, not DH term. 
c : This model has no physical interactions and utilizes the adaptive grand canonical Monte Carlo for ion, ion and Born for ion,water interactions. 
d : This model has no physical interactions and utilizes ion-ion and ion-water interactions. Contributions are shown for LiCl and not for NaCl. 

N. Novak et al.                                                                                                                                                                                                                                  



Fluid Phase Equilibria 565 (2023) 113618

5

work is to decide which RP relation is more suitable to use in the 
framework of the eSAFT-VR Mie EoS and will enable us to successfully 
model non-aqueous solutions. This goal will be approached from an 
engineering point of view, although some physical explanation for our 
choice will be provided. 

First, an overview of experimental MIAC in non-aqueous solutions is 
presented, along with a brief evaluation and the database which will be 
used for validating our model. Afterwards, the effect of the RP in the 
Born and DH terms will be discussed for aqueous and non-aqueous so
lutions, both for our own model, as well as models from the literature. 
The effect of the ion size in the Born and DH terms will also be addressed. 
Afterwards, eSAFT-VR ionic parameters will be fitted to experimental 
data of MIAC, individual ion activity coefficient (IIAC), and density of 
aqueous solutions, using three relations for the RP, with one parameter 
set per RP relation. In the end, the three versions of the model (one for 
each RP relation) will be used to predict, without any additional 
adjustable parameters, MIAC in non-aqueous solutions, and the reason 
behind the success will be discussed. 

2. eSAFT-VR Mie EoS 

The physical term of the SAFT-VR Mie EoS [47–49] is extended to 
electrolyte solutions by adding a DH [17] and a Born [18] term. The 
different terms will be briefly described in this section. 

2.1. SAFT-VR Mie 

Within the SAFT framework, associating chain molecules are 
described as monomer segments with a repulsive core and multiple 
attractive sites, capable of forming chains and closed rings. These chains 
are afterwards allowed to form hydrogen bonds at specific associating 

sites. Using the common nomenclature of SAFT-type models, the 
Helmholtz free energy of SAFT-VR Mie (and of most SAFT models) is 
calculated according to the expression Eq. (1): 

aresidual = amonomer + achain + aassociation (1)  

where a = A
NkBT 

In this model, the assumed interaction potential between two 
spherical segments of diameter σ, whose centers are at distance r, is the 
Mie potential, shown in Eq. 2. This is a generalized Lennard-Jones (LJ) 
potential with varying repulsive and attractive exponents, λr and λa, and 
potential energy depth, ε: 

uMie(r) = Cε
[(σ

r

)λr
−
(σ

r

)λa
]

(2)  

where the pre-factor C is given by Eq. 3. 

C =
λr

λr − λa

(
λr

λa

) λa
λr − λa

(3) 

The monomer or segment term incorporates the free energy due to 
repulsive and dispersion interactions; the latter ones are expanded in 
series around an effective hard sphere reference fluid. In SAFT-VR Mie, 
the expansion is truncated to the third order Eq. (4): 

amonomer = ms
(
ahard sphere + βa1 + β2a2 + β3a3

)
(4)  

where β = 1/(kBT), a1, a2, a3 are the perturbation coefficients and ms is 
the segment number. 

Monomers are bonded at distance σ from their centers, which is the 
segment diameter, to form chains. The term corresponding to chain 
formation is expressed as Eq. (5): 

Fig. 3. Contribution of (a, c) Born (or ion, solvent) and (b, d) DH (or ion, ion) terms in ln(MIAC) vs relative permittivity of (a, b) Water-NaCl and (c, d) MeOH-LiCl 
(blue) and EtOH-LiCl (red) at 298 K, 0.1 MPa at salt molality 4 mol/kg water. Models numbers as shown in Table 6. 
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achain = − (ms − 1)lngMie(σ) (5)  

where gMie(σ) is the radial distribution function at contact. 
A consistent association term, which can be found in the work of 

Dufal et al. [48], complements the SAFT-VR Mie EoS for associating 
chains of Mie segments with s bonding site types, na sites of type a, a = 1, 
..., s, obtained from Eq. 6–9: 

aassociation =
∑s

a=1
na

(

lnXa −
1
2

Xa +
1
2

)

(6)  

where Xa is the fraction of molecules not bonded at sites of type a found 
from the following relation: 

1 = Xa + ρXa

∑s

b=1
nbXbΔab a = 1, 2, ..., s. (7)  

Δab characterizes the strength and bonding volume of the association 
interaction between two associating sites a and b, and is given by: 

Δab = FabKabI (8)  

where Fab is the Mayer function and I the association kernel: 

Fab = exp
(
βεHB

ab

)
− 1 (9)  

where εHB
ab represents the depth of the square well potential used to 

describe the association site. 
The complete set of the model’s equations can be found in the 

Fig. 4. Contribution of (a, c) Born and (b, d) DH terms in ln(IIAC of the cation) vs characteristic ionic diameter of the cation in (a, b) Water-NaCl, (c, d) MeOH-LiCl 
(blue) and EtOH-LiCl (red) at 298 K and 0.1 MPa and salt molality 4 mol/kg water. Models numbers as shown in Table 6. 

Fig. 5. MIAC and IIAC in aqueous solutions with the eSAFT-VR 
Mie EoS using different approaches for the relative permittivity 
in a predictive manner. Points are experimental MIAC data 
from the CERE database[83] or IIAC from Wilczek-Vera et al. 
[96]. Lines are model predictions: solid lines correspond to 
MIAC, dashed lines to cation IIAC and dashed-dot lines to 
anion IIAC. Red lines correspond to the constant relative 
permittivity, blue to the MFMR, HS; light blue to MFMR, RH; 
green to Zuber et al., HS; and pink to Zuber et al., RH. RH 
stands for Born diameters by Rashin and Honig [53], HS stands 
for Born diameters assumed equal to hard sphere diameters of 
the ions.   
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original SAFT-VR Mie publications [47–49]. SAFT-VR Mie model uti
lizes five adjustable parameters per component, namely the segment 
number, m, the segment diameter, σ, the dispersion energy, ε /kB, the 
repulsive, λr, and attractive, λa, exponents of the Mie potential (although 
the attractive exponent is usually used as a constant equal to 6). For 
associating compounds, two additional parameters are required, namely 
the association energy, εHB

ab/kB and the association volume, Kab. 
Extension to mixtures requires mixing rules for the dispersion term 

along with suitable combining rules, shown in Eq. 10–16, to take into 
account that the mixtures are non-conformal: 

ms =
∑Components

i=1
ximi (10)  

na =
∑Components

i=1
xinai (11)  

where xi is the mole fraction of component i, mi is the segment number of 
component i, and nai is the number of sites of type a in molecule i. 

