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a b s t r a c t 

The influence and importance of the relative static permittivity (RSP) in electrolyte equations of state is 

examined for the case of aqueous sodium chloride. Using the SAFT-VR Mie model, the Debye-Hückel (DH) 

or Mean-Spherical Approximation (MSA) terms, as well as the Born-solvation term, are used to formu- 

late an electrolyte equation of state. The RSP is obtained from a variety of models, each differing in their 

dependencies; we consider constant, temperature-, density- and composition-dependent models. For a 

fair comparison between different combinations of electrostatic and RSP models, all ion-related parame- 

ters are obtained a priori . A novel combining rule is proposed to obtain the unlike parameters between 

solvents and ions; its reliability is examined for a variety of electrolyte systems. We also compare its 

performance relative to parameterised electrolyte models. Both the DH and MSA terms yield similar re- 

sults for almost all properties and conditions. The RSP models used have the more-significant impact. 

Liquid densities and solvent saturation pressures showed limited changes between RSP models whereas 

osmotic coefficients, mean ionic activity coefficients and carbon dioxide solubilities observed drastically 

different behaviour. Analysing the contributions of the various terms to the activities of each species 

in an electrolyte mixture reveals an important balance between the Born-solvation and the DH or MSA 

terms where the RSP models have a significant influence over this balance, particularly when these carry 

a solvent- or ion-composition dependence. 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Electrolyte systems are of growing importance in many areas of 

esearch and industry; examples include carbon capture [1] , acid 

as scrubbing [2] , carriers of active pharmaceutical ingredients and 

ormulation additives [3] , and PUREX processes [4] . To model the 

hermodynamic properties of such systems, one needs to account 

or a wide variety of interactions: short-range london-dispersion, 

ighly directional dipolar, quadrupolar and hydrogen bonding in- 

eractions, and long-range electrostatic interactions. For each of the 

forementioned interactions, various models have been developed 

o account for them. Short-range dispersive interactions can be 

odelled accurately using cubic equations of state, such as Peng–

obinson (PR) [5] or Soave–Redlich–Kwong (SRK) [6] . Whilst polar 

nteractions and hydrogen-bonding interactions can be modelled as 
∗ Corresponding author. 
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ssociative type interactions, for which the various Statistical Asso- 

iating Fluid Theory (SAFT) equations of state [7–10] have proven 

o give excellent descriptions of, the former can be modelled as 

ts own distinct interaction [11] . For the long-range electrostatic 

nteractions, the two most-common approaches are the Debye–

ückel [12] (DH) and the primitive Mean-spherical approximation 

13] (MSA) equations. 

When expressed in terms of the Helmholtz free energy or activ- 

ty, the above models can be combined to give us an overall elec- 

rolyte model. As it may be apparent from the above, a plethora of 

uch models are available in the literature which mix and match 

ifferent models for each interaction. Examples include activity- 

ased approaches such as the extensions of UNIFAC [14,15] , NRTL- 

AC [16] , Wilson [17] , Pitzer [18,19] and COSMO-SAC [20] . Equation 

f state-based models have also grown in popularity such as those 

ased on SRK [6,21] , PR [5,22] , cubic-plus-association (CPA) [23–

5] , PC-SAFT [9] (ePC-SAFT [26–28] and ePPC-SAFT [29,30] ), and 

AFT-VR Mie [10] (SAFT-VRE Mie [31] and eSAFT-VR Mie [32] ). Al- 

hough all of the previously listed equations of state use primi- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ive approaches to account for the electrostatic interactions, non- 

rimitive approaches (such as non-primitive MSA model [33,34] ) 

ave been implemented within SAFT-type equations of state (such 

s SAFT-VR+DE [35] and NPMSA+PC-SAFT [36] ). 

Although the merits of the underlying models used to char- 

cterise the dispersive and associative interactions have been the 

ubject of various studies [37,38] , within the context of electrolyte 

ystems, the aforementioned models typically differ in two key as- 

ects: the model used to characterise the electrostatic interactions 

DH vs MSA) and the model used to determine the relative static 

ermittivity (RSP) of the medium. There are many studies that 

ompared the former two approaches [22,39,40] ; one of these by 

aribo-Mogensen et al. [41] performed a comparison between the 

H and MSA equations, examining the behaviour of the screening 

ength, derivatives of the Helmholtz free energy with respect to 

olume, temperature and composition, and the effects of the un- 

erlying parameters. It was found that the DH and MSA equations 

ive very similar estimates of the various properties examined. 

owever, the latter study did not examine the impact of these 

quations when they are part of a ‘complete’ model and how the 

eal properties of electrolyte systems are affected. In addition, the 

omparison was done for isothermal-isochoric systems, where the 

mpact of the electrolyte on the density is neglected. As a result, 

t is indeed worthwhile to re-visit this comparison, but now ex- 

mining the impact on real properties and compare the predicted 

ehaviour to experimental data. 

The model providing the description of the dispersive and as- 

ociative interactions is chosen to be the SAFT-VR Mie equation 

f state developed by Lafitte et al. [10] . Although it is likely that

ny of the SAFT-based models could serve the same role (allowing 

he conclusions of this study to be extended to other SAFT-based 

lectrolyte models), the primary reason for the selection of this 

odel is due to the fact that two variants have been developed 

hich extend the model to electrolyte systems: SAFT-VRE Mie de- 

eloped by Eriksen et al. [31] and eSAFT-VR Mie developed by Se- 

am et al. [32] . The primary distinction of these models is the ap-

roach used to characterise the electrostatic interactions: the for- 

er uses the MSA equation whilst the latter uses the DH equa- 

ion. Unfortunately, although a comparison between these models 

ould be informative, there are other significant differences be- 

ween them that would make a like-for-like comparison difficult. 

One such difference, and one that often distinguishes elec- 

rolyte model approaches, is the choice of model used to determine 

he RSP. This choice is typically the source of great debate within 

he electrolyte modelling community, particularly with respect to 

hat the RSP should be dependent on. Some approach use only a 

emperature dependence [28,32,42] , a temperature and density de- 

endence [21,22,31,43] or a temperature, density and composition 

ependence [25,29] . However, no extensive comparison has been 

ade between the difference choices of RSP models, considering 

ts impact on the different electrostatic interaction models and the 

hermodynamic properties obtained. 

Within this study, using the system of aqueous sodium chloride 

s a case study, we compare the impact of the combination of dif- 

erent electrostatic interaction and RSP models within a ‘complete’ 

lectrolyte equation of state. To allow for a fair comparison, and to 

solate the impact of the aforementioned models, we determine all 

odel parameters a priori from either experimental data [44,45] or 

ombining rules. In the case of the latter, we derive a novel com- 

ining rule developed to obtain the unlike interaction parameters 

etween charged and neutral species; we provide a brief evalua- 

ion of the validity of this combining rule for a range of electrolyte 

ystems. The effect of this parameterisation on the accuracy of the 

roperties predicted is also considered by comparing the perfor- 

ance to the regressed electrolyte SAFT-VR Mie models of Eriksen 

t al. and Selam et al. . 
t

2 
In order to better understand the observed behaviour, we also 

nalyse the magnitude of each of the contributions from the over- 

ll equation of state to the activity of each species in the elec- 

rolyte system. This also provides a better understanding of the 

ole of the Born-solvation term within an electrolyte equation of 

tate, which is a contribution that various electrolyte models either 

nclude [21,22,24,25,29,31,43] or ignore [26–28,42] . This discussion 

s in a similar vein to the work by Sun et al. [46] , now focusing

n the SAFT-VR Mie equation, the impact of various RSP models 

n these contributions and each of the species present in an elec- 

rolyte system. 

The subsequent sections of this article are set out as follows. 

ithin section 2.1 , we provide an overview of the SAFT-VR Mie 

quation of state, the Born solvation, the Debye-Hückel and Mean- 

pherical approximation terms; we also identify aspects in which 

riksen et al. and Selam et al. differ, beyond the electrostatic in- 

eraction model. We then give a similar overview of the differ- 

nt RSP models compared in section 2.2 , highlighting the differ- 

nt variables and parameters which they depend on. Subsequently, 

e illustrate how the model parameters are obtained within this 

tudy, providing a derivation for a novel combining rule between 

harged and neutral species ( section 2.3 ). The methods used to 

etermine the thermodynamic properties of electrolyte systems is 

escribed in sections 2.4 and 2.5 . The results obtained from these 

odels are given in section 3 where we examine the predicted RSP, 

ensity, isobaric heat capacity, speed of sound, osmotic coefficient, 

ean ionic activity coefficient, solvent saturation pressure and sol- 

bility of carbon dioxide in the aqueous sodium chloride system. 

ithin section 4 , we analyse in greater depth the role of the vari-

us terms in the electrolyte equation of state (4.1) and the efficacy 

f the proposed combining rule (4.2) . Finally, in section 5 , we sum-

arise our results and provide concluding remarks. 

. Theory 

This section will first outline the theory behind modelling elec- 

rolytes within the SAFT-VR Mie framework. Subsequently, the 

arious relative static permittivity models implemented within 

his framework will also be discussed. The means by which the 

odel parameters for the ions are obtained will be described in 

ection 2.3 . 

.1. Electrolyte Equation of State 

As with any system in equilibrium, one can often rely on equa- 

ions of state to obtain a wide variety of thermodynamic proper- 

ies. Typically, these equations can be split between an ideal and 

esidual contribution where, if expressed in terms of the Helmholtz 

ree energy, A : 

A 

Nk B T 
= 

A ideal 

Nk B T 
+ 

A res . 

Nk B T 
, (1) 

here N, k B and T denote the number of particles in the system, 

he Boltzmann constant and temperature, respectively. The sub- 

cripts ideal and res. denote the ideal and residual properties, re- 

pectively. In the case of electrolyte systems, the residual contri- 

utions can account for a variety of interactions: short-range dis- 

ersive interactions, highly-directional associative interactions ( e.g. 

ydrogen bonding), and long-range electrostatic interactions. The 

rst two of these interactions has been very effectively captured 

y the many variants of the SAFT equation of state [9,10] . Whilst 

any of these variants have been applied to electrolyte systems 

25–28] , the one that will be of interest in this study is the SAFT-

R Mie equation developed by Lafitte et al. [10] . 

Another reason for the selection of the SAFT-VR Mie equation 

n this study relates to how one can account for electrostatic in- 

eractions of electrolyte systems within this framework. To date, 
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Table 1 

Vibrational temperatures and degeneracies of water and carbon 

dioxide obtained from Walker and Haslam [47] . 

Species θvib , 1 / K g 1 θvib , 2 / K g 2 θvib , 3 / K g 3 

H 2 O 4805.23 1 2313.46 1 5295.66 1 

CO 2 1960.63 1 3280.47 1 957.220 2 
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wo electrolyte SAFT-VR Mie equations have been developed: SAFT- 

RE Mie developed by Eriksen et al. [31] and eSAFT-VR Mie devel- 

ped by Selam et al. [32] . Whilst these models differ in more than

 few elements, the primary distinction between the two is the 

hoice of model to account for electrostatic interactions between 

ons. Although both models implement the same Born solvation 

erm, the former uses the MSA model [13] and the latter opts for 

he DH model [12] . The debate as to which, between the MSA and

H models, is best suited to model electrolyte systems has been 

engthy; Maribo-Mogensen et al. [41] have shown that, up to a 

caling of the ion parameters, the two approaches give similar re- 

ults. 

As a result, along with the Born solvation term, both models are 

mplemented and compared within this study. 

.1.1. Ideal Contribution 

Often taken for granted, the ideal contribution to any equation 

f state is of vital importance when evaluating thermodynamic 

roperties, even in the liquid phase [47] . It can generally be ex- 

ressed as a sum of the translation, rotational and vibrational con- 

ributions: 

A ideal 

Nk B T 
= 

n species ∑ 

i =1 

x i 

[
ln 

(
ρi �

3 
i 

)
− n rot ,i 

2 

ln 

T 

θrot ,i 

(2) 

+ 

n vib ,i ∑ 

v=1 

g i, v 

[
θvib ,i, v 

2 T 
+ ln 

(
1 − exp (−θvib ,i, v /T ) 

)]
− 1 

] 

, 

here x i , ρi , �i , n rot ,i and θrot ,i denote the molar composition, 

umber density, thermal de Broglie wavelength, number of rota- 

ions and rotational temperature of species i . n vib ,i , g i, v and θvib ,i, v 

enote the number of vibrational modes on species i and, the vi- 

rational degeneracy and temperature of mode v on species i , re- 

pectively. n species denotes the number of species present in the 

ystem. As implemented by Walker and Haslam [47] , the rotational 

emperature for all species is set to 1 K. For monoatomic ions, the 

umber of rotations and vibrations is set to zero; as the vibrational 

emperatures for polyatomic ions are not currently available, prop- 

rties involving this contribution will be avoided. For water and 

arbon dioxide, the parameters are given in Table 1 . 

.1.2. SAFT–VR Mie Contribution 

As introduced by Lafitte et al. [10] , species are modelled as 

hains of spherical segments of length m with short-range disper- 

ive interactions characterised by an underlying Mie potential: 

Mie 
i j (r) = C i j εi j 

[(σi j 

r 

)λr ,i j 

−
(σi j 

r 

)λa ,i j 

]
, (3) 

here r is the inter-segment distance. When i = j, ε, σ , λr and λa 

re the potential well depth, segment diameter and, repulsive and 

ttractive exponents of the segments in a given species, respec- 

ively. For i � = j, the parameters characterise the unlike interactions 

etween the segments of two species. The variable C i j is given by: 

 i j = 

λr ,i j 

λr,i j − λa ,i j 

(
λr,i j 

λa ,i j 

) λa ,i j 
λr ,i j −λa ,i j 

, (4) 
3 
hich ensures that the minimum of the potential is always - εi j . In 

ddition, highly directional interactions, such as hydrogen bonding, 

re represented using association sites present on the segments 

hose interactions are modelled using a square-well potential: 

HB 
ab (r ab ) = 

{ 

−εSW 

ab 
if r ab ≤ r c 

ab 

0 if r ab > r c 
ab 

, (5) 

here r ab is the center-center distance between association sites a 

nd b. εHB 
ab 

and r c 
ab 

are the potential well depth and width of the 

quare-well potential, respectively. 