The unlike parameters between components i and j are determined 
as: 

εij =
̅̅̅̅̅̅̅̅̅εiiεjj

√

̅̅̅̅̅̅̅̅̅̅
σ3

iiσ3
jj

√

σ3
ij

(
1 − kij

)
(12)  

σij =
σii + σjj

2
(13)  

λk,ij − 3 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
λk,ii − 3

)(
λk,jj − 3

)√

(14)  

εHB
abij =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

εHB
abiiεHB

abjj

√

(15)  

Kabij =

(
3 ̅̅̅̅̅̅̅̅̅

Kabii
√

+ 3 ̅̅̅̅̅̅̅̅̅
Kabjj

√

2

)3

(16)  

where σii is the segment diameter of component i, εii is the dispersion 
energy of i, kij is a binary interaction parameter, λk,ii is the repulsive (λr,ii)

or attractive (λa,ii) exponent of the Mie potential of component i, εHB
abii is 

the association energy and Kabii the bonding volume of component i. 
In the framework of the eSAFT-VR Mie model [27,28], the dispersion 

energy between like and unlike ions is calculated through Eq. 17, which 
is obtained from equating the London dispersion interaction potential to 
the attractive part of the Lennard-Jones potential, similar to the meth
odology of the Hudson-McCoubrey combining rule [50], as presented by 
Haslam et al. [51]: 

εij =
3
8

1
σ6

ij

a0,ia0,j

(4πε0)
2

IiIj(
Ii + Ij

) (17)  

where a0,i is the electronic polarizability of component i and Ii the 
ionization potential. 

2.2. Debye – Hückel term 

To account for the long-range, electrostatic interactions between 
ions, the DH theory is used. According to this approach, the Helmholtz 
free energy contribution due to ion-ion electrostatic interactions is 
calculated from Eqs. 18-20 [17,52]: 

aDH = −
1

4πε0εr

∑NIONS

i=1
xiZ2

i
κ
3

χ(κdi) (18)  

κ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

e2

ε0εr

NA

kBT

∑ NIONS
i=1 xiZ2

i

v

√

(19)  

χ(y) = 3
y3

(
3
2
+ ln(1+ y) − 2(1+ y)+

1
2
(1 + y)2

)

(20)  

where xi is the mole fraction of ion i, Zi is its valence and di is its char
acteristic diameter or distance of closest approach, κ is the inverse Debye 
screening length, χ is a function of y = κdi, e is the elementary charge, 
ε0 is the permittivity in vacuum and εr is the relative permittivity (or 
dielectric constant) of the solution, T is temperature, v is the molar 
volume, and kB is the Boltzmann constant. In our implementation, the 
DH characteristic diameter is taken to be the hard sphere diameter of the 
ionic species which is calculated according the Barker-Henderson 
expression [27,47]. 

2.3. Born term 

The Born term [18,52] accounts for the energy needed to transfer an 
ion from vacuum to a dielectric medium (Eq. 21): 

aBorn =
e2NA

4πε0

(
1
εr
− 1
)
∑NIONS

i=1

xiZ2
i

dBorn
i

(21)  

where dBorn
i is the diameter of the cavity occupied by ion i in the solvent. 

The Born diameter is taken from the work of Rashin and Honig [53] 
which is abbreviated as RH within this work. 

2.4. Relative permittivity of pure solvents 

The dielectric constant or relative permittivity of the solvents used in 

Fig. 6. Schematic representation of the modeling approach used in this work.  
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this work are presented in Table 2. They are taken from the work of Zuo 
and Furst [38] and are temperature dependent. 

Within the framework of eSAFT-VR Mie, up until now the relative 
permittivity of the solution was equal to that of the solvent medium, and 
the salt concentration did not have any impact value of the relative 
permittivity of the solution. In this work, this will be challenged. More 
details are given in “Section 3.2. Relative permittivity of electrolyte 
solutions”. 

2.5. Pure component parameter for solvents 

The pure component parameters for the solvents used in this work 

are presented in Table 3. No pure component parameters for ethanol are 
available in the literature for SAFT-VR Mie, so they were estimated in 
this work. 

3. Results and discussion 

3.1. Evaluation of experimental MIAC measurements in non-aqueous 
electrolyte solutions 

MIAC (in the molality scale unless otherwise mentioned) can be 
determined from potentiometric data, as long as the standard potential 
of the cell is known, and solvent activity data, which can be converted to 
MIAC by utilizing fundamental equations. Solvent activity can be 
determined by freezing point depression, boiling point elevation and 
vapor pressure measurements of the electrolyte solutions [54]. The 
solubility product of single salts can be converted to MIAC values, 
assuming that the solid phase that precipitates is pure salt [55]. Such 
data are difficult to find in the literature, unlike vapor pressure and 
osmotic coefficient measurements that are more common. 

The majority of vapor pressure measurements in the literature are 
isopiestic measurements, which are usually more accurate at molality 
higher than 0.1 molal [54]. The conversion of vapor pressure to osmotic 
coefficients and vice versa is rather straight forward; the vapor phase 
consists only of solvent molecules and it can either be considered ideal at 
ambient conditions or a virial type equation may be used [56]. On the 
other hand, while converting the osmotic coefficients to activity co
efficients caution should be exercised. To calculate MIAC from osmotic 
coefficients the Gibbs-Duhem relation is used and a graphical integra
tion of the osmotic coefficient with molality is performed. However, an 
accurate estimate of the dilute region osmotic coefficients is necessary, 
which is usually calculated by a thermodynamic model [54]. Recently, 
Passamonti et al. [57] discussed how to consistently transform osmotic 
coefficients to MIAC data. 

Barthel et al. [56,58,59] use for this purpose the Pitzer model. As an 
alternative, a model can be fitted to osmotic coefficient data, and then 
used to predict MIAC, skipping the Gibbs-Duhem equation. In latter 
publications, Barthel et al. used the osmotic coefficients to fit the pa
rameters of the Pitzer model, which is afterwards used to predict activity 
coefficients [60–62]. Nasirzadeh et al. [63–66] followed a similar 
approach using the Pitzer equation with the Archer extension and other 
models. In our work, when multiple models have been used for this 
purpose and different sets of MIAC are reported in the same paper, we 
have used the average of the activity coefficients. Safarov [67–69] and 
Xin et al. [8] utilized for the same purpose the Archer extension of the 
Pitzer-Mayorga model, while Zafarani-Moatar et al. used the Pitzer and 
Clegg-Pitzer models [70]. Held et al. [42] used a power series to model 
the osmotic coefficient and obtained the activity coefficient by means of 
Gibbs-Duhem although nothing is mentioned about how they handled 
the dilute region. Skabichevskii [71] reports a graphical integration also 
without any mention of the dilute region. 

Table 4 shows a summary of experimental MIAC data for non- 
aqueous solutions of single salts found in the literature. Most of the 
data represent lithium salts due to their large solubility values in non- 
aqueous solvents. These systems are also currently of great importance 
mostly due to the lithium battery industry [8]. Sodium and potassium 
salts have very low solubility in alcohols and they are mostly measured 
by potentiometric methods. 

For a few systems, more than one set of experimental data have been 
reported and, for even fewer systems, evaluation of the datasets is 
possible. Plots comparing the different datasets can be found in the 
Supplementary Material. Three datasets have been excluded from this 
work as they were found inconsistent with other datasets, as shown in 
Fig. 1. For NaCl in methanol, the point from Vlasov and Antonov [78] 
has been excluded as it is reported for higher salt solubility than the 
experimentally measured. In this plot, the molecular simulation data 
produced by Saravi et al. [82] are also shown, although they are not used 

Table 7 
eSAFT-VR Mie fitted ionic parameters using different relative permittivity re
lations and different Born term diameter for aqueous solutions.   

εion/kB (K) εion,water/kB (K) kion,water σion (Å) 

Constant RP (Selam et al. [27]) a 

Li+ 3.00 893.71 -26.4905 1.8942 
Na+ 32.40 187.62 -0.6862 2.1607 
K+ 144.15 68.40 0.7190 2.6273 
Cl- 118.67 594.05 -1.6675 3.0999 
Br- 92.36 543.53 -1.7845 3.4887 
I- 97.28 522.56 -1.6481 3.8870 

Constant RP, This work b, g 

Li+ 234.64 828.56 -1.6552 2.7700 
Na+ 416.14 1058.41 -1.7597 1.9000 
K+ 1107.73 846.32  2.8000 
Cl- 59.91 594.05 0.0000 3.0800 
Br- 223.29 543.53 0.0000 3.3000 
I- 264.73 522.56 0.0000 3.7000 

MFMR, HS c, g 

Li+ 201.53 755.69 -1.6329 2.5709 
Na+ 584.15 782.53 -0.6507 2.1893 
K+ 1316.61 893.46 -0.2087 2.7711 
Cl- 86.46 190.09 0.0000 3.0259 
Br- 259.22 326.71 0.0000 3.5198 
I- 261.32 324.10 0.0000 3.8401 

MFMR, RH d, g 

Li+ 132.50 769.95 -2.2948 2.6642 
Na+ 613.48 817.54 -0.6342 2.5514 
K+ 1651.77 1037.50 -0.2593 3.5531 
Cl- 110.61 214.58 0.0000 2.8388 
Br- 227.76 308.52 0.0000 3.1026 
I- 314.97 359.78 0.0000 3.5507 

Zuber et al., HS e, g 

Li+ 240.64 298.56 -0.0136 1.9566 
Na+ 568.14 447.41 0.0756 2.6697 
K+ 1173.73 630.32 0.0998 3.1536 
Cl- 89.91 188.09 0.0000 4.0610 
Br- 205.29 285.27 0.0000 3.9879 
I- 341.73 372.31 0.0000 3.7333 

Zuber et al., RH f, g 

Li+ 146.48 421.80 -0.7112 2.7609 
Na+ 435.11 519.96 -0.2903 2.0687 
K+ 1151.50 676.62 0.0242 3.1703 
Cl- 96.53 195.41 0.0000 4.0093 
Br- 156.51 251.10 0.0000 3.8155 
I- 310.67 356.84 0.0000 3.5926  

a : Model of Selam et al. [27], utilizing a constant relative permitivity (RP), 
equal to that of the solvent. 

b : Determined in this work with a constant RP. The major difference with the 
Selam model is the inclusion of IIAC in the parameterization. 

c MFMR, HS: Mole fraction mixing rule (MFMR) for the RP and Born diameter 
equal to Hard Sphere diameter. 

d MFMR, RH: MFMR for the RP and Born diameter from Rashin and Honig 
[53]. 

e Zuber et al., HS: Zuber et al. for the RP and Born diameter equal to Hard 
Sphere diameter. 

f Zuber et al., RH: Zuber et al. for the RP and Born diameter from Rashin and 
Honig[53]. 

g : εanion,water is determined from combining rule (Eq. 12).  
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further in this work. The data of Held et al. [42] report lower MIAC of 
LiBr in ethanol (Fig. 1), which have been excluded as they disagree with 
three other datasets. The data by Nazirzadedh [63] for LiBr in methanol 
(Fig. 1) also disagree with three other datasets and will therefore not be 
considered in this work. There are also two datasets for LiBr in 2-prop
anol [65,70], which agree very well with each other. The final database 
used in this work is presented in Table 5. 