Using these parameters, for a given composition ( N ), tempera- 

ure ( T ) and volume ( V ), the residual Helmholtz free energy due to

he interactions described above can be obtained by summing over 

hree contributions: 

A SAFT-VR Mie 

Nk B T 
= 

A mono . 

Nk B T 
+ 

A chain 

Nk B T 
+ 

A assoc . 

Nk B T 
, (6) 

here the subscripts indicate the particular contribution to the 

esidual Helmholtz free energy: mono. denotes the contribution 

rom the presence of the spherical segments and dispersive in- 

eractions between segments, chain denotes the contribution from 

he formation of a chain of the Mie segments and, assoc. denotes 

he contributions from the interactions between association sites 

resent on the segments. 

In passing, we note that the Barker-Henderson theory 

4 8,4 9] plays an integral role in the development of SAFT-VR Mie 

quation. As such, the Barker-Henderson hard-sphere diameter is a 

ey variable within this equation; it is evaluated using the follow- 

ng equation: 

 = 

∫ σ

0 

[1 − exp (−βφMie (r)) ]d r , (7) 

here β = 1 / (k B T ) . As it is not possible to obtain an analytical so-

ution to this integral, numerical methods are required. Lafitte et al. 

10] suggest that the use of 10-point Gauss-Legendre quadrature 

hould give a sufficiently accurate approximation of the integral 

50] . However, more recent implementations (particularly in SAFT- 

Mie [51] ) use 5-point Gauss-Laguerre quadrature instead [52] . 

s shown in Fig. 1 a, whilst the latter approach is more accurate 

n a lower reduced temperature range ( T ∗ = T /ε), for ions ε can 

e of the order of magnitude of 10 0 . Thus, at room temperature, 

 

∗ ∼ 100 where Gauss–Legendre quadrature provides a better ap- 

roximation (see Fig. 1 b). As such, careful considerations must be 

ade when deciding which quadrature to use (we point out that 

oth Eriksen et al. [31] and Selam et al. [32] have used 10-point 

auss–Legendre quadrature). 

We now examine the association term as it is of particular im- 

ortance for electrolytes, especially in the context of the RSP. It is 

iven by: 

A assoc . 

Nk B T 
= 

n species ∑ 

i =1 

x i 

n sites ,i ∑ 

a =1 

n a,i 

[ 
ln X a,i + 

1 − X a,i 

2 

] 
(8) 

here X a,i is the fraction of association sites a on species i that are 

ot bonded to any other sites, n sites ,i is the number of site types 

n species i and n a,i is the number of sites a on species i . It is

valuated by solving a system of mass-action equations: 

 a,i = 

1 

1 + ρ
∑ n species 

j=1 
x j 

∑ n sites , j 

b=1 
n b, j X b, j �ab,i j 

(9) 

here �ab,i j characterises the association strength between sites 

 and b on species i and j, respectively. Within the SAFT-VR Mie 

ramework, there are three ways one can determine �ab,i j , the first 

f which, as given by Lafitte et al. [10] uses the following equation: 

ab,i j = σ 3 
i j F ab,i j g 

HS 
d,i j (d) κab,i j , (10) 
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Fig. 1. Value of the hard-sphere diameter for a Lennard–Jones segment evaluated by Eq. (7) using either 10-point Gauss–Legendre (red line) or 5-point Gauss–Laguerre (blue 

line) quadrature against the reduced temperature ( T ∗ = T /ε). The ‘exact’ value (black line) is obtained using global adaptive quadrature. 

Table 2 

SAFT-VR Mie Parameters for the non-ionic species of interest in this study obtained from 

literature [54,56] . 

Species m σ/ ̊A λr λa ε/k B εSW 

ab 
/k B K SW 

ab 
/ ̊A 3 

H 2 O (LJ) 1.00000 3.0063 17.020 6.0000 266.68 1985.4 101.69 

H 2 O (Mie) 1.00000 3.0555 35.823 6.0000 418.00 1600.0 496.66 

CO 2 1.69360 3.0500 26.408 5.0550 207.89 
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here F ab,i j is the Mayer function of the bonding interaction, 

 

HS 
d,i j 

(d) is the pair-distribution function for a hard-sphere fluid of 

iameter d (as denoted by the subscript) and κab,i j is the so-called 

imensionless bonding volume. However, Dufal et al. [53] proposed 

wo alternatives, both of whom can be expressed as: 

ab,i j = F ab,i j I i j K ab,i j , (11) 

here I i j is referred to as the association kernel and K ab,i j is also 

onding volume which now carries units of volume. Two such ker- 

els were developed: one referred to as the Lennard–Jones (LJ) ker- 

el (where I i j (σi j , εi j ) ) and the other referred to as the Mie ker-

el (where I i j (σi j , εi j , λr ,i j ) ); along with these kernels, two water 

odels were parameterised. The one obtained from the LJ kernel 

ecame the ‘default’ in most SAFT-VR Mie (and SAFT- γ Mie) mod- 

ls and, as such, binary interaction parameters between water and 

ther species are readily available in literature [54,55] ; this is in- 

eed the model used by Eriksen et al. . However, the model ob- 

ained from the Mie kernel is the one used by Selam et al. . 

The SAFT-VR Mie parameters for non-ionic species used within 

his study are given in Table 2 . How the parameters for ionic 

pecies are obtained is be outlined in section 2.3 . 

.1.3. Born Solvation Term 

The Born solvation term accounts for the effects of solvation 

hen an ion is introduced to a solvent / medium of relative static 

ermittivity εr . The Gibbs free energy change for taking an ion of 

iameter σ Born 
i 

from a vacuum to the medium (equivalent to the 

elmholtz free energy when the relative static permittivity is con- 

tant) is: 

A Born 

Nk B T 
= 

e 2 

4 πε0 k B T 

(
1 

εr 
− 1 

) n ion ∑ 

i =1 

x i Z 
2 
i 

σ Born 
i 

, (12) 

here e and ε0 are the elementary charge of an electron and per- 

ittivity of the vacuum, respectively. Z i is the charge of i and 

Born 
i 

is the effective radius of ion i . The physical interpretation 

f this radius is the topic of much debate; in some frameworks, it 

s equivalent to σ in the SAFT model [42,43] , whereas others treat 
4 
t as a separate radius related to the cavity occupied by the ion in 

he solvent. The latter interpretation is the one adopted by Eriksen 

t al. and Selam et al. where both obtain this radius from exper- 

mental values [44] . Models developed in this work will also use 

hese values for σ Born 
i 

. 

.1.4. Debye–Hückel Term 

One of the first models to characterise the electrostatic interac- 

ions, the DH equation [12,57] can be derived by assuming that the 

istribution of ions follows a Boltzmann distribution and solving 

he linearised Poisson equation to give us the electrical potential. 

rom this, the Helmholtz free energy is given as: 

A DH 

Nk B T 
= −1 

3 

e 2 

4 πε0 εr k B T 

n ion ∑ 

i =1 

x i χ(κσii ) Z 
2 
i , (13) 

here κ is the inverse screening length given by: 

2 = 

e 2 ρ

ε0 εr k B T 

n ion ∑ 

i =1 

x i Z 
2 
i , (14) 

nd the function χ is expressed as: 

(y i ) = 

3 

y 3 
i 

[ 
3 

2 

+ ln (1 + y i ) − 2(1 + y i ) + 

1 

2 

(1 + y i ) 
2 
] 

, (15) 

here: 

 i = κσii . (16) 

t should be noted that in Selam et al. ’s work, instead of σii , the

arker-Henderson hard-sphere diameter obtained from Eq. (7) is 

sed. Although this does introduce an additional temperature de- 

endence to the Debye-Hückel model, the Barker–Henderson hard- 

phere diameter is strongly associated with the perturbation the- 

ry used within the SAFT-VR Mie equation, making it difficult to 

eason what role it should play in the context of the Debye-Hückel 

odel. As such, unless Selam et al. ’s model is used, any implemen- 

ation of the Debye-Hückel model in this work will use σ . 
ii 
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Table 3 

Parameters for Eq. (25) corresponding to water. 

θ1 θ2 / K θ3 / K 
−1 θ4 / K 

−2 θ5 / K 
−3 

-19.2905 29814.5 -0.019678 1.3189 ×10 −4 -3.1144 ×10 −7 
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.1.5. Mean-Spherical Approximation Term 

Along with the DH model, the primitive mean-spherical approx- 

mation model developed by Blum [13] is another approach often 

sed to characterise the electrostatic interactions within a solvent. 

he primary difference between the two approaches is whether 

he ions are treated as hard-spheres, leading to an excluded vol- 

me inaccessible to other ions. The Helmholtz free energy within 

his framework is given by: 

A MSA 

Nk B T 
= 

U MSA 

Nk B T 
+ 

�3 

3 πρ
, (17) 

here the excess internal energy contribution, U 

MSA , is given by: 

U MSA 

Nk B T 
= − e 2 

4 πε0 εr k B T 

[ 

�

n ion ∑ 

i =1 

(
x i Z 

2 
i 

1 + �σii 

)
+ 

π�P 2 n 

2�ρ

] 

. (18) 

he screening length, �, can be determined from: 

2 = 

e 2 ρ

4 ε0 εr k B T 

n ion ∑ 

i =1 

x i Q 

2 
i , (19) 

here the effective charge, Q i , is given by: 

 i = 

Z i − σ 2 
ii 

P n (π/ (2�)) 

1 + �σii 

, (20) 

nd the auxilliary functions � and P n are given by: 

= 1 + 

πρ

2�

n ion ∑ 

i =1 

x i σ
3 
ii 

1 + �σii 

, (21) 

 n = 

ρ

�

n ion ∑ 

i =1 

x i Z i σii 

1 + �σii 

. (22) 

he packing fraction, �, has been defined one of two ways. Within 

he SAFT-VRE Mie model (and others [42,43] ), it is given by: 

= 1 − πρ

6 

n ion ∑ 

i =1 

x i σ
2 
ii , (23) 

hereas, Maribo-Mogensen et al. [41] express it as: 

= 1 − πρ

6 

n species ∑ 

i =1 

x i σ
2 
ii . (24) 

he only distinction between these two equations is that, in the 

atter, the solvent is included within the sum giving it a depen- 

ence on the solvent concentration. It is not readily apparent in 

lum [13] ’s original work as to which one is correct, however, ex- 

mining the impact of this dependence on the chemical poten- 

ial of the solvent in Maribo-Mogensen et al. [41] ’s work, this de- 

endence is orders of magnitude smaller than it is for the ions. 

s such, and to remain comparable to Eriksen et al. ’s model, Eq. 

23) will be used instead. Note that the screening length � is de- 

endent on itself and must therefore be solved iteratively where 

he Debye screening length (Eq. (14) ) serves as a good initial guess. 

We take this opportunity to point out the existence of the non- 

rimitive MSA (NP-MSA) model, also developed by Blum and co- 

orkers [33,34] . This approach, in contrast to the primitive ap- 

roach, explicitly accounts for the structure of the solvent, includ- 

ng ion-ion, ion-dipole and dipole-dipole interactions. One interest- 

ng aspect of this approach is, as observed by Simonin [58] , due to

he correct description of the ion-solvent interactions, the ‘Born’ 

nergy is already accounted for. Although the SAFT-VR Mie frame- 

ork has not yet been extended to include the NP-MSA model, 

he SAFT-VR SW framework has in the form of the SAFT-VR+DE 

quation of state [35,59–61] . This more-accurate representation of 

he solvent has allowed the SAFT-VR+DE equation to obtain results 
5 
omparable or superior to those obtained from both SAFT-VR Mie 

lectrolyte models, although the former regressed salt-specific pa- 

ameters, rather than ion-specific parameter in the case of the lat- 

er models. 

Another interesting aspect of this model is that the relative 

tatic permittivity used is found to be dependent on the compo- 

ition of both the solvent and ions [33,62] . As this hints towards 

he need for an ion-composition-dependent RSP model, it will be 

nteresting to observe how including this dependence will impact 

he performance of the electrolyte models. 

.2. Relative Static Permittivity models 

Another facet we intend to explore which, in the context of 

lectrolyte SAFT-VR Mie equations of state, has not been explored 

n great depth in previous studies is the role of the relative static 

ermittivity within this model. How one should model the RSP 

ithin the context of either MSA or DH theory is a topic of de- 

ate. Naturally, the most straight-forward approach is to keep it 

onstant; this shall indeed be considered in this work with a value 

f εr = 78 . 4 (RSP of water at 298 K). However, works such as Selam

t al. have included a temperature dependence to the RSP. Oth- 

rs, such as Eriksen et al. [31] , have also included a density and

lectrolyte-free concentration dependence of the solvent in their 

odels of the RSP. Finally, one could also consider the dependence 

f the RSP on the concentration of the ions although such ap- 

roaches are difficult to discuss in primitive models such as MSA 

nd DH theory. 

All of these approaches to modelling the RSP shall be consid- 

red within this work. The models were selected based on varying 

evels of complexities i.e. they account for the temperature, density 

nd composition (solvent and electrolyte) dependence of the RSP. 

.2.1. Zuo and Fürst’s correlation 

The correlation used within eSAFT-VR Mie model, Zuo and Fürst 

63] ’s accounts for the temperature dependence of the RSP of wa- 

er, parameterised using five θi values given in Table 3 with the 

quation given below: 

r ,w 

(T ) = θ1 + 

θ2 

T 
+ θ3 T + θ4 T 

2 + θ5 T 
3 . (25) 

he parameters are fitted within a temperature range of 288.15 K- 

03.15 K. We note that the above correlation does equal zero at 

pproximately 600 K which will lead to singularities when evalu- 

ting properties in this temperature range due to the presence of 
−1 
r in various equations. 