3.2. Relative permittivity of electrolyte solutions 

The importance of the relative permittivity for electrolyte EoS has 
been explained in the introduction, along with the different approaches 
for its determination in the framework of EoS modeling. Due to this high 
importance, we investigated its effect in the contribution magnitude of 
the different electrolyte terms. We have collected data from literature 
studies where a relative permittivity plot is presented along with a plot 
analysing the contribution of electrolyte terms, DH or MSA and Born, in 
the rational MIAC and added some calculations of our own. A compar
ison is made in terms of relative permittivity in Fig. 2 and in terms of the 
contribution of different terms at a molality of salt equal to 4 mol/kg in 
Fig. 3 and Table 6. The literature values have been read from plots so 
there is some uncertainty in the values reported in Table 6. 

Bülow et al. [10,45,87] utilized a salt-concentration dependent 
relative permittivity in their most recent version of the ePC-SAFT EoS. 
More specifically, they used a simple mixing rule to predict the relative 
permittivity of mixtures, which is a good approximation of the experi
mental relative permittivity of ionic liquids-water solutions [87]: 

εmix
r =

∑solvents+ions

i=1
xiεpure, i

r (22)  

where xi is the mole fraction of component i, and εpure, i
r is the relative 

permittivity of pure component or ion i. For ionic liquids εpure, i
r = 12 

[87], however, in a later work, they switched to εpure, i
r = 8 for strong 

electrolyte solutions [10], an approximation of salt relative permittivity 
data [88]. In our work we used this value for all ions, εion

r = 8, and from 
now on we will refer to this mixing rule as Mole Fraction Mixing Rule 
(MFMR). As shown in our previous work [46], the MFMR is not very 
accurate at predicting the relative permittivity of mixed solvents 
(alcohol - water) therefore the MFMR will be combined with a volume 
fraction based mixing rule for mixed solvent predictions in our subse
quent work. 

Last but not least, we will use another relation for the calculation of 
the relative permittivity of electrolyte solutions, proposed by Zuber et al. 
[32] 

εmix
r =

εmix,non− electrolyte
r

1 +
∑ ions

i=1 xi
∑ solvent

j=1 ai,jφj
(23)  

where εmix,non− electrolyte
r is the relative permittivity of the single or mixed 

solvent without the salt, ai,j is the adjustable parameter of ion i in solvent 
j, and φj is a parameter calculated on an ion-free basis. The general 
parameters ai,j tabulated in Table 9 of the original article [32] have 
been used in this work: a single value is used for all cations and another 
one for all anions per solvent. This relation was fitted to experimental 
data, therefore it also includes the kinetic part of the relative permit
tivity. As discussed in the introduction, it may not be correct to use both 
the thermodynamic and kinetic contributions in EoS modeling. 

The aforementioned relations for the relative permittivity along with 
some taken from the literature are plotted in Fig. 2 for NaCl in water at 
298.15 K and 0.1 MPa. The MFMR (model 13) exhibits a great similarity 
with the Maribo-Mogensen solvent model as implemented by Walker 
et al. [9] (model 2) and they seem to yield the same relative permittivity 
if the intercept of the two models (pure water relative permittivity is 
constant) are the same. The Maribo-Mogensen model for solvent relative 
permittivity within the eCPA framework (models 5-9) yields 

Fig. 7. MIAC and IIAC in aqueous solutions with the eSAFT-VR Mie EoS using different approaches for the relative permittivity and the parameters of Table 7. Points 
are experimental MIAC [83] or IIAC [96] data. Lines are model predictions: solid lines correspond to MIAC, dashed lines to cation IIAC and dashed-dot lines to anion 
IIAC. Black: model of Selam et al. [27], utilizing a constant relative permitivity (RP); red: this work using a constant RP; blue: MFMR, HS: Mole fraction mixing rule 
(MFMR) for the RP and Born diameter equal to Hard Sphere (HS) diameter; light blue: MFMR, RH: MFMR for the RP and Born diameter from Rashin and Honig (RH) 
[53]; green: Zuber et al., HS: Zuber et al. for the RP and Born diameter equal to HS diameter; pink: Zuber et al., RH: Zuber et al. for the RP and Born diameter 
from RH. 
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significantly different values for the relative permittivity as a result of 
the different parameterizations of eCPA. The different parameters result 
in different mixture density and, consequently, different relative 
permittivity predictions. The models used in the work of Inchekel et al. 
[33] (model 4) and Zuber et al. [32] (model 14) reproduce the experi
mental data accurately, similar to those by Valisko and Boda [89] 
(model 10) and Shilov and Lyashchenko [90] (model 11). 

To investigate the effect of the relative permittivity in the various 
electrolyte terms we calculated the Born and DH contributions to the 
rational, asymmetric MIAC using the aforementioned relative permit
tivity relations along with their full compositional derivatives. The 
values of the contributions of the electrolyte terms in the rational MIAC 
are shown in Table 6 for a NaCl molality equal to 4 mol/kg water. The 
same values are plotted in Fig. 3. 

Apart from the relative permittivity and its derivatives, the other 
parameters entering the two electrolyte terms are the characteristic 
ionic diameters, which are different for the DH and Born terms. Common 
approaches for the DH or MSA ionic diameters include assuming that 
they are equal to the bare ion diameters determined by crystallographic 
[31] or other experimental data [93], or are fitted parameters within the 
EoS framework [15,27,33,36,94,95]. In many EoS, the DH or MSA ionic 
diameters are assumed equal to the hard sphere diameter of the ions [27, 
31,34], or related to them using a fixed ratio [36]. The Born diameters 
on the other hand are a bit more freely chosen: some assume that they 
are also equal to the DH or MSA diameters [10,34,94] or the hard sphere 
diameters [15], while others fit them to hydration enthalpies [27,31,36, 
93], or directly to other properties within the EoS framework [33]. 

The influence of the selected ionic diameters in the two electrolyte 
terms within the eSAFT-VR Mie framework is shown in Fig. 4. Fig. 3 and 
Fig. 4 demonstrate that the sensitivity of the Born term contribution to 
the Individual Ion Activity Coefficient (IIAC) with respect to the char
acteristic diameter and the relative permittivity is more significant than 
that of the DH term and that both terms become more sensitive at small 
characteristic diameters. For the Zuber et al. relation (model 14), both 
terms have significantly higher contributions compared to the MFMR 
(model 13), meaning that as the salt concentration dependence of the 
relative permittivity increases, so does its effect on the electrolyte terms. 

The relative permittivity of LiCl in methanol and ethanol is shown in 
Fig. 2 and its effect on the Born and DH terms in Fig. 3. In Fig. 4, the 
effect of the characteristic diameter in the electrostatic terms is shown. 
From both plots it can be concluded that the contribution of both elec
trolyte terms scale very rapidly with relative permittivity, and even 
more so with the characteristic diameter. These observations are similar 
to aqueous solutions; here, however, the effect is much larger, leading to 
an order of magnitude greater Born and DH contributions. It seems that 
in order to get reasonable Born and DH contributions in MIAC from a 
mathematical point of view, one can choose either a small contribution 
of the salt in the solution relative permittivity or a larger characteristic 
diameter in the electrostatic terms; these two modeling components 
have similar effects. 

3.3. eSAFT-VR Mie modeling of aqueous systems 

The MIAC in aqueous solutions have been correlated with eSAFT-VR 

Table 8 
AARD%a in MIAC, IIAC and density (ρ) for aqueous solutions with eSAFT-VR 
Mie fitted ionic parameters presented in Table 7.   

MIAC Cation IIAC Anion IIAC ρ 

Constant RP (Selam et al. [27]) b 

LiCl 10.9 34.4 49.8 0.4 
LiBr 2.9 28.0 53.6 2.3 
LiI 5.2 - - 2.4 
NaCl 2.4 30.8 42.4 0.7 
NaBr 3.2 30.3 59.8 5.8 
NaI 3.0 - - 1.9 
KCl 2.2 16.3 24.2 0.9 
KBr 1.8 1.5 12.3 0.6 
KI 2.2 - - 2.5 
Total 3.7 23.6 40.3 1.9 

Constant RP, This work c, h 

LiCl 5.4 3.7 4.0 2.8 
LiBr 3.6 14.5 9.4 1.2 
LiI 2.4 - - 1.3 
NaCl 6.1 12.2 2.7 0.9 
NaBr 2.7 5.4 3.1 5.9 
NaI 2.8 - - 3.2 
KCl 5.8 3.6 14.1 1.2 
KBr 11.2 7.0 12.4 0.9 
KI 7.7 - - 3.4 
Total 5.3 7.7 7.6 2.3 

MFMR, HS d, h 

LiCl 3.6 8.9 3.9 2.2 
LiBr 4.2 10.4 5.1 1.3 
LiI 5.5 - - 1.1 
NaCl 4.6 6.6 2.3 0.5 
NaBr 2.6 2.3 3.4 4.4 
NaI 4.6 - - 1.9 
KCl 2.0 3.4 4.1 1.5 
KBr 1.1 8.5 6.4 0.5 
KI 2.5 - - 1.8 
Total 3.4 6.7 4.2 1.7 

MFMR, RH e, h 

LiCl 2.8 6.6 2.0 1.7 
LiBr 2.7 9.2 7.2 2.0 
LiI 2.5 - - 2.0 
NaCl 3.7 5.9 1.5 0.6 
NaBr 3.3 2.6 4.7 5.2 
NaI 2.6 - - 2.4 
KCl 2.1 4.3 4.9 0.8 
KBr 1.1 6.3 2.5 0.5 
KI 2.1 - - 0.5 
Total 2.6 5.8 3.8 1.7 

Zuber et al., HS f, h 

LiCl 5.8 6.2 7.4 7.9 
LiBr 5.0 6.1 4.6 2.1 
LiI 2.7 - - 2.3 
NaCl 4.9 5.3 5.8 6.9 
NaBr 7.1 5.3 7.1 1.3 
NaI 3.1 - - 1.1 
KCl 2.5 7.2 2.0 4.2 
KBr 2.4 7.0 1.9 2.8 
KI 2.3 - - 2.3 
Total 4.0 6.2 4.8 3.4 

Zuber et al., RH g, h 

LiCl 4.9 3.6 7.2 9.3 
LiBr 5.1 6.7 2.1 2.7 
LiI 1.6 - - 1.2 
NaCl 5.9 5.7 6.6 5.1 
NaBr 8.1 4.8 7.4 3.1 
NaI 0.4 - - 2.8 
KCl 2.7 7.8 2.4 4.0 
KBr 2.8 7.9 1.2 2.2 
KI 7.2 - - 0.4 
Total 4.3 6.1 4.5 3.4  

a : AARD% =
100
NP

∑
NP
1

(⃒
⃒
⃒
xexp − xcalc

xexp

⃒
⃒
⃒

)

.  

b : Model of Selam et al. [27], utilizing a constant relative permitivity (RP), 
equal to that of the solvent. 

c : Determined in this work with a constant RP. The major difference with the 
Selam model is the inclusion of IIAC in the parameterization. 

d : MFMR, HS: Mole fraction mixing rule (MFMR) for the RP and Born diam
eter equal to Hard Sphere diameter. 

e : MFMR, RH: MFMR for the RP and Born diameter from Rashin and Honig 
[53]. 

f : Zuber et al., HS: Zuber et al. for the RP and Born diameter equal to Hard 
Sphere diameter. 

g : Zuber et al., RH: Zuber et al. for the RP and Born diameter from Rashin and 
Honig[53]. 

h : εanion,water is determined from combining rule (Eq. 12).  
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Mie using different relations for the relative permittivity. The constant 
relative permittivity has been utilized along with the MFMR (Eq. 22) and 
the Zuber correlation (Eq. 23). These three approaches for the relative 
permittivity will be compared in the framework of eSAFT-VR Mie for 
aqueous solutions. First, to get a measure of the effect of the relative 
permittivity, a plot of the prediction of MIAC and IIAC is presented in 
Fig. 5. In this predictive approach, the ionic parameters (εion and σion) by 
Selam et al. [27] have been retained while the unlike interactions are 
determined through the eSAFT-VR Mie combining rules with zero binary 
interaction parameters. 

It is shown that the relative permittivity plays a huge role in the 
prediction of MIAC and IIAC, even for aqueous electrolyte solutions. 
From a first glance, the Zuber et al. relation with the Born diameters of 
Rashin and Honig [53] seems to be rather accurate for both salts, but a 
more careful examination reveals that the trend in IIAC is wrong for LiCl: 
Li+ is predicted lower than Cl-, while experimental values suggest 
otherwise. The same happens also for NaCl. The experimental trend is 
reversed in KCl. All in all, it seems that a) the stronger the effect of the 
salt in the relative permittivity, the higher the value for the MIAC and 
IIAC and b) the lower the Born diameter of the ion, the larger the IIAC. 