.2.2. Valiskó and Boda’s correlation 

This correlation developed by Valiskó and Boda [64] and only 

epends on the concentration of the electrolyte; for example, in 

he case of aqueous sodium chloride: 

r (ρ, N ion ) = 78 . 45 − 15 . 45 c + 3 . 76 c 3 / 2 , (26)

here c is the concentration of the sodium chloride (NaCl) in mol 

m 

−3 . This correlation was fitted in range of 0 mol kg −1 to ap-

roximately 5 mol kg −1 . However, it is limited to a temperature of 

98K and pressure of 1 atm. It is worth pointing out that this cor- 

elation also has a dependence on the density and, as a result, the 

ccuracy of this correlation also depends on the accuracy of the 

ensity estimated from our equation of state. 
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Table 4 

Parameters for Eq. (29) corresponding 

to the various solvents of interest. 

Species d V / dm 

3 
mol 

−1 
d T / K 

H 2 O 0.3777 1403.0 

CO 2 -0.0250 0.0000 
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Nevertheless, many such correlations exist for other salts and 

ave been implemented within both DH and MSA theories [65–

7] . 

.2.3. Schreckenberg et al. ’s correlation 

Originally developed by Schreckenberg et al. [43] for the SAFT- 

RE SW equation [43] , this model accounts for the temperature 

nd density dependence of the RSP, along with the dependence on 

he solvent concentration: 

r (T , ρ, N solvent ) = 1 + ρsolvent d , (27) 

here ρsolvent denotes the number density of the solvent and d is 

btained from: 

 = 

n solvent ∑ 

i 

n solvent ∑ 

j 

x 0 ,i x 0 , j d i j , (28) 

here x 0 ,i denotes the electrolyte-free solvent composition and d i j 

s a solvent-dependent parameter where, for i = j: 

 ii = d V,i 

(
d T,i 

T 
− 1 

)
, (29) 

here d V,i and d T,i are also solvent-specific parameters; for species 

f interest in this study, these have been tabulated in Table 4 . For

 � = j, d i j is simply obtained from the arithemic mean: 

 i j = 

d ii + d j j 

2 

. (30) 

he parameters for water were obtained by fitting to experimental 

ata in a temperature range of 273 K to 423 K and densities up to

3 mol dm 

−3 . 

.2.4. Michelsen and Mollerup’s correlation 

Michelsen and Mollerup [68] suggested that the effect of the 

resence of ions within a solvent could be modelled through a cor- 

ection to the pure RSP of the solvent in the following way: 

r (T , ρ, N ion ) = εr , solvent (T , ρ) E(ρ, N ion ) , (31)

here E(V, N ion ) is the ion correction factor. The RSP of water, in

his model, is obtained from: 

r ,w 

(T , ρ) = ε0 
r ,w 

(T 0 ) + 

β1 

2 

N A μ
2 
w, 0 

k B ε0 

(
ρw 

T 
− ρw, 0 

T 0 

)
(32) 

here T 0 = 273 . 15 K is the reference temperature, ε0 
r ,w 

= 87 . 82 is

he RSP of water at T 0 , μw, 0 = 1 . 855 D is the dipole moment of

ater, N A is Avogadro’s constant and β1 = 3 . 1306 is a fitting con-

tant. The water density ρw 

is obtained from the volume obtained 

rom the equation of state. The ion correction factor can be ex- 

ressed as: 

(ρ, N ion ) = 1 + 

n ion ∑ 

k 

(
β3 c k −

αk c k 
1 + β2 c k 

)
, (33) 

here c k is the molar concentration of ion k in mol L −1 , β2 =
 . 160 L mol 

−1 
, β3 = 0 . 010 L mol 

−1 
and αk is an ion-specific constant 

here αNa + = 0 . 1062 L mol 
−1 

and αCl − = 0 . 1172 L mol 
−1 

. This corre- 

ation is compatible with more ions than the ones of interest in 

his study. It also provides a temperature and, albeit minor, vol- 

me dependence of the RSP. 
6 
This correlation has been used by Maribo-Mogensen et al. 

41] in a comparison of the DH and MSA theories in modelling 

lectrolyte properties. 

.2.5. Maribo-Mogensen et al. ’s models 

Taking a more physically-based approach, Maribo-Mogensen 

t al. [69] start from Hasted [70] ’s expression for the RSP: 

(2 εr + ε∞ 

)(εr − ε∞ 

) 

εr (ε∞ 

+ 2) 2 
= 

ρ

9 ε0 k B T 

∑ 

i 

x i g i μ
2 
0 ,i , (34) 

here g i is the Kirkwood g-factor introduced by Fröhlich and 

aradudin [71] and ε∞ 

is the RSP at infinite frequency which can 

e obtained from the Clausius–Mossoti equation [72,73] : 

ε∞ 

− 1 

ε∞ 

+ 2 

= 

ρ

3 ε0 

∑ 

i 

x i α0 ,i , (35) 

here α0 ,i is the molecular polarizability of species i (given in 

able 5 ). The Kirkwood g-factor is obtained from the following 

quation: 

 i = 1 + 

∑ 

j 

z i j P i j cos γi j 

P i cos θi j + 1 

μ0 , j 

μ0 ,i 

, (36) 

here z i j is the coordination number of species j around cen- 

ral molecule i , γi j is the angle between the dipole moments of 

olecules i and j in the hydrogen bonding network ( γii = 69 . 4 deg

or water), θi j is the hydrogen bond angle between molecule j

n the shell around molecule i and the second shell neighbour 

 θii = 108 . 9 deg for water). Note that these last two parameters are 

ypically fitted to experimental data. P i j is the probability molecule 

 is associated to molecule j, determined by the following set of 

quations 

 i j = 

∑ 

ab 

P ab,i j , (37) 

 ab,i j = ρx j X a,i X b, j �ab,i j , (38) 

nd P i is the probability of molecule i being associated with any 

ther molecule, given by: 

 i = 

∑ 

j 

P i j . (39) 

n the above equations, X a,i and �ab,i j are both the same vari- 

bles one obtains from the association term in SAFT-VR Mie (Eq. 

9) and (10) ). We note here that the parameters γi j and θi j are fit- 

ed to the experimental values of the RSP where the association 

ractions are obtained from the cubic-plus association (CPA) equa- 

ion of state [23] . As such, this model is effectively predicting when 

mplemented with the SAFT-VR Mie equation of state. 

However, this model ignores the short-range ion-dipole inter- 

ctions. If one wants to examine the influence of the presence of 

ons on the RSP, one could still use Eq. (34) if ion-solvent and ion- 

on association were explicitely accounted for within the associa- 

ion term of the SAFT-VR Mie equation; in most models, this is not 

he case (see Gil-Villegas et al. [74] for a detailed discussion on the 

mpact of including these interactions in an electrolyte model). As 

uch, Maribo-Mogensen et al. [75] developed a modification to Eq. 

34) that would account for this association: 

(2 εr + ε∞ 

)(εr − ε∞ 

) 

εr (ε∞ 

+ 2) 2 
= 

ρ

9 ε0 k B T 

∑ 

i 

x i �i g i μ
2 
0 ,i , (40) 

here �i is the fraction of component i that is not bonded to an 

on. It can be obtained by solving the following mass-action rela- 

ion (where i indexes the solvent and j and k index the ions): 

1 

�
= 1 + 

m 

V 

(ν j N site , j � j �i j + νk N site ,k �k �ik ) , (41) 

i 
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Table 5 

Various parameters needed to model the species of interest. Polarizabilities [45,77,78] , ionisation energies [77,79,80] , segment diameters 

[44,54,56] , Born diameters [81] ( ∗ denotes those where the Born diameter was obtained by 1 . 07 σ ), dipoles [82] and quadrupoles [83,84] are 

all obtained from the literature. 

α0 /( ̊A 
3 ) I/eV σ/ ̊A σBorn / ̊A λr λa μ0 /D Q/(D ̊A) 

Solvents 

H 2 O (LJ) 1.450 12.6206 3.0063 - 17.020 6.000 2.95 4.396 

H 2 O (Mie) 1.450 12.6206 3.0555 - 35.823 6.000 2.95 4.396 

CO 2 2.911 13.7730 3.0500 - 26.408 5.055 0.00 4.278 

Cations 

Li + 0.029 75.6400 1.8000 2.6332 12.000 6.000 0.00 0.000 

Na + 0.179 47.2864 2.3200 3.3600 12.000 6.000 0.00 0.000 

K + 0.830 31.6300 3.0400 4.3440 12.000 6.000 0.00 0.000 

Rb + 1.400 27.2895 3.3200 4.6220 12.000 6.000 0.00 0.000 

Cs + 2.420 23.1574 3.6200 5.0280 12.000 6.000 0.00 0.000 

Be 2+ ∗ 0.008 153.897 1.1800 1.2626 12.000 6.000 0.00 0.000 

Mg 2+ 0.094 80.1483 1.7200 2.9100 12.000 6.000 0.00 0.000 

Ca 2+ 0.470 50.9131 2.2800 3.7240 12.000 6.000 0.00 0.000 

Sr 2+ 0.860 42.8900 2.6400 4.1080 12.000 6.000 0.00 0.000 

Ba 2+ 1.550 35.8400 2.9800 4.2380 12.000 6.000 0.00 0.000 

Al 3+ 0.052 119.992 1.3500 2.6760 12.000 6.000 0.00 0.000 

Sc 3+ 0.286 73.4894 1.7700 3.0820 12.000 6.000 0.00 0.000 

Y 3+ 0.550 60.5970 2.0800 3.4660 12.000 6.000 0.00 0.000 

La 3+ 1.040 49.9500 2.3440 3.6160 12.000 6.000 0.00 0.000 

Anions 

F − 1.040 3.40120 2.3800 2.8460 12.000 6.000 0.00 0.000 

Cl − 3.660 3.61270 3.3400 3.8740 12.000 6.000 0.00 0.000 

Br − 4.770 3.36360 3.6400 4.1740 12.000 6.000 0.00 0.000 

I − 7.100 3.05900 4.1200 4.6860 12.000 6.000 0.00 0.000 

NO 

−∗
3 

4.049 3.93700 4.0000 4.2800 12.000 6.000 0.00 - 

ClO 

−∗
4 

4.825 5.25000 4.5000 4.8150 12.000 6.000 0.00 - 

O 

2 −∗ 3.880 8.27100 2.5200 2.6964 12.000 6.000 0.00 0.000 

S 2 − 10.20 6.63300 3.4000 3.9380 12.000 6.000 0.00 0.000 

SO 

2 −∗
2 

4.432 2.60000 4.3598 4.6650 12.000 6.000 0.00 - 
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� j 

= 1 + 

n i 

V 

�i �i j + 

m 

V 

νk N site ,k �k � jk , (42) 

1 

�k 

= 1 + 

n i 

V 

�i �ik + 

m 

V 

ν j N site , j � j � jk , (43) 

here m is the molality of the salt in mol kg −1 of solvent, n i is

he number of moles of species i , ν j is the stoichiometric factor 

f ion j in the salt and N sites , j is the number of association sites 

n ion j. The association strength, �i j is now determined from the 

ollowing equation (when the solvent in question is water): 

i j = 

1 

ρi 

(
N i j 

2 N w j − N i j 

)
, (44) 

here N i j is the apparent coordination number of i around ion j. 

s described by Maribo-Mogensen et al. [75] , in the case of N w j ,

f j is a monovalent cation, it is taken to be six, if j is a bivalent

ation, it is taken to be eight, if j is an anion, it is taken to be five.

rom N w j , we can obtain N sites , j : 

 sites , j = 2 N w j . (45) 

hilst N i j between ions was not discussed explicitly within the 

riginal study, it will be taken to be the lattice coordination 

umber of the salt. Nevertheless, this model consists of meso- 

copic electrostatic equations which neglect the complex nature of 

he fluctuations of the dipolar moments in ion-dipole interaction 

ength scale, particularly for small or multivalent ions [76] . 

.3. Model parameters 

Whilst the primary focus of this study is aqueous sodium chlo- 

ide, Table 5 provides a summary of all the parameters required 

o model a range of systems using the strategy developed in this 

ection. 
7 
.3.1. Ion-ion interaction parameters 

For simplicity and consistency with other approaches [31,32] , all 

ons will be modelled as Lennard–Jones spheres ( i.e. m = 1 , λr = 12

nd λa = 6 ). The segment size, σ , has been obtained a number 

f different ways. Some models [32,43] treat σ as an adjustable 

arameter fitted to experimental data whilst others [31] choose 

o use experimentally determined parameters. One such model 

s Eriksen et al. ’s SAFT-VRE Mie model which obtains σ from 

he ionic radii from Shannon [44] ; however, Valiskó and Boda 

64] have shown that one could select from a variety of sources 

heir definition of σ and obtain different results. To remain consis- 

ent and comparable to Eriksen et al. ’s SAFT-VRE Mie equation, the 

used for ions will be the same. 