Due to the huge effect of the relative permittivity, we decided to 
compare the different relations in a fair manner. For the comparison, the 
same number of parameters has been fitted to the same database of 
MIAC, individual ion activity coefficients (IIAC) and density of aqueous 
electrolyte solutions. As in the model by Selam et al. [27], the DH 
characteristic diameters are assumed equal to the hard sphere diameters 

(HS) of eSAFT-VR Mie. The Born diameters on the other hand are 
allowed to vary: first the Born diameters have also been assumed equal 
to the HS diameters and also equal to the DH diameters of the ions. 
Second, they have been assumed equal to the values of Rashin and Honig 
[53] (RH), as proposed in the work of Selam et al. [27]. This is done for 
testing whether parameter fitting can conceal the differences between 
the various relative permittivity relations. For visual guidance, we have 
included a schematic diagram with our modeling approach, summari
zing the RP relations, adjustable parameters, fitted properties, etc 
(Fig. 6). 

In the work of Selam et al.[27], the adjustable parameters per ion 
were the segment diameter, σion, and the ion, water dispersion energy 
εion,water. The rest of the ionic parameters, including εion,ion between like 
and unlike ions were determined using a predictive combining rule 
shown in Eq. 17. Although this approach worked very well for aqueous 
solutions, we decided to sacrifice it towards having a more predictive 
model. We chose to fit the pure ion εion and σion and use eSAFT-VR Mie 
combining rules to determine all the unlike pairs, using Eqs. 12-16. Very 
quickly, we realized that the determination of the εanion,water from 
combining rules worked relatively well for anions, but the same did not 
happen for cations. If the εcation,water were not fitted, we could not get a 
good fit in aqueous solutions with ionic parameters. We chose to fit the 
binary interaction parameter kcation,water (see Eq. 12) instead to comply 
with the selected combining rules. The final number of parameters 
determined per ion are thus 3 for cations (σion, εion, kion,water) and 2 for 
anions (σion, εion). These parameters were fitted simultaneously for all 

Table 9 
AARD%a in MIAC of single salts in single solvents at 298.15 K and atmospheric pressure.  

System Selam et al.b Constant RP c, h MFMR, HS d, h MFMR, RH e, h Zuber et al., HS f, h Zuber et al., RH g, h 

LiCl in H2O 10.9 5.4 3.6 2.8 5.8 4.7 
LiCl in MeOH 55.0 42.0 10.2 20.4 >100 >100 
LiCl in EtOH 50.6 37.7 10.3 18.8 >100 >100 
LiBr in H2O 2.9 3.6 4.2 2.7 5.0 10.3 
LiBr in MeOH 53.5 42.8 13.9 23.0 >100 >100 
LiBr in EtOH 67.7 57.0 23.4 37.9 >100 >100 
LiI in H2O 5.2 2.4 5.5 2.5 2.7 12.5 
LiI in MeOH 20.9 15.4 8.4 10.6 >100 >100 
LiI in EtOH 48.5 30.8 10.7 6.2 >100 >100 
NaCl in H2O 2.4 6.1 4.6 3.7 4.9 24.4 
NaCl in MeOH 9.3 9.1 10.1 10.0 23.5 20.9 
NaCl in EtOH 10.6 11.0 9.0 9.2 42.7 28.3 
NaBr in H2O 3.2 2.7 2.6 3.3 7.1 8.8 
NaBr in MeOH 24.3 28.2 10.9 17.1 >100 >100 
NaBr in EtOH 10.6 12.1 4.5 6.3 >100 >100 
NaI in H2O 3.0 2.8 4.6 2.6 3.1 0.4 
NaI in MeOH 21.0 23.6 14.9 17.3 >100 >100 
NaI in EtOH 39.9 44.7 18.6 29.0 >100 >100 
KCl in H2O 2.2 5.8 2.0 2.1 2.5 5.0 
KCl in MeOH 4.5 4.3 5.9 5.3 42.3 30.3 
KBr in H2O 1.8 11.2 1.1 1.1 2.4 2.9 
KBr in MeOH 20.0 20.9 18.0 19.9 46.7 22.8 
KI in H2O 2.2 7.7 2.5 2.1 2.3 6.0 
KI in MeOH 13.8 14.2 13.7 14.5 >100 41.2 

AARD% in all solvents 23.8 21.4 8.6 12.4 >100 >100 

AARD% in H2O 3.4 5.5 3.2 2.7 4.3 4.8 
AARD% in MeOH 35.8 29.9 11.0 17.1 >100 >100 
AARD% in EtOH 40.6 35.5 13.7 21.4 >100 >100  

a : AARD% =
100
NDP

∑
NDP
1

(⃒
⃒
⃒
γexp
± − γcalc

±

γexp
±

⃒
⃒
⃒

)

.  

b : Model of Selam et al. [27], utilizing a constant relative permitivity (RP), equal to that of the solvent. 
c : Determined in this work with a constant RP. 
d : MFMR, HS: Mole fraction mixing rule (MFMR) for the RP and Born diameter equal to Hard Sphere diameter. 
e : MFMR, RH: MFMR for the RP and Born diameter from Rashin and Honig[53]. 
f : Zuber et al., HS: Zuber et al. for the RP and Born diameter equal to Hard Sphere diameter. 
g : Zuber et al., RH: Zuber et al. for the RP and Born diameter from Rashin and Honig[53]. 
h : εanion,water is determined from combining rule (Eq. 12).  
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ions based on the following objective function (Eq. 24): 

F =
2

NPMIAC

∑NPMIAC

1

(⃒
⃒
⃒
⃒
MIACexp − MIACcalc

MIACexp

⃒
⃒
⃒
⃒

)

+
2

NPρ

∑NPρ

1

(⃒
⃒
⃒
⃒
ρexp − ρcalc

ρexp

⃒
⃒
⃒
⃒

)