To obtain the binary interaction parameters ( i � = j) between 

ons, we shall use the standard combining rules for the SAFT-VR 

ie equation [10,53] . For σi j , a simple arithmetic mean is used: 

i j = 

σii + σ j j 

2 

. (46) 

For the potential exponents, the combining rule is obtained by 

pplying a geometric mean to the van der Waals attractive energy, 

s derived by Lafitte et al. [10] : 

k,i j = 3 + 

√ 

(λk,ii − 3)(λk, j j − 3) , k = a , r . (47) 

n both Eriksen et al. and Selam et al. , the potential well-depth is 

btained from a combining rule. Both only consider the London 

ispersion interactions between ions given by the following poten- 

ial: 

London 
i j (r i j ) = −3 

2 

α0 ,i α0 , j 

r 6 
i j 
(4 πε0 ) 2 

I i I j 

I i + I j 
, (48) 

here I i is the ionization energy of species i (given in Table 2 ). We

an then obtain the integrated form of this potential from: 

 i j = 

∫ π

θi j =0 

∫ 2 π

ϕ i j =0 

∫ ∞ 

r i j = σi j 

φi j (r i j ) r 
2 
i j d r i j sin θi j d θi j d ϕ i j (49) 
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ψ 

London 
i j 

4 π
= − α0 ,i α0 , j 

2 σ 3 
i j 
(4 πε0 ) 2 

I i I j 

I i + I j 
. (50) 

here Eriksen et al. and Selam et al. differ is which potential one 

hould integrate and equate to Eq. (50) . In SAFT-VRE Mie [31] , the

ull Mie potential is used, given in Eq. (3) , where, when integrated, 

ives: 

ψ 

Mie 
i j 

4 π
= −

C i j εi j (λr ,i j − λa ,i j ) σ
3 
i j 

(λr ,i j − 3)(λa ,i j − 3) 
. (51) 

n the other hand, only the attractive part of the Mie potential is 

onsidered in eSAFT-VR Mie [32] : 

Mie −att 
i j 

(r i j ) = −C i j εi j 

(
σi j 

r i j 

)λa ,i j 

. (52) 

hen integrated, one gets: 

ψ 

Mie −att 
i j 

4 π
= −

C i j εi j σ
3 
i j 

λa ,i j − 3 

. (53) 

ne can then equate either 51 or 53 to Eq. (50) to obtain the fol-

owing combining rules: 

Mie 
i j = 

(λr ,i j − 3)(λa ,i j − 3) 

2 C i j (λr ,i j − λa ,i j ) 

α0 ,i α0 , j 

(4 πε0 ) 2 σ 6 
i j 

I i I j 

I i + I j 
, (54) 

Mie −att 
i j 

= 

(λa ,i j − 3) 

2 C i j 

α0 ,i α0 , j 

(4 πε0 ) 2 σ 6 
i j 

I i I j 

I i + I j 
. (55) 

hese equations are essentially the Hudson and McCoubrey com- 

ining rules applied to a Mie potential [85] . Apart from when us- 

ng Selam et al. ’s model, Eq. (54) will be used to obtain the ion-

on like and unlike interaction parameters. However, as Selam et al. 

oint out, it is likely that either of these combining rules will lead 

o similar predictions, particularly when considering that the ion- 

on interactions are not as significant as the solvent-solvent and 

olvent-ion interactions at low molalities. 

.3.2. Ion-solvent interaction parameters 

Within this section the index i shall denote ions whilst j shall 

enote solvents. In order to make a ‘fair’ comparison between the 

H and MSA models (coupled with the various RSP models), it is 

est to use the same parameters between them such that only the 

odels themselves are compared. Although the ion-ion interaction 

arameters, can be obtained a priori from the previous section, this 

s much more-difficult for the ion-solvent interaction parameters. 

or σi j and λk,i j , the combining rules given by Eq. (46) and (47) , 

espectively, shall be used for the ion-solvent interaction parame- 

ers. 

However, the unlike potential well depth ( εi j ) is almost never 

btained a priori ; indeed, it is more commonly treated as an ad- 

ustable parameter [28,31,32,43] to be fitted against experimental 

ata. One can see why that may be the case when comparing the 

stimates from Eq. (54) to the regressed values obtained from the 

orks of Eriksen et al. and Selam et al. in Table 6 . 

It is clear that the combining rule is significantly underestimat- 

ng the value of εi j between ions and water when compared to 

egressed values. It is likely that additional interactions between 

he solvent and ion are present, aside from the London disper- 

ion interactions captured in the Hudson-McCoubrey combining 

ule. Haslam et al. [86] have developed a combining rule that ac- 

ounts for the London dispersion, dipole and quadrupole interac- 

ions present between two species modelled by the following po- 

ential: 

φatt 
i j (r i j ) = 

1 

(4 πε0 ) 2 r 
6 
i j 

[ 
3 

2 

α0 ,i α0 , j 

I i I j 

I i + I j 
+ 

μ0 ,i μ0 , j 

3 k B T 
(56) 
8 
+ μ2 
0 ,i α0 , j + μ2 

0 , j α0 ,i 

] 
(57) 

 

1 

(4 πε0 ) 2 r 
8 
i j 

[
μ2 

0 ,i 
Q 

2 
0 , j 

+ μ2 
0 , j 

Q 

2 
0 ,i 

2 k B T 
+ 

3 

2 

(Q 

2 
0 ,i α0 , j + Q 

2 
0 , j α0 ,i ) 

]
, (58) 

here Q 0 , j is the quadrupole moment of species i . For carbon diox- 

de and water, values are available in literature [82,83,87,88] , how- 

ver, these can vary with temperature. Haslam et al. [86] showed 

hat this is indeed important. However, in this work, as most of the 

onditions examined will be in the liquid phase at room tempera- 

ure and pressure, the value of μ0 ,i corresponding to these condi- 

ions will be used. 

Integrating using Eq. (49) and equating the result to ψ 

Mie 
i j 

re- 

ults in the following combining rule: 

i j = 

(λr ,i j − 3)(λa ,i j − 3) 

C i j (λr ,i j − λa ,i j ) m i m j [ 
1 

3 σ 6 
i j 
(4 πε0 ) 2 

(
3 

2 

I i I j 

I i + I j 
α0 ,i α0 , j + 

μ2 
i 
μ2 

j 

3 k B T 
+ μ2 

i α0 , j + μ2 
j α0 ,i 

)

+ 

1 

5 σ 8 
i j 
(4 πε0 ) 2 

(
μ2 

i 
Q 

2 
j 

+ μ2 
j 
Q i 

2 k B T 
+ 

3 

2 

(Q 

2 
i α0 , j + Q 

2 
j α0 ,i ) 

)] 
. 

(59) 

ote that the number of segments m i are now included within the 

ombining rule, in spite of not being present in Eq. (56) . This is

ecause Haslam et al. [86] showed that the binary interaction po- 

ential should indeed incorporate the number of segments. 

When applying Eq. (59) , one obtains the parameters given in 

able 6 . Whilst the value of εi j has indeed increased, it still less 

han the values obtained by Eriksen et al. and Selam et al. . In ad-

ition, like the Hudson-McCoubrey combining rule, the trend be- 

ween the molar mass of the cation and εi j is inverted compared 

o the regressed values for the cations. It is very likely that an im- 

ortant interaction between solvents and ions has been omitted. 

Most likely, this would be the ion-dipole interactions which can 

e captured by the following potential: 

ion −dipole 
i j 

(r i j , θ ) = − q i μ j, 0 

(4 πε0 ) 

cos θ

r 2 
i j 

. (60) 

can be eliminated from this equation by taking a rotational av- 

rage: 

 φion −dipole 
i j 

(r i j ) 〉 = 

∫ π
0 φi j exp (−βφi j ) d θi j ∫ π

0 exp (−βφi j ) d θi j 

= − 1 

3 k B T 

(
q i μ j 

4 πε0 

)2 1 

r 4 
i j 

.

(61) 

ntegrating using Eq. (49) : 

ψ 

ion −dipole 
i j 

4 π
= − 1 

3 σi j (4 πε0 ) 2 

q 2 
i 
μ2 

j 

k B T 
(62) 

his term can then be added to Eq. (59) to give: 

i j = 

(λr ,i j − 3)(λa ,i j − 3) 

C i j (λr ,i j − λa ,i j ) m i m j [ 
1 

3 σ 4 
i j 
(4 πε0 εr ) 2 

(
q 2 

i 
μ2 

j 

k B T 

)
+ 

1 

3 σ 6 
i j 
(4 πε0 εr ) 2 (

3 

2 

I i I j 

I i + I j 
α0 ,i α0 , j + 

μ2 
i 
μ2 

j 

3 k B T 
+ μ2 

i α0 , j + μ2 
j α0 ,i 

)

+ 

1 

5 σ 8 
i j 
(4 πε0 εr ) 2 

(
μ2 

i 
Q 

2 
j 

+ μ2 
j 
Q i 

2 k B T 
+ 

3 

2 

(Q 

2 
i α0 , j + Q 

2 
j α0 ,i ) 

)] 
. 

(63) 
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Table 6 

εi j / K parameter between water and various ions obtained from Eriksen et al. , Selam et al. , Eq. (54), (59) and (63) (for different values of εr ). Parameters used 

in the combining rules are given in Table 5 and, where a temperature dependence is present, T is set to 298 K. 

Ion Eriksen et al. [31] Selam et al. [32] Eq. 54 Eq. 59 Eq. 63 ( εr = 1 ) Eq. 63 ( εr = 78 . 4 ) Eq. 63 ( εr = 32 ) 

Li + 1023.1 893.71 17.285 22.657 445457.32 72.473 435.02 

Na + 539.68 187.62 53.053 70.100 295411.55 48.061 288.49 

K + 376.25 68.400 104.10 139.23 177994.49 28.958 173.82 

Rb + 354.23 66.990 128.02 172.47 148569.58 24.171 145.09 

Cs + - 112.59 158.64 215.97 123509.08 20.094 120.61 

Be 2+ - 11.777 15.448 3095768.3 503.66 3023.2 

Mg 2+ 2235.1 1371.7 62.466 81.893 1905553.1 310.02 1860.9 

Ca 2+ 1460.8 619.17 147.97 194.96 1217725.7 198.12 1189.2 

Sr 2+ 1047.0 437.96 175.81 232.13 935704.88 152.23 913.77 

Ba 2+ 840.44 542.56 213.56 283.44 740660.09 120.50 723.30 

Al 3+ - - 59.022 77.367 5940249.6 966.44 5801.0 

Sc 3+ - - 176.25 231.44 4110816.2 668.80 4014.5 

Y 3+ - - 225.39 295.93 3196702.4 520.08 3121.8 

La 3+ - - 303.44 399.67 2611100.9 424.81 2549.9 

F − 30.571 1461.1 77.510 169.67 282566.84 45.972 275.94 

Cl − 95.406 594.05 106.89 220.79 146753.93 23.876 143.31 

Br − 112.01 543.53 99.839 210.71 122024.85 19.853 119.17 

I − 142.66 522.56 90.671 197.11 92360.781 15.026 90.196 

NO 

−
3 

- 283.32 69.780 137.31 98780.200 16.071 96.465 

ClO 

−
4 

- 458.43 67.480 119.73 74991.454 12.201 73.234 

O 

2 − - - 461.97 753.54 1020155.9 165.97 996.25 

S 2 − - - 413.23 712.32 565197.30 91.953 551.95 

SO 

2 −
2 

- 761.50 40.631 94.632 323042.62 52.557 315.47 

Fig. 2. εi j between water and various ions predicted using the proposed combining rule for various ions compared to those estimated by Eriksen et al. and Selam et al. . 
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ote that εr has now been included in Eq. (63) ; this is primar- 

ly because Haslam et al. [86] highlighted that, particularly in the 

iquid phase, the RSP plays an important role in obtaining accu- 

ate binary interaction parameters. This is not done in Eq. (59) pri- 

arily because, as shown in Table 6 , εi j is already underestimated 

hen εr = 1 (further increases will only worsen this estimate). 

Applying Eq. (63) with εr = 1 , the estimated εi j is significantly 

verestimated compared to regressed values, as shown in Table 6 . 

his indicates that the ion-dipole term is dominant, where the re- 

aining contributions can be neglected. Clearly the RSP must have 

 value other than one; the next best estimate would be the value 

f water at 298 K (78.4). Doing so underestimates the value of εi j 

ompared to the regressed values. Without doing any regressions, 

t is difficult to determine what the ‘correct’ value of εr should be 

nd clearly an example as to why regressing this parameter is typ- 

cally required. 

Without introducing a composition dependence from the mod- 

ls introduced in section 2.2 , a potential approximation may be a 

alue of εr = 32 , which has been used as an approximate for the 

SP in salt-water systems [89,90] . Applying this to Eq. (63) , one 

btains the values shown in Table 6 and Fig. 2 . The magnitude of

i j is now comparable to those obtained by Eriksen et al. and Se- 

am et al. . More importantly, the trend between the molar mass of 

ons and εi j is now very similar between those obtained from Eq. 

63) and Selam et al. . Whilst the trend for cations is similar be-

ween Eq. (63) and Eriksen et al. , for anions, the trend is the oppo-

ite of what is obtained from Eq. (63) (particularly when looking at 
9 
he fluoride ion). This may be due to the strategy used by Eriksen 

t al. (simultaneous optimisation) compared to the more system- 

tic approach used by Selam et al. . 

It is interesting to consider, if the NP-MSA approach had been 

sed, which accounts for the ion-dipole interactions, perhaps the 

udson-McCoubrey combining rules would be sufficient to obtain 

he ion-water interaction parameter as the SAFT-VR Mie terms 

ould no longer need to account for these interactions. Unfortu- 

ately, incorporating this approach within the SAFT-VR Mie frame- 

ork is beyond the scope of this study. 

.4. Thermodynamic properties of electrolytes 

Electrolyte systems are typically defined using a salt molality, 

 , which, in this section, carries units of moles of salt per kilo- 

rams of solvent. If the salt-free composition of the solvent, x j, 0 is 

iven, one can obtain the composition of the salt in the electrolyte- 

olvent mixture from: 

 j = 

x j, 0 

1 + 

(∑ 

j x j, 0 M r , j 

)
( 
∑ 

i νi m ) 
, (64) 

here M r ,i denotes the molar mass of species i and v i is the sto-

chiometric coefficient of ion i in the salt. Similarly, for the ions 

ormed from the electrolyte assuming complete dissociation in the 

olvent: 

 i = 

νi m 

1 / 
(∑ 

j x j, 0 M r , j 

)
+ ( 

∑ 

i νi m ) 
, (65) 
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ith the conditions of the system specified ( N , T , p), one can then

tilise the equation of state to obtain a variety of properties pro- 

ided they solve for the corresponding volume at a given pressure 

p. Bulk properties such as the density, heat capacity and speed of 

ound are all of interest for electrolyte systems, with the latter two 

eldom being used to evaluate the validity of an electrolyte model. 

Properties that are of particular interest for electrolyte systems 

re the mean ionic activity coefficient ( γ±,m 

, MIAC) and osmotic 

oefficient ( �). These can both be related to fugacity coefficients 

btained from the chemical potential of a species i : 

 i (T , p, N ) = 

1 

Z 
exp 

(
μi, res (T , p, N ) 

k B T 

)
, (66) 

here ϕ i denotes the fugacity coefficient of species i , μi, res denotes 

he residual chemical potential of species i and Z denotes the com- 

ressibility factor of the system ( Z = 

pV 
Nk B T 

). The activity coefficient 

f species i is then given by: 

′ 
i = 

ϕ i (T , p, N ) 

ϕ i (T , p, N 

′ ) , (67) 

here γ ′ 
i 

denotes the activity coefficient of species i and the su- 

erscript ′ denotes a property relating to a pure system of species 

 . However, in the case of ions, as there is not a physically mean-

ngful pure system one can refer to, the rational asymmetric scale 

s used where: 

i, ∗ = 

ϕ i (T , p, N ) 

ϕ i (T , p, N 

∗) 
, (68) 

ow the superscript ∗ denotes a property relating to the system at 

nfinite dilution of ion i and γi, ∗ now denotes the activity coeffi- 

ient in the rational asymmetric scale. As x i → 0 , γi, ∗ → 1 . We can

hen convert this to a molal-based scale: 

i,m 

= x j γi, ∗ , (69) 

here x j is the molar composition of the solvent. Taking a geomet- 

ic mean (weighted by the stoichiometric coefficients of the ions in 

he salt) then gives the MIAC [91] : 

±,m 

= (γ v + 
+ ,m 

γ v −
−,m 

) 1 / (v + + v −) (70) 

here the subscripts + and - refer to the property relating to the 

ation and anion in the salt, respectively. Using γ ′ 
i 
, we can also 

btain the osmotic coefficient of a solvent j: 

j (T , p, n) = − 1 

(v + + v −) mM r , j 

ln (x j γ
′ 
j ) (71) 

e note that the MIAC and osmotic coefficient are not indepen- 

ent as both must satisfy the restricted Gibbs-Duhem relation 

hrough the following relationship [92] for a single salt solution: 

n γ±,m 

= � − 1 + 

∫ m 

0 

� − 1 

m 

d m (72) 

.5. Phase Equilibria 

For a system to be considered in thermodynamic equilibrium, 

t must satisfy the conditions of thermal, mechanical and chemical 

quilibria. For two phases in equilibrium ( α and β) these can be 

xpressed as: 

 α = T β , (73) 

p α = p β . (74) 

owever, in electrolyte systems, the conditions of chemical equilib- 

ium are more complicated. For neutral species, chemical equilib- 

ium can still be defined as the equality of their chemical potential 

n each phase: 

i,α = μi,β ∀ i ∈ Z i = 0 . (75) 
10 
owever, when the electrolyte solute is fully ionised, a different 

onstraint must be used for the charged species across two neutral 

hases, as derived by Großmann and Maurer [93] : 

μi,α − μi,β

Z i 
= 

μi ′ ,α − μi ′ ,β
Z i ′ 

∀ i ∈ Z i , Z i ′ � = 0 . (76) 

his system of equations is the one used by Eriksen et al. to define 

hase equilibria. However, Selam et al. choose instead to constrain 

harged species such that they are not present in the gas phase, ig- 

oring Eq. (76) . It is likely that the different approaches were used 

ecause of each model’s chosen RSP model. By using Schrecken- 

erg et al. [43] ’s correlation within Eriksen et al. ’s model, the dif- 

erence in RSP between the two phases drives the ions into the 

iquid phase. In Selam et al. ’s model, as Zuo and Fürst [63] ’s corre-

ation is used, which does not depend on the density of the phase, 

his driving force is not present which would result in a greater 

omposition of ions in the gas phase. 

As we will be using other RSP models which do not account for 

he density of the phase, we will follow Selam et al. ’s approach in 

onstraining ions to only be present within the liquid phase. We do 

ote that Schreckenberg et al. [43] showed that, even when imple- 

enting Eq. (76) , the ions would be present in the gas phase with

ompositions of the order of magnitude of 10 −80 , showing that for 

 single mole of an electrolyte system, we do not anticipate even a 

ingle ion atom to be present in the gas phase. 

. Results 

As we aim to compare a great many combinations of RSP and 

lectrostatic interaction models, as well as the existing SAFT-VR 

ie electrolyte models [31,32] , we shall focus most of our atten- 

ion on a single electrolyte system: aqueous sodium chloride. This 

ystem is selected primarily for the wealth of experimental data 

vailable which can be used to analyse the performance of each 

f these models. The properties we aim to cover include the RSP, 

ensity, second derivative properties, osmotic coefficients, mean 

onic activity coefficients, solvent saturation pressures and solubil- 

ty of carbon dioxide in the presence of an electrolyte. This should 

erve as an extensive comparison of all the models developed in 

ection 2 . Throughout this section, we define the percentage aver- 

ge absolute deviations ( % AAD) of a given property, X , as: 

 AAD (X ) = 

1 

n data 

n data ∑ 

i =1 

∣∣∣∣X 

exp . 
i 

− X 

calc . 
i 

X 

exp . 
i 

∣∣∣∣ × 100 , (77) 

here i is a given data point and n data is the number of data

oints. The superscripts exp. and calc. denote experimental or cal- 

ulated properties. For simplicity, we abbreviate each of the rela- 

ive static permittivity models in the figure legends as: 

• ε(1) 
r : Constant relative static permittivity (78.4) 

• ε(2) 
r (T ) : Zuo and Fürst’s correlation 

• ε(3) 
r (ρ, x ) : Valiskó and Boda’s correlation 

• ε(4) 
r (T , ρ, x ) : Schreckenberg et al. ’s correlation 

• ε(5) 
r (T , ρ, x ) : Michelsen and Mollerup’s correlation 

• ε(6a) 
r (T , ρ, x ) : Maribo-Mogensen et al. ’s solvent model 

• ε(6b) 
r (T , ρ, x ) : Maribo-Mogensen et al. ’s electrolyte model 

Note that only models 3, 5 and 6b have an explicit dependence 

n the composition of the electrolyte. 

.1. Relative Static Permittivity 

Although the permittivity is a property used within the Born 

olvation, DH and MSA terms, in some of the models discussed in 

ection 2.2 , its value does depend on the liquid density predicted 

y the SAFT-VR Mie equation (coupled with the electrolyte-related 
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Table 7 

%AAD from experimental data [72,94,95] of the relative static permittivity of an aqueous solution of sodium chloride predicted using different electrolyte SAFT-VR Mie models 

and RSP models. Temperature range of 273.15 K to 623.15 K, pressure range of 0.1 MPa to 50 MPa and molality range of 0.0 mol kg −1 to 5.5 mol kg −1 . 

Electrolyte 

model 1: Constant 

2: Zuo and 

Fürst 

3: Valiskó

and Boda 

4: Schreckenberg 

et al. 

5: Michelsen and 

Mollerup 

6a: Maribo-Mogensen 

et al. (Solvent) 

6b: Maribo-Mogensen 

et al. (Electrolyte) 

DH 82.41 28.50 80.17 5.55 37.63 4.53 2.65 

MSA 82.41 28.50 80.16 5.54 37.63 4.53 2.64 

Eriksen et al. - - - 5.59 - - - 

Selam et al. - 28.50 - - - - - 

Fig. 3. Temperature ( Fig. 3 a; m = 0 mol kg −1 , p = 500 MPa), pressure ( Fig. 3 b; m = 0 mol kg −1 , T = 298 . 15 K) and composition ( Fig. 3 c; p = 0 . 101 MPa, T = 298 . 15 K) 

dependence of the RSP using various RSP models within the SAFT-VR Mie + Born + DH equation of state. Empty squares represent experimental data [72,94,95] . 
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erms) as well as the parameters used within these equations (in 

he case of the Maribo-Mogensen models, it also depends on the 

ssociation fraction of the solvents). As such, it would be impor- 

ant to consider the accuracy of the predicted permittivity between 

hese different models. 

With experimental data obtained for an extensive range of con- 

itions [72,94,95] , the % AAD of the predicted εr from experimen- 

al data using different models are given in Table 7 . Note that 

he %AAD for the constant permittivity has also been included in 

pite of its obviously poor accuracy; this serves more as a ’base- 

ine’ to compare the model models. In addition, in Fig. 3 , we show

he temperature ( Fig. 3 a), pressure ( Fig. 3 b) and compositional (

ig. 3 c) dependence of the various RSP models. As it would be im- 

ractical to plot a total of 23 different models in a single figure, 

e examine only those which provide useful insight. 

At first glance of Table 7 , it is apparent that the accuracy of the

SP model is mostly independent of the electrostatic interaction 

odel used, with the %AAD being consistent between each row. It 

s also the reason that we only consider the DH model in Fig. 3 . 

For Zuo and Fürst [63] ’s correlation (model 2), given that it does 

ot depend on any of the parameters or properties obtained from 

he electrolyte model, it is not surprising that the %AADs are en- 

irely independent of the electrostatic interaction model used. We 

o point out, however, that Zuo and Fürst [63] ’s correlation does 

ventually predict a RSP with a value of zero at approximately 

00 K (as shown in Fig. 3 a). Although water would only be in the

iquid phase at this temperature if there is a very high pressure, 

his will lead to a divergence originating in the electrolyte-related 

erms of these models (as these are proportional to ε−1 
r ). It is im- 

ortant to re-iterate that the parameters of Zuo and Fürst [63] ’s 

orrelation were not fitted to these conditions and are therefore 

xtrapolated values. 

For models such as Valiskó and Boda [64] , Schreckenberg et al. 

43] and Michelsen and Mollerup [68] (models 3, 4 and 5, respec- 

ively) that have a dependence on the density, there is at most a 

.05% difference in %AAD between the different electrostatic term. 

he case with the largest difference is when Schreckenberg et al. 

43] ’ correlation (model 4) is coupled with either Eriksen et al. ’s 

odel or the models obtained through the use of Eq. (63) , with 
11 
he former having the slightly larger %AAD. This is unexpected con- 

idering the model parameters used by Eriksen et al. have been 

egressed to experimental data. However, this difference is very 

light. 

Aside from the constant permittivity, the largest %AAD is 

chieved by Valiskó and Boda [64] ’s correlation (model 3), which 

s perhaps due to the fact that it was developed to only account 

or the electrolyte concentration dependence of the RSP at 298 K 

hilst the data set used to evaluate the %AAD included mainly 

ure-solvent data covering an extensive range of temperature and 

ressure. This is partly reflected in Fig. 3 c where only the models 

hich account for the ionic composition dependence of the RSP 

ccurately capture experimental data; in spite of being more ac- 

urate in capturing this trend, Valiskó and Boda [64] ’s correlation 

till has a large %AAD. We do note, however, that in spite of being 

esigned to capture this trend, Valiskó and Boda [64] ’s correlation 

oes not capture the experimental data as well as other models 

n Fig. 3 c; this could be as a result of the accuracy of the volume

etermined by the electrolyte model, particularly when consider- 

ng the work by Maribo-Mogensen et al. [25] who showed that, 

o obtain an accurate estimate for the density, one may require a 

eneloux volume correction [97] (the subsequent discussion will 

xamine the accuracy of the density obtained from these models). 

In overall terms, the most accurate estimates of the RSP came 

rom the Maribo-Mogensen et al. [69,75] models (6a and 6b), with 

he electrolyte version achieving the lowest %AAD overall. Both the 

lectrolyte and solvent versions are identical when considering a 

ure solvent. As such, the improvement in %AAD between the two 

n Table 7 is solely due to the improved prediction of the ionic 

omposition dependence shown in Fig. 3 c. Even when examining 

he temperature and pressure dependence in figures 3 a and 3 b, 

espectively, except when approaching room temperature and at- 

ospheric pressure (where Schreckenberg et al. [43] ’s correlation 

erforms better) the predictions of the Maribo-Mogensen et al. 

69,75] models are in excellent agreement with experimental data. 

Considering their role in the electrolyte-related terms, one 

ight be tempted to presume that the accuracy of the RSP model 

ould be reflected in the predictions of other properties. This will 

e examined in subsequent sections. 
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Table 8 

%AAD from experimental data [96] of the liquid density of an aqueous solution of sodium chloride predicted using different electrolyte SAFT-VR Mie models and RSP models. 

Temperature range of 273.15 K to 623.15 K, pressure range of 0.1 MPa to 10 MPa and molality range of 0.0 mol kg −1 to 5.5 mol kg −1 . 

Electrolyte 

model 1: Constant 

2: Zuo and 

Fürst 

3: Valiskó

and Boda 

4: Schreckenberg 

et al. 

5: Michelsen 

and Mollerup 

6a: Maribo-Mogensen 

et al. (Solvent) 

6b: Maribo-Mogensen 

et al. (Electrolyte) 

DH 11.65 10.55 12.27 8.29 10.86 6.72 5.99 

MSA 11.62 9.99 12.16 8.40 10.77 6.91 6.26 

Eriksen et al. - - - 7.41 - - - 

Selam et al. - 5.50 - - - - - 

Fig. 4. Predicted liquid densities for aqueous NaCl at p= 1.00 MPa and T = 298.15 K 

using the SAFT-VR Mie + Born + DH or MSA term coupled with either Zuo and Fürst 

[63] ’s correlation, Schreckenberg et al. [43] ’s correlation or Maribo-Mogensen et al. 