+
1

NPIIAC

∑NPIIAC

1

(⃒
⃒
⃒
⃒
IIACexp − IIACcalc

IIACexp

⃒
⃒
⃒
⃒

)

(24)  

where NP represents the number of experimental points per property. 
The objective function assigns different weights depending on the 

property. It is formulated so that the MIAC and density have twice the 
weight in the regression process compared to IIAC. The latter were 
mostly used as indicative to the trend of the different ions. To ensure that 
this trend will be correct we propose following two different steps in the 
regression process. First, use only the IIAC and density to evaluate the 
ionic parameters. This ensures that the IIAC will have the correct trend. 
Afterwards, using the parameters of the first step as initial estimates, the 
process is repeated by also utilizing the MIAC. This was the only method 
where it was possible to get a consistently good representation of all the 
properties included in the regression. The parameters determined from 

regression are tabulated in Table 7. In this table, two approaches with a 
constant relative permittivity are shown: the parameters of Selam et al. 
[27] as well as a new set determined in this work. The reasoning behind 
the calculation of the second set of parameters was fair comparison 
between the different approaches, as the IIAC had not been included in 
the regression of the parameters in the work of Selam et al. [27] and 
their prediction produced the wrong trend, as shown in Fig. 7. In this 
table, both approaches for the Born diameters are shown, abbreviated 
HS: the Born diameter is taken equal to the Hard Sphere diameter and 
RH: the Born diameter is taken from the work of Rashin and Honig [53]. 
For the models utilizing a constant relative permittivity, the Born term 
has no contribution to the MIAC, therefore no Born diameters are 
specified in Table 7. Regarding the trend of the parameters, consistent 
trends are observed; within the same group, εion increases from smaller 
to bigger ions (Li+ to K+ and Cl− to I− ), the ion – water interactions, 
εion,water, are larger for cations compared to anions and their values also 
increase in the same group from smaller to bigger ions (Li+ to K+ and Cl−

to I− ). The segment diameters, σion, of cations and anions follow the 
trend of Pauling radii, apart from Li+ that is found to have a bigger ionic 
diameter compared to Na+, without an apparent reason. This was not 
observed in the previous eSAFT-VR Mie version by Selam et al. [27]. 

Results for MIAC and IIAC are plotted in Fig. 7 and deviations are 
tabulated in Table 8 (see also the Supplementary material). All the 
relative permittivity relations produce good results for both the MIAC, 
IIAC and densities. The correct trends for the IIAC are followed by all of 
the approaches, apart from the model of Selam et al. [27], however, 
when the relative permittivity is constant, the IIAC of potassium salts are 
less accurate compared to the other approaches, and the model has 
difficulties achieving the correct trend of the IIAC, as shown in Fig. 7. 
This is not observed for any other relative permittivity models. The best 
accuracy is achieved by the MFMR models, especially when the Born 
diameters of Rashin and Honig [53] are used. 

Fig. 8. MIAC in single solvent solutions with the eSAFT-VR Mie EoS using different approaches for the relative permittivity. Points are experimental data (references 
in Table 5), lines are model predictions. Black: model of Selam et al. [27], utilizing a constant relative permitivity (RP); red: this work using a constant RP; blue: 
MFMR, HS: Mole fraction mixing rule (MFMR) for the RP and Born diameter equal to Hard Sphere (HS) diameter; light blue: MFMR, RH: MFMR for the RP and Born 
diameter from Rashin and Honig (RH) [53]; green: Zuber et al., HS: Zuber et al. for the RP and Born diameter equal to HS diameter; pink: Zuber et al., RH: Zuber et al. 
for the RP and Born diameter from RH. 

Table 10 
Extension of eSAFT-VR Mie Selam et al. [27] model to different solvents. The 
segment diameter, σion was kept the same as in Table 7.   

εion,MeOH/kB (K) εion,EtOH/kB (K) 

Li+ 3102.43 3814.62 
Na+ 1882.94 1382.41 
K+ 1386.11 - 
Cl- 597.99 452.42 
Br- 165.95 792.21 
I- 312.89 635.50  
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3.4. eSAFT-VR Mie modeling of non-aqueous systems 

To investigate the effect of the relative permittivity relations in non- 
aqueous solutions, we have used the models described in Table 7 to 
predict the MIAC of salts in single solvent solutions of methanol and 
ethanol. The database of MIAC shown in Table 5 has been used for the 
non-aqueous systems and the deviations are shown in Table 9 and 
plotted in Fig. 8 (also see Supplementary Material). To model the non- 
aqueous solutions the binary interaction parameters between ions and 
solvent have been set equal to those between ions and water, apart from 
the model of Selam et al. [27], where specific solvent-ion parameters 
(εion,solvent/kB, shown in Table 10) have been determined by fitting to the 
available experimental MIAC data. The eSAFT-VR Mie by Selam et al. 
[27] cannot even correlate MIAC in non-aqueous mixtures, which are 
severely underpredicted, as shown in Fig. 8. The new parameterization 
with the constant relative permittivity also fails to capture MIAC in 
non-aqueous solvents, as shown in the same figure. It seems that using a 
constant relative permittivity that is salt-concentration independent is 
the reason for a severe underprediction of MIAC. 

In the work of Zuo and Fürst [38] and Zuo et al. [39], the electrolyte 
EoS of Fürst and Renon has been extended to non-aqueous and mixed 
solvents. In their work (see Figs. 4 and 5 in the original work [39]), the 
authors clearly show the importance of the short-range contribution 
term, SR2, without which it seems impossible to get accurate 
non-aqueous NaBr MIAC. In our work, the equivalent term to the SR2 is 
the Born term. And, as we show, it is not possible to extrapolate to 
non-aqueous solutions when the Born term has no contribution to the 
MIAC, or in other words when the relative permittivity is constant. 
Bülow et al. [10] presented similar results when using a constant relative 
permittivity in their Fig. 7. Therefore, for non-aqueous solutions, the 
ion-solvent interactions should be accounted for. If a Born term is used 
for this purpose, it needs to be paired with a salt-composition dependent 
relative permittivity. Walker et al. [9] arrived at the same conclusion for 

the Born term and relative permittivity but from a completely different 
point of view. 