[75] ’s electrolyte model. Empty squares represent experimental data [96] . 
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.2. Density 

The liquid density of an electrolyte system is typically a prop- 

rty of great interest and, as it was done by both Eriksen et al. and

elam et al. , is often used to regress the model parameters. %AAD 

rom experimental data [96] of the different models are given in 

able 8 . In Fig. 4 , the predicted liquid density are shown using dif-

erent RSP models and electrolyte models, as well as comparing 

hese to Eriksen et al. ’s and Selam et al. ’s models. 

When examining Table 8 , between the models based on the 

ramework discussed in section 2.3 , it is clear that the impact of 

he RSP model on the accuracy of the predicted densities is more 

ignificant than that of the electrostatic interaction models, with 

ost %AADs being consistent between the DH and MSA-based 

odels for the same RSP model, as it is in Table 7 . This is further

eflected in Fig. 4 where the predictions for different electrolyte 

odels are almost indistinguishable, particularly in the case for 

uo and Fürst [63] ’s correlation (model 2). Interestingly, as we in- 

roduce the solvent-composition ( ε(4) 
r ) and electrolyte-composition 

 ε(6b) 
r ) dependence to the RSP model, the estimates of the models 

sed in Fig. 4 increase to the point where the estimates of the DH 

odel coupled with Maribo-Mogensen et al. [75] ’s model (model 

b) in better agreement with experimental data than those made 

y Eriksen et al. ’s model with regressed parameters. 

When compared to the estimates from Selam et al. ’s model, 

hich allowed σii to be an adjustable parameter, these estimates 

re far more-accurate than those made by any other model consid- 

red in Table 8 ; this is reflected in Fig. 4 . This may indicate that,

n spite of the improved results with a more accurate permittivity 

odel, the σii parameter has a more-significant impact on the liq- 

id density of the mixture. Indeed, other works [26,43] often treat 

ii as an adjustable parameters and obtain more-accurate liquid 

ensities. Further comparisons could be carried out for different 
12 
xperimental values of σii from Shannon [44] ’s work in a similar 

ay to the work by Valiskó and Boda [64] for the DH term. This 

oes indicate that if one were to regress the model parameters, 

ot only should they include liquid densities within the data set 

sed, but they may need to consider treating σii as an adjustable 

arameter rather than determining it a priori . 

.3. Second derivative properties 

Seldom considered when evaluating an electrolyte, second 

erivative properties are still of interest for such systems. When 

hese are examined, typically only the isobaric heat capacity is 

onsidered [25,100] . However, in this work, we will also consider 

he impact of electrolytes on the speed of sound. The %AAD from 

xperimental isobaric heat capacities [98] and speed of sound 

99] are given in Table 9 . In addition, Fig. 5 visually illustrates the 

mpact of different electrolyte models on the isobaric heat capacity 

 figures 5 a and 5 b) and speed of sound ( figures 5 c and 5 d). 

The most noteworthy of these results are the %AADs for the 

eat capacities obtained using Zuo and Fürst [63] ’s correlation 

model 2) coupled with any of the electrolyte models where values 

re much larger than 100%. The reason for this becomes apparent 

hen examining Fig. 5 a where a divergence towards −∞ is ob- 

erved; remembering Fig. 3 a, it is clear that this divergence arises 

rimarily as a result of the zero in the value of εr . This is a rather

xtreme example of the importance of a reliable RSP model when 

xtrapolating. This does indeed imply that Selam et al. ’s model will 

e limited to certain temperatures and pressures. 

Another interesting divergence is seen when using the constant 

ermittivity model in Fig. 5 a where, as we are above the criti- 

al pressure of water, we expect to observe a divergence or max- 

mum in the isobaric heat capacity, but this would typically oc- 

ur above the critical temperature as well. Here, we see the diver- 

ence occurring at a lower temperature as we increase the molality 

f the electrolyte. It is expected that, as more electrolyte is intro- 

uced, the critical temperature of the mixture decreases [101,102] ; 

his downwards shift in the maximum is likely a reflection of this. 

t does raise the question as to the impact of electrolytes of su- 

ercritical liquid-gas boundaries such as the Widom-Fisher and 

idom lines [103,104] , although such studies are beyond the scope 

f this work. 

Examining the %AADs in Table 9 , it is interesting to see that 

he use of either the DH or MSA model had very little impact on 

he accuracy of the overall model, with the RSP model having the 

ore noteworthy impact. Even in the case of Eriksen et al. ’s model 

ith regressed parameters, the %AAD is comparable to the models 

eveloped in section 2.3 . 

In the case of the speed of sound, neither the RSP model or 

he electrostatic interaction model had a significant impact on the 

AAD. From figures 5 c and 5 d, it is clear why this is the case as

he underlying water model gives poor predictions of the speed of 

ound even when no electrolyte is present [56] (this is also the 

ase for the isobaric heat capacity; see Fig. 5 b). However, even 

hen one only considers the dependence of the speed of sound on 

he molality of the electrolyte, the trend predicted by the various 
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Table 9 

%AAD from experimental data [98] of the isobaric heat capacity and speed of sound [99] of an aqueous solution of sodium chloride predicted using different electrolyte 

SAFT-VR Mie models and RSP models. For the isobaric heat capacity: temperature range of 323.15 K to 573.15 K, pressure range of 20 MPa to 98 MPa and molality range of 

0.4 mol kg −1 to 6.0 mol kg −1 . For the speed of sound: temperature range of 273.15K to 353.15K, pressure of 0.1 MPa and molality range of 0.0 mol kg −1 to 1.0 mol kg −1 

Electrolyte 

model 1: Constant 

2: Zuo and 

Fürst 

3: Valiskó

and Boda 

4: Schreckenberg 

et al. 

5: Michelsen 

and Mollerup 

6a: Maribo-Mogensen 

et al. (Solvent) 

6b: Maribo-Mogensen 

et al. (Electrolyte) 

Isobaric Heat Capacity 

DH 9.03 100 10.33 4.69 8.48 6.35 7.84 

MSA 8.99 100 10.35 4.39 8.23 5.95 7.26 

Eriksen et al. - - - 4.50 - - - 

Selam et al. - 100 - - - - - 

Speed of Sound 

DH 10.44 10.42 10.41 10.86 10.67 11.18 11.24 

MSA 10.44 10.42 10.41 10.85 10.67 11.17 11.22 

Eriksen et al. - - - 11.38 - - - 

Selam et al. - 41.74 - - - - - 

Fig. 5. Predicted isobaric heat capacity ( figures 5 a and 5 b) and speed of sound ( figures 5 c and 5 d) using the SAFT-VR Mie+Born+DH equation of state. Empty squares 

represent experimental data [98,99] . 
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odels is opposite to what is observed in the experimental data. 

his does indicate that, if one desires accurate second-derivatives 

roperties, obtaining an accurate underlying solvent model is a 

ey first step; Graham [106] ’s water model might be more-well 

uited as it does result in more-accurate second-derivative prop- 

rties [47] . However, there are apparent discrepancies within the 

lectrolyte models used that should also be addressed, especially 

or the speed of sound. 

.4. Osmotic and Mean Ionic Activity Coefficient 

When evaluating the performance of an electrolyte model, two 

roperties that are most often used as a benchmark are the mean 
13 
onic activity coefficient (MIAC) and osmotic coefficient. Both of 

hese depend on the chemical potential of the cation, anion or sol- 

ent. Both of these properties are related through Eq. (72) implying 

hat if a model performs well with one property, it should also do 

ell in the other. It is for this reason we examine these proper- 

ies simultaneously: %AAD from experimental data of the various 

odels are provided in Table 10 , with figures 6, 7 and 8 serving as

isual aids to analyse these results. 

When examining Table 10 , in comparison to the properties in 

he previous sections, the difference in values between the mod- 

ls developed in section 2.3 and those of Eriksen et al. and Selam 

t al. is more-significant, especially for the MIAC. This perhaps in- 

icates that, in order to obtain accurate estimates for the osmotic 
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Table 10 

%AAD from experimental data [105] of the Osmotic and Mean Ionic Activity coefficient of an aqueous solution of sodium chloride predicted using different electrolyte 

SAFT-VR Mie models and RSP models. Temperature range of 273.15 K to 573.15 K, pressure of 0.101 MPa to 100 MPa and molality range of 0.0 mol kg −1 to 6.0 mol kg −1 . 

Electrolyte 

model 1: Constant 

2: Zuo and 

Fürst 

3: Valiskó

and Boda 

4: Schreckenberg 

et al. 

5: Michelsen 

and Mollerup 

6a: Maribo-Mogensen 

et al. (Solvent) 

6b: Maribo-Mogensen 

et al. (Electrolyte) 

Osmotic Coefficient 

DH 17.58 28.04 12.11 8.27 27.70 8.62 54.23 

MSA 18.55 34.18 11.66 11.86 18.64 12.43 39.10 

Eriksen et al. - - - 4.45 - - - 

Selam et al. - 15.43 - - - - - 

Mean Ionic Activity Coefficient 

DH 32.70 46.80 51.24 17.61 133.66 18.07 105.13 

MSA 33.60 50.21 42.27 22.53 88.11 24.65 44.22 

Eriksen et al. - - - 11.08 - - - 

Selam et al. - 33.38 - - - - - 

Fig. 6. Predicted osmotic ( Fig. 6 a) and mean ionic ( Fig. 6 b) coefficients for NaCl( aq ) at p= 0.101 MPa and T = 298.15 K using the SAFT-VR Mie + Born + DH (with adjusted or 

unadjusted σii ) or MSA coupled with the Maribo-Mogensen (solvent and electrolyte) correlation. Estimates from the Eriksen et al. and Selam et al. models have also been 

included. Empty squares represent experimental data [105] . 
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oefficient and MIAC, regression is required, particularly with re- 

pect to the εi −water parameter when comparing the model de- 

eloped by Eriksen et al. and those developed in this work using 

chreckenberg et al. [43] ’s correlation (model 4), given all other 

arameters are equal. This is further reflected in Fig. 6 where the 

egressed models perform noticeably better than those developed 

n this work. 

Comparing both Eriksen et al. ’s and Selam et al. ’s models, in 

erms of the %AAD, it would seem that the former is more- 

ccurate. However, visually inspecting Fig. 6, 7 a and 7 c, the situ- 

tion appears to be inverted. The reason for this again relates to 

he underlying model used for the RSP; the conditions at which 

he %AADs are determined approach the point at which Zuo and 

ürst [63] ’s correlation approaches zero and, as shown in Fig. 5 a, 

he impact of this is felt even at temperatures below this point. 

e can see this visually in figures 7 b and 7 d where Selam’s model

bserves significant deviations from experimental data. 

It is apparent from Table 10 that, again, the RSP model has the 

ost-significant impact on the performance of a given electrolyte 

odel in predicting these properties, where the MIAC appears to 

e more-sensitive to this than the osmotic coefficient. This is also 

eflected in Fig. 8 where we observe drastically different predic- 

ions between the different models. Interestingly, the electrolyte- 

ependent models (5 and 6b) appear to shift the MIAC and osmotic 

oefficient upwards compared to solvent-dependent models (1, 4 

nd 6a). Whilst all models observe an initial decrease in MIAC, the 

pproach which used a constant permittivity (1) did not observe 

he subsequent increase, resulting in the minima that is typically 

xpected in this system. As we have shown in Fig. 6 with Selam 
14 
t al. ’s model, a composition-independent permittivity model does 

ot necessarily imply that these cannot predict increasing osmotic 

oefficients. However, this increase is likely due to the contribu- 

ions from the SAFT-VR Mie equation and not the Born and elec- 

rostatic contributions. This contribution in turn depends on the 

inary interaction parameter between water and ions, further em- 

hasising the importance of this parameter. 

Table 10 also seems to suggest that the performance of a given 

odel does not depend significantly on the electrostatic interac- 

ion model used. This is further reflected in Fig. 6 where, for 

he same RSP model, the MSA model predicts osmotic coefficients 

lightly smaller than the DH model, with this gap between the 

odels increasing with the molality of the electrolyte. 

Finally, all models struggled to capture the pressure and tem- 

erature dependencies of these properties. All predicted MIAC and 

smotic coefficients are visually independent of pressure in Fig. 7 a 

nd 7 c. We note that if the model does not predict an accurate 

IAC or osmotic coefficient at atmospheric conditions, this re- 

ains a practically systematic error at all other pressures. In terms 

f the temperature dependence, we do observe the repercussions 

f the root present in Zuo and Fürst [63] ’s correlation as Selam 

t al. ’s model begins to diverge significantly from experimental 

alues, accounting for the poor %AADs in Table 10 . Nevertheless, 

ith the exception of models using Maribo-Mogensen et al. [75] ’s 

ermittivity model (model 6b), all other models did not predict 

he presence of a maxima in the MIAC and osmotic coefficient. 

nly models which use Maribo-Mogensen et al. [75] ’s permittiv- 

ty model including electrolyte association predict the presence of 

 maximum at higher temperatures. Given that neither Eriksen 
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Fig. 7. Predicted osmotic coefficient and MIAC for NaCl( aq ) at m = 6 mol kg −1 and T = 298.15 K ( figures 7 a and 7 c) or p= 100 MPa ( figures 7 b and 7 d) using the SAFT-VR Mie 

+ Born + DH or MSA coupled with the Maribo-Mogensen (electrolyte), Schreckenberg correlation or constant permittivity. Estimates from the Eriksen et al. and Selam et al. 

models have also been included. Empty squares represent experimental data [105] . 

Fig. 8. Predicted osmotic ( Fig. 8 a) and mean ionic ( Fig. 8 b) coefficients for NaCl( aq ) at p= 0.101 MPa and T = 298.15 K using the SAFT-VR Mie + Born + DH coupled with either 

the Maribo-Mogensen (solvent and electrolyte), Michelsen and Schreckenberg correlations, along with a constant permittivity. Empty squares represent experimental data 

[105] . 
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t

t al. ’s nor Selam et al. ’s models are able to predict this maxi-

um, this may indicate that an electrolyte model using Maribo- 

ogensen et al. [75] ’s permittivity model accounting for ion asso- 

iation, if it were regressed to experimental data, may be better 

ble to describe the temperature dependence of the MIAC and os- 
otic coefficient. t

15 
In general, it is likely that the poor performance of these mod- 

ls at conditions other than room temperature and pressure is due 

o the fact that the model parameters are optimised without using 

ata from these more-extreme conditions. This perhaps highlights 

he importance of using data from a wide range of conditions to 

rain the model parameters. 
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Table 11 

%AAD from experimental data [107] of the saturation pressure of an aqueous solution of sodium chloride predicted using different electrolyte SAFT-VR Mie models and RSP 

models. Temperature range of 294 K to 367 K and molality range of 1.0 mol kg −1 to 5.0 mol kg −1 . 

Electrolyte 

model 1: Constant 

2: Zuo and 

Fürst 

3: Valiskó

and Boda 

4: Schreckenberg 

et al. 

5: Michelsen 

and Mollerup 

6a: Maribo-Mogensen 

et al. (Solvent) 

6b: Maribo-Mogensen 

et al. (Electrolyte) 

DH 3.83 4.02 1.00 2.28 4.52 2.40 7.01 

MSA 4.17 4.44 1.34 2.95 2.53 3.03 5.03 

Eriksen et al. - - - 1.02 - - - 

Selam et al. - 0.75 - - - - - 

Fig. 9. Predicted saturation pressure of NaCl( aq ) at T = 368 K using the SAFT-VR 

Mie + Born + DH coupled with the Maribo-Mogensen (Solvent), Schreckenber and 

Valiskò correlations, along with a constant RSP. Empty squares represent experi- 

mental data [107] . 
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.5. Solvent saturation pressure 

A property that is generally of greater interest for electrolyte 

ystems is the influence of the electrolyte on the saturation pres- 

ure of the solvent. The properties discussed in the previous sec- 

ion only examined a single phase; here, we examine the influ- 

nce of electrolytes on a system at equilibrium with two phases, 

hus involving derivatives in both volume and composition. As 

entioned in section 2.5 , we have restricted the electrolyte to 

nly be present in the liquid-phase. This does not affect mod- 

ls which use density-dependent RSP models as the ions should 

e driven towards the high-density phase. %AAD are given in 

able 11 , with the composition-dependence of the solvent satura- 

ion pressure predicted using some of models developed illustrated 

n Fig. 9 . 

Indeed, as it is for most properties, the RSP model appears to 

ave the most-significant impact on the performance of a given 

lectrolyte model. Models that use either the DH or MSA term have 

imilar predictions, with the difference between them increasing 

ith molality. However, in comparison to other properties exam- 

ned in this study, the extent of this influence is quite limited. All 

AADs in Table 11 are smaller than what is observed for other 

roperties. For similar reason to the poor performance of the sec- 

nd derivative properties in section 3.3 , here, the water model was 

egressed using saturation pressure data over a range of temper- 

tures. Furthermore, the addition of any solute with unfavourable 

nteractions with water (as is the case with ions) will lead to a 

eduction in saturation pressure. As a result, even without the in- 

uence of the electrolyte terms, we will observe the correct trend 

n saturation pressure against molality of the electrolyte. This is 

ndeed what we observe in Fig. 9 when using a constant RSP with 

he Debye-Hückel model; in this case, the only terms having any 
16 
nfluence on the saturation pressure are those relating to the SAFT- 

R Mie equation. 

Even when including the solvent composition dependence in 

ur RSP model, the impact on the saturation pressure is limited. 

his is observed in both Table 11 , where we observe only a 1% de-

rease in %AAD, and Fig. 9 where, even at higher molalities, only a 

.004 MPa difference is observed between models using a constant 

nd solvent-composition dependent RSP. Interestingly, the inclu- 

ion of the electrolyte-composition dependence through Maribo- 

ogensen et al. [75] ’s model (6b), a large underestimate of the 

olvent saturation pressure is observed, highlighting the significant 

mpact of including this dependence in our RSP model. 

Between the electrostatic interaction models, it seems that, in 

ost cases, they have a limited influence on the saturation pres- 

ure. However, in models that depend on the electrolyte composi- 

ion, we observe larger differences in %AADs. We can see the rea- 

on for this visually from Fig. 9 where differences in the electro- 

tatic interaction models increase at higher molalities (similar to 

hat is observed in Fig. 6 ). 

From the previous discussion, it is apparent that the SAFT-VR 

ie contributions have the largest impact on the saturation pres- 

ure. This is further highlighted by the improved performance of 

oth Eriksen et al. ’s and Selam et al. ’s models which regressed the 

nlike potential depth parameter between water and the ions. Sur- 

risingly, although Eriksen et al. ’s model used saturation pressure 

ata to train its model parameters, it is Selam et al. ’s model which 

bserves the lower %AADs, although the latter model allowed for 

wo adjustable parameters whereas the former only regressed the 

nlike potential depth parameter. 

.6. Solubility of carbon dioxide 

With the growing interest in carbon-capture processes, it is typ- 

cally desired to develop extensible electrolyte models to predict 

he solubility of carbon dioxide [1,43] . However, a barrier to this 

s the fact that the only data available to regress the binary inter- 

ction parameter between carbon dioxide and ions is the solubility 

ata which we hope to predict. As of the time of writing this study, 

o unlike interaction parameters between carbon dioxide and the 

odium and chloride ions have been developed for either Eriksen 

t al. ’s or Selam et al. ’s model. Furthermore, for the water model 

sed in Selam et al. ’s work, no unlike interaction parameters be- 

ween water and carbon dioxide have been developed. As a result, 

either of these models can be used in predicting the solubility of 

arbon dioxide in electrolyte solutions. 

However, it is possible to use the combining rule given in 

q. (63) to obtain the unlike potential depth parameter between 

arbon dioxide and ions a priori . As carbon dioxide only has a 

uadrupole, many of the terms in Eq. (63) are eliminated (giving 

CO 2 −Na = 80 . 250K and εCO 2 −Cl = 162 . 85K when εr = 1 ). Unlike σi j 

nd λk,i j are obtained using the standard combining rules. 

An additional limitation is the RSP models. Naturally, we can 

se a constant RSP or Zuo and Fürst [63] ’s correlation, neglect- 

ng the influence of carbon dioxide. We can also use Schrecken- 
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Fig. 10. Predicted solubility of carbon dioxide in NaCl( aq ) at T = 323.15 K using the SAFT-VR Mie + Born + DH ( Fig. 10 a) or MSA ( Fig. 10 b) coupled with the Maribo-Mogensen 

(solvent) or Schreckenberg correlations, along with a constant RSP. Empty squares represent experimental data [108,109] . 
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erg et al. [43] ’s and Maribo-Mogensen et al. [69] ’s solvent cor- 

elations as these can easily account for the influence of carbon 

ioxide. The latter is particularly interesting as, within the SAFT- 

R Mie framework, carbon dioxide can associate with water, influ- 

ncing the latter’s association fraction, which is then used to pre- 

ict the RSP. If we wish to extend to more-complex models, we 

nd that Michelsen and Mollerup [68] and Maribo-Mogensen et al. 

75] electrolyte correlations cannot readily be extended to carbon 

ioxide-containing systems. We will also not be investigating the 

se of Valiskó and Boda [64] ’s correlation as, not only was it not 

egressed to systems containing carbon dioxide, but the conditions 

e will be investigating are beyond those in which the correlation 

as regressed. 

Nevertheless, in Fig. 10 , we observe the predicted carbon diox- 

de solubility using the parameters developed in this study when 

mplemented in different electrolyte models. The agreement with 

xperimental data is quite limited, likely due to the un-optimised 

arameters. However, we do note that, even in the electrolyte- 

evoid system, the agreement with experimental data is poor. 

Between electrostatic interaction models, there is little differ- 

nce, visually, between figures 10 a and 10 b. Once again, we can 

ee that it is the RSP model that has the largest influence on the 

redicted property. Moreover, in this case, the influence is quite 

rastic as, between using a constant and solvent-dependent RSP, 

he phenomenological behaviour of the system changes from the 

lectrolyte having a salting-in to a salting-out effect. This empha- 

ises the importance of selecting a reliable RSP model prior to re- 

ressing model parameters. 

It is difficult to assess whether including the electrolyte com- 

osition dependence would improve the model predictions. Never- 

heless, increasing the composition of the electrolyte should sub- 

equently reduce the RSP of the medium, reducing the stability of 

he ions within the solvent and, thus, increasing the bubble pres- 

ure. This should improve the agreement with experimental data. 

s such, a electrolyte-composition dependent RSP model that can 

e extended to carbon dioxide would be of interest for those wish- 

ng to obtain better agreement with experimental data. However, a 

imilar effect could be achieved by adjusting the binary interaction 

arameters between carbon dioxide and the ions to make such in- 

eraction more unfavourable. As mentioned earlier, this would re- 

uire the use of the same data we are trying to predict in order to

egress the parameters. 

Overall, it is apparent that the RSP model has a very significant 

nfluence on the solubility of carbon dioxide within an electrolyte 

olution and careful considerations should be made when develop- 

ng a model to predict such properties. 
17 
. Discussion 

In this section, we take the opportunity to discuss in greater 

etail two aspects of this study. Firstly, we examine the contribu- 

ions of each term in the electrolyte equation of state to the chem- 

cal potential of each species in the NaCl( aq ) system when using 

ifferent ionic and RSP models. Subsequently, we examine the ef- 

ectiveness of the proposed combining rule for electrolyte systems 

ther than NaCl( aq ). 

.1. Contributions within an electrolyte equation of state 

Throughout section 3 , we have examined the overall properties 

f an electrolyte system and, particularly with respect to the os- 

otic and mean ionic activity coefficient, we make reference to the 

elative contribution of each of the terms in the electrolyte equa- 

ions of state examined in this work. In this section, we analyse 

hese contributions in greater detail, and how these change when 

ifferent RSP models are used. 

As we have established in section 3 , it is the properties related 

o the chemical potential (or activity coefficient) of each species 

hich are most-affected by these different models. As such, we 

ill focus solely on the contributions of each term to the activ- 

ty coefficient ( ln γ = (μres ,i − μ∗
res ,i 

) / (k B T ) ) for each species in the

aCl( aq ) system. However, for different combinations of ionic and 

SP models, we obtain different densities, which, in turn, result 

n different values of the activity. Visualising this would require 

any curves on a single figure, each of which are likely going to 

e similar given the nominal change in density with salt molal- 

ty is quite minor (as shown in Fig. 4 ). As a result, similar to the

ork by Maribo-Mogensen et al. [41] , we will instead examine the 

aCl( aq ) system with increasing salt molality at 298 K and the 

ensity of pure water at atmospheric pressure determined using 

AFT-VR Mie. The results are shown in Fig. 11 . 

In general, the MSA and DH models, for the same RSP model, 

redict similar activities (the extent of this similarity does de- 

end slightly on the RSP model); this is indeed what we have ob- 

erved throughout section 3 . Interestingly, for the ion-related prop- 

rties, the difference in electrostatic interaction terms when imple- 

enting a solvent-composition dependent RSP model compared to 

 constant RSP is quite small. In both cases, the contribution to 

he activity appears to saturate with increasing molality. This is 

ikely to be related to the inverse screening length present in both 

lectrostatic interaction models given in Eq. (14) and (19) . With 

ncreasing molality of salt, we observe reductions in the screen- 

ng length as a result of the presence of more ions and, in the 
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Fig. 11. Chemical potential of water ( figures 11 c and 11 f) and the sodium ( figures 11 a and 11 d) and chloride ( figures 11 b and 11 e) ions in an aqueous sodium chloride 

mixture at a temperature of 298 K and molar volume of 0.018 dm 

3 
mol 

−1 
(molar volume of pure water determined by SAFT-VR Mie at atmospheric pressure and temperature 

of 298 K). 
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ase of solvent-composition-dependent RSP model, decrease in the 

SP of the medium. As more ions are introduced to the system, 

he screening length begins decreasing asymptotically, resulting in 

hat is observed for a constant RSP in figures 11 a and 11 b. Even

n the case of a solvent-composition-dependent RSP model, al- 

hough a decrease in RSP also decreases the screening length [41] , 

s shown in Fig. 3 c, this decrease is quite negligible and accounts 

or the small differences observed in figures 11 a and 11 b. 

However, when the electrolyte-composition dependence is in- 

luded within the RSP model, we observe a significant decrease 

n RSP, resulting in further decreases in the screening length from 

hich an increase in the magnitude of its contribution to the activ- 

ty of the ions is expected. This is likely to be magnified by the fact

hat, in both the DH and MSA models, there is a pre-factor of ε−1 
r .

his would imply greater stability, which is not what we would 

ypically expect with increasing molality as, with a higher packing 

f ions, we would expect unlike interactions to begin dominating 

nd, eventually, precipitation or phase separation. 

On the other hand, the Born solvation term exhibits the oppo- 

ite trend compared to the electrostatic interaction terms for the 

onic species. With a constant and solvent-composition-dependent 

SP model, the Born term has an almost insignificant contribu- 

ion to the overall property. This is perhaps unsurprising as the 

ontribution to the activity of the Born term is primarily related 

o the pre-factor 1 
εr 

− 1 . In the case of a constant and solvent- 

omposition-dependent RSP, the change in this will be very small 

or zero in the case of the constant RSP). However, with an 

lectrolyte-composition-dependent RSP model, this pre-factor will 

ncrease, resulting in the behaviour observed in figures 11 a and 

1 b. 