In the case of the MFMR, the non-aqueous MIAC can be predicted 
with very good accuracy using parameters fitted on aqueous data. Bülow 
et al. [10] made similar observations with their ePC-SAFT model using 
the MFMR and they stated that by incorporating a salt-concentration 
dependent relative permittivity into the Born and the DH terms within 
the ePC-SAFT framework, they achieved the transferability of ionic 
parameters to non-aqueous, low permittivity solutions. In our work, we 
validated their conclusion; indeed, the MFMR is a relative permittivity 
relation that ensures transferable parameters for eSAFT-VR Mie as well, 
as shown in Fig. 8. We also offer some possible reasons for the good 
performance of the MFMR. 

When the experimental relative permittivity is used, modelled by the 
Zuber et al. relation within the eSAFT-VR Mie predictive framework, the 
MIAC are significantly overpredicted. Such high values for the MIAC 
would practically mean zero solubility of salts in non-aqueous solvents, 
which is not the case. The Q-electrolattice model [41], which uses the 
same relative permittivity relation, showed good MIAC results, however 
the ionic diameters are solvent specific and fitted to experimental data, 
so the accuracy of the model could be a result of over-parameterization. 

It seems that, in order to get a good extrapolation from aqueous to 
non-aqueous solvents, the relative permittivity should be a function of 
the salt concentration, but using the experimental value does not yield 
the best results. There are two plausible reasons for this observation: a) 
the kinetic depolarization should not be included in the EoS and b) the 
relative permittivity cancels out the ion pairing effects. As stated in the 
introduction, the experimentally measured relative permittivity also 
contains the kinetic depolarization, which is not a thermodynamic 
property. In Fig. 2, the kinetic depolarization as determined by Maribo- 
Mogensen et al. [91] is shown and a MFMR is a good approximation of 
the dielectric relaxation, or the “thermodynamic part” of the relative 
permittivity, at least for NaCl in water. It has been previously proposed 

Fig. 9. Contribution of the different terms comprising eSAFT-VR Mie in MIAC (mole fraction scale) using different approaches for the relative permittivity. Points are 
experimental data, lines are model predictions: solid lines correspond to MIAC, dashed lines to cation IIAC and dashed-dot lines to anion IIAC. Black lines to the total 
AC, red to the SAFT-VR Mie contribution, blue to the DH contribution, green to the Born contribution and pink to ln(Z). 
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that only the thermodynamic part of the relative permittivity should in 
principle be used for modeling thermodynamic properties within an EoS 
framework [11]. Another reason for our observation could be the 
inability of our model to account for ion-pairing in low permittivity 
media. It is possible, that the good results with the MFMR are a conve
nient cancelation of errors between an incorrect relative permittivity 
(meaning not the experimental one) and the formation of ion pairs. The 
charges of ions that are paired are partially screened by their counter-ion 
pairs, instead of solvent molecules. This allows additional solvent mol
ecules to rotate according to an external field, increasing the mixture 
relative permittivity, as compared to a solution of non-paired ions. Since 
our model belongs to the primitive approach for the relative permit
tivity, it might be possible to take into account the ion-pairing effect by 
changing the relative permittivity accordingly. 

The different terms contributing to the MIAC calculation with 
eSAFT-VR Mie are the SAFT-VR Mie [27] terms (association, hard 
sphere, monomer or dispersion, and chain), the DH and the Born term. 
The contributions of the different terms with the different approaches 
for the relative permittivity are shown in Fig. 9. As expected, when the 
Born term is used with a salt-composition-independent relative 
permittivity its contribution is zero, and in this case, the SAFT-VR Mie 
physical contributions counter-balance the DH term. The contribution of 
the electrolyte terms increases as the dependence of the mixture relative 
permittivity on the salt concentration increases. Especially for the Zuber 
et al. relation, the differences between the contribution of the electrolyte 
term between aqueous and non-aqueous solutions is approximately an 
order of magnitude. A similar plot, both qualitative and quantitative, 
was presented by Bulow et al. [10]. Another interesting observation is 
that neither the Born nor the DH terms deviate significantly between 
anions and cations. The IIAC trends showing ion preference to the sol
vent are taken into account due to the (fitted) dispersion term of the 
model. 

4. Conclusions 

In this work, eSAFT-VR Mie was extended to low relative permit
tivity, non-aqueous solutions. The effect of using different relative 
permittivity relations for the electrolyte solutions was studied, ranging 
from experimentally measured values to a salt-composition independent 
relative permittivity. Furthermore, the effect of using different ap
proaches for the ionic diameters in the DH and Born term was evaluated. 
eSAFT-VR Mie was reparametrized using aqueous Mean Ionic Activity 
Coefficient (MIAC) and densities with different relations for the relative 
permittivity. All relations for the relative permittivity yield a relatively 
accurate representation of the aqueous solutions, with the most accurate 
one being the mole fraction based mixing rule. Afterwards, the perfor
mance of these models on non-aqueous solutions was assessed based on 
MIAC for methanol and ethanol single-solvent solutions. A mole fraction 
based mixing rule for the relative permittivity yields the best extrapo
lation from aqueous to non-aqueous solutions, and achieves quantitative 
predictions for MIAC of monovalent salts in methanol and ethanol 
without additional adjustable parameters. On the other hand, the Zuber 
et al. relation for the relative permittivity significantly overpredicted the 
MIAC, while the constant relative permittivity underpredicted it. It is 
concluded that a salt-composition-dependent mixture relative permit
tivity should be used in EoS to achieve accurate predictions for non- 
aqueous solutions. However, using the experimental value of the rela
tive permittivity (in the form of the Zuber et al. correlation) does not 
guarantee better results compared to a mild salt-concentration depen
dence of the mixture relative permittivity, resembling the thermody
namic contribution, such as the mole fraction mixing rule. Two reasons 
might be behind this: a) the thermodynamic part of the relative 
permittivity should be used within the framework of EoS or b) the un
accounted ion-pairing in the solution is cancelled out by a reduced 
relative permittivity value. Both are reasonable explanations provided 
in this work, but further research on the relative permittivity and ion- 

pairing implementation could shed more light on the subject. 
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