Now examining the solvent in Fig. 11 c, similar behaviour to the 

ons is observed. When a constant RSP is used, neither the Born 

olvation, DH or MSA term contribute to the activity; this is un- 

urprising as none of these terms carry an explicit solvent depen- 

ence beyond the RSP. When a solvent-composition-dependence is 

ntroduced to the RSP, in contrast to the ions, a significant change 
18 
n the contribution of both the Born and electrostatic interaction 

erms is observed for the activity of the solvent. The sign of these 

ontributions has also been reversed, compared to the ions, where 

he ionic and Born terms now have positive and negative contribu- 

ion to ln γ , respectively. As it is with the ions, this is further am- 

lified when using an electrolyte-composition-dependent RSP. This 

ehaviour is to be expected as the solvation of ions allows for the 

ormation of water-ion clusters, resulting in favourable interactions 

hich reduce the activity. On the other hand, by accounting for the 

lectrostatic interactions through the DH or MSA terms, we see a 

ositive contribution to ln γ of the solvent. This arises from the re- 

uction in RSP through which the solvent dependence arises in the 

lectrostatic interaction terms; this reduction then arises from, at 

east within the RSP models considered [69,75] , the re-orientation 

f the solvent dipoles around the center ion (other reasons may 

nclude kinetic depolarisation [25] but these effects are not ac- 

ounted for in the models considered). 

For both ions and the solvent, the SAFT-VR Mie contribution 

ppears quite small when examining figures 11 a to 11 c. For the 

ation and the solvent, this contribution is positive, which is to 

e expected considering that the hard-sphere, dispersive and as- 

ociative interactions between these species is likely to be un- 

avourable. Surprisingly, this is not the case for the anion which 

as a slightly negative contribution. Whilst this could be as a re- 

ult of poorly-estimated parameters, Eriksen et al. ’s unlike interac- 

ion parameter between chloride and water is only approximately 

0 K greater than the one obtained by the proposed combining 

ule. This may be due to the similar segment size of both water 

nd chloride allowing for more-favourable interactions. Neverthe- 

ess, these favourable interactions are slight, relative to the other 

ontributions to the activity. 

Examining figures 11 a to 11 c may give us the false impres- 

ion that the SAFT-VR Mie (or dispersive+associative) contribu- 

ions are not of particular importance in such systems. However, 

s noted previously, for all species, the Born and electrostatic in- 

eraction terms are of opposite sign; when these are added to- 
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Fig. 12. Predicted mean ionic activity coefficient for various electrolytes using either the DH or MSA term, coupled with either a constant permitivity, the Schreckenberg or 

Maribo-Mogensen (Solvent, S and Electrolyte, E) models. Empty squares represent experimental data [113,114–118] . 
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ether in figures 11 d to 11 f, their magnitude becomes compa- 

able to that of the SAFT-VR Mie contribution. Whilst this does 

llustrate that the SAFT-VR Mie contribution should not be ne- 

lected, it also highlights the balance that is struck between the 

orn and electrostatic interaction terms. The importance of such 

alances have been discussed extensively by others in the field of 

lectrolytes [24,30,110–112] . However, we can now observe the role 

f the RSP in this balance. For the ions, in the case of a constant

r solvent-composition-dependent RSP, it is clear that the electro- 

tatic interaction terms are dominating and, without the SAFT-VR 

ie contribution, we do not observe the expected increase in activ- 

ty at higher molalities. However, once an electrolyte-composition- 

ependent RSP model is used, this balance is reversed where, al- 

hough the electrostatic interaction terms initially dominate, at 

igher molalities, the Born solvation contribution dominates, re- 

ulting in the expected increase in activity. In the case of the sol- 

ent, the Born solvation term is clearly always dominating; to a 

ertain extent, this is to be expected as the solvation effects are 

ikely to be more significant than the charge screening effects for 

he solvent. It would be interesting to consider, in a future study, 

ow the contribution from the NP-MSA model, which already ac- 

ounts for the ‘Born’ energy [58] , compares to the MSA+Born con- 

ributions paired with different RSP models shown in Fig. 11 . This 

ight give some indication as to which implementation of the RSP 

s most ‘correct’ and whether the representation of the ion-dipole 
c

19 
nteractions is captured adequately through the dispersion terms 

n the SAFT-VR Mie equation. 

Overall, many of the observations made in section 3 can be ex- 

lained by the behaviour observed in Fig. 11 . It is further empha- 

ised that the difference between the DH and MSA models is quite 

egligible and it is the RSP model used that is of greater impor- 

ance. It is also important to note that the role of the SAFT-VR Mie 

and other dispersive and associative models) and the Born solva- 

ion term cannot be understated in electrolyte systems. In the case 

f the latter, the RSP model chosen can drastically change its over- 

ll contribution; this is quite surprising as other electrolyte models 

ften neglect its contribution [26,42,74] although these do not use 

n electrolyte-composition-dependent RSP model. 

.2. Efficacy of proposed combining rule 

Within this study, we have introduced a novel combining rule 

etween ions and neutral species given in Eq. (63) . However, up 

ntil this point, we have only examined the efficacy of this equa- 

ion for the NaCl( aq ) system where the results have been mixed 

see section 3 ). As a result, we now extend and examine, in brief, 

he effectiveness of Eq. (63) in modelling other electrolyte systems. 

n order to cover a range of electrolytes (1-1, 1-2, 1-3, 2-1 and 2-3 

ypes), we have limited ourselves to examining the performance 

f this equation when predicting the mean ionic activity coeffi- 

ient. Still using εr = 32 , we can obtain parameters for a variety 
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f electrolytes which are given in Table 6 . The results are given 

n Fig. 12 where we still investigate the effects of using different 

lectrostatic and RSP models. 

We can begin to see issues with using the same RSP for differ- 

nt ions in Eq. (63) as, for the same stoichiometric coefficients, the 

redicted MIACs in figures 12 a to 12 h and 12 m to 12 p are almost

ndistinguishable. It is also clear that the role of the RSP model is 

till significant as, in some cases, it greatly improves the predic- 

ions of the electrolyte model (examples include MgCl 2 in Fig. 12 f 

ith the DH model and AlCl 3 in Fig. 12 k with the MSA model).

his does illustrate the need to tune εr to the ion or electrolyte 

eing modelled or regress the model parameters. 

Another interesting observation is that this combining rule ap- 

ears to struggle most with simpler salts (such as 1-1 salts). How- 

ver, with more-exotic salts where experimental data are scarce 

and where we would be more-likely to need a combining rule), 

he parameters obtained from Eq. (63) provide excellent agree- 

ent with experimental data (particularly for AlCl 3 , Al 2 (SO 4 ) 3 and 

a 2 (SO 4 ) 3 ). The best agreement is achieved when using solvent- 

omposition-dependent RSP models such as Schreckenberg et al. 

43] ’s or Maribo-Mogensen et al. [69] ’s. The exception to this is the

a 2 SO 4 electrolyte where, regardless of which electrolyte model 

s used, the model predictions are in strong disagreement with 

he experimental data. Whilst we could blame a poor guess of 

r , this disagreement could also arise from the omitted quadrupo- 

ar or associative interactions between water and the sulfate ion, 

hich would be more significant than in the case of other ions. 

he reason this is not observed in the predictions for Al 2 (SO 4 ) 3 
nd La 2 (SO 4 ) 3 is that we only investigate low molalities for these 

lectrolytes. 

Overall, whilst the proposed combining rule shows promise, 

articularly with electrolyte systems where experimental data 

ight be scarce, it is apparent that the RSP used has a large impact

n the efficacy of the combining rule. It may be possible to leave 

r as an ion-specific or salt-specific adjustable parameter, where 

he latter may reduce the number of parameters needed to regress. 

ertainly the parameterisation of εr warrants further studies be- 

ond the scope of this work. 

. Concluding remarks 

The problem of modelling the thermodynamic behaviour of 

lectrolyte systems has sparked a great-many debates in the sci- 

ntific community, with no unanimous agreement as to the ‘cor- 

ect’ modelling strategy. This has resulted in multiple electrolyte 

quations of state used to model such behaviour where, even 

rom a single underlying framework, many different variants can 

rise. Within this study, in the context of the SAFT-VR Mie frame- 

ork, we examined and compared the impact of two aspects 

here such approaches typically differ: the model characterising 

he electrostatic interactions (Debye–Hückel and Mean-Spherical 

pproximation theory) and the underlying relative static permittiv- 

ty model (constant, temperature-, density-, solvent composition- 

nd electrolyte composition-dependent). The SAFT-VR Mie frame- 

ork was selected primarily because of the existence of two ap- 

roaches to model electrolyte systems which differ in both of 

he aforementioned aspects: the SAFT-VRE Mie [31] and eSAFT- 

R Mie [32] equations. This allowed us to also consider the im- 

ortance of parameter estimation in the modelling of electrolyte 

roperties. 

In order to allow for a fair comparison between different com- 

inations of ionic and RSP models, the same underlying model 

arameters for a given electrolyte are used. Whilst most of the 

arameters are obtained either from experimental data or pre- 

xisting combining rules, to obtain the unlike interaction param- 

ter between ions and neutral species, a novel combining rule was 
20 
eveloped which account for the ion-dipole interactions. This com- 

ining rule has shown to provide good estimates of this parameter, 

articularly for electrolyte systems where little data are available. 

owever, further analysis will be required to evaluate its efficacy 

n describing electrolyte systems globally; particular considerations 

ill need to be made with respect to the relative static permittiv- 

ty used to characterise the unlike interactions. 

Using the NaCl( aq ) system as a case study, the impact of the 

onic and RSP model on a variety of electrolyte properties was 

xplored. The relative static permittivity, a property that is both 

redicted and used by the thermodynamic model, was found to 

e unaffected by the electrostatic interaction model used and 

he model parameters, even in cases where the RSP model is 

ependent on variables determined by the model parameters. 

he Maribo-Mogensen et al. [75] model for electrolyte systems, 

hich carries a temperature, volume and composition dependence, 

roved to give the best overall agreement with experimental 

ata. 

The liquid densities proved to be effectively independent of the 

lectrostatic interaction model used, with the relative static per- 

ittivity model having a slightly larger impact. However, it is the 

odel parameters that had the biggest impact. Given that eSAFT- 

R Mie resulted in the best agreement with experimental data, it 

ould be hinted that the size of the ion has the larger impact on 

he density relative to the other parameters, considering the lat- 

er was treated as an adjustable parameter within the eSAFT-VR 

ie framework. Similarly, second derivative properties are more 

o dependent on the relative static permittivity model used than 

he electrostatic interaction model, where solvent-composition- 

ependent RSP models yielded better performance. They are also 

elatively unaffected by the model parameters as even the re- 

ressed parameters observed a similar performance as the non- 

egressed ones. We also note that the performance of these prop- 

rties is, for the most part, dependent on the accuracy of the sol- 

ent model used to predict such properties (inaccuracies in the sol- 

ent model lead to practically-systematic errors in the electrolyte 

ystem). 

The osmotic and mean ionic activity coefficient are two proper- 

ies which are affected by both the ionic and RSP model (more so 

he latter, however). It is unclear as to which RSP model is more 

correct’. We note that more-accurate estimates are obtained when 

sing a solvent-composition-dependent model over an electrolyte- 

omposition model, although, based on the results obtained by 

he Eriksen et al. [31] and Selam et al. [32] equations, it is clear 

hat the model parameters used are the dominating factor in 

he resulting model performance. Nevertheless, in-spite of this, 

any of the models struggled to capture the temperature depen- 

ence of these properties, where only those models which used 

n electrolyte-composition-dependent RSP observed a maximum 

n the MIAC. This may indicate that such a RSP model would be 

ore-appropriate, although, it may also be worthwhile examining 

he performance when above-ambient temperature activity coeffi- 

ient data are used to regress the model parameters. 

The solvent saturation pressure was found to be primarily de- 

endent on the underlying SAFT-VR Mie model and, as a result, the 

odel parameters, although the RSP model used also had a no- 

iceable impact on this property. Like the second-derivative prop- 

rties, the solvent saturation pressure is largerly dependent on the 

nderlying solvent model. The final property examined was the 

arbon dioxide solubility in an electrolyte solution and, although 

here were limitations on which RSP models could be examined, it 

s clear that the RSP model can have an impact on the predicted 

hermodynamic behaviour as significant as changing the effect of 

he salt from salting-in to salting out. 

Finally, we examined the relative contribution of each of terms 

resent in an electrolyte equation of state to the activity of each 
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pecies in an electrolyte system. Whilst much of the analysis cor- 

oborated what had been observed in the results (such as the 

mall difference between electrostatic interaction terms), it also 

ighlighted the importance of the Born-solvation term within such 

odels and how it is drastically affected by the RSP model used. 

he balance between the different terms is also dependent on the 

hosen RSP model as, in the case of the ionic species, this can shift

he balance between a dominating electrostatic interaction or Born 

olvation term. 

Overall, although it is not the purpose of this study to identify 

he ‘best’ combination of electrostatic interaction and RSP models 

o develop an electrolyte model, we can draw some conclusions 

s to which approach might be more suitable. Firstly, it is clear 

hat, between the Debye-Hückel and Mean-Spherical Approxima- 

ion terms, the impact on the overall model is insignificant enough 

o make these almost interchangeable (especially using regressed 

odel parameters). Secondly, although it is unclear as to whether 

he relative static permittivity should carry a composition depen- 

ence, at the very least, it should not be treated as a constant (spe-

ial care should also be taken to ensure that the model used can 

xtrapolate to more-extreme conditions without incurring unphys- 

cal values). Thirdly, if the RSP carries a composition-dependence, 

he Born-solvation term should not be neglected. 
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