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A B S T R A C T

Advanced Equations of State for electrolyte solutions (e-EoS) consist of many contributions stemming from 
different intermolecular forces, e.g. repulsion, dispersion, hydrogen bonding, as well as ionic interactions be
tween ions, ion solvation and possibly others. It is difficult to establish a priori which is the correct balance of the 
various contributions, and different parameter estimation strategies may result in similar performance of models 
having entirely different trends with respect to the contribution of the various terms. The first part of this work is 
a literature review on the balance of forces exhibited by existing electrolyte models, both activity coefficient 
models and e-EoS. In the second part of this work, the activity coefficients and the contributions of the various 
terms calculated by molecular simulation (MS) based on the recent studies by Saravi and Panagiotopoulos are 
analyzed and compared to their e-EoS counterparts at 25 ◦C and 1 bar. We have considered three e-EoS from 
literature, namely the eSAFT-VR Mie, ePPC-SAFT and e-CPA. MS studies have been presented in literature both 
using the so-called implicit and explicit simulations, but only the latter are considered here where water is 
treated as a molecule, as these are in closer agreement to experimental data. Although correspondence between 
MS contributions and e-EoS terms is not fully established, some conclusions related to the performance of e-EoS 
are obtained.

1. Introduction and motivation

It has been a popular but difficult topic in thermodynamics to 
“divide” models in various terms and try to analyze and understand their 
behavior from that point of view. However difficult this task it, it is 
highly valuable. A case where this type of analysis has led to the clari
fication and ultimately, the improvement of a whole generation of 
thermodynamic models for non-electrolytes, that of EoS/gE models (EoS 
stands for Equations of State, gE stands for excess Gibbs free energy 

models), will be briefly discussed to showcase the importance and 
possible extensions of the current work.

The motivation behind the development of EoS/gE models about 40 
years ago, was to derive new mixing rules for EoS, that would extend the 
robust predictive ability of gE models to higher pressures via incorpo
rating them to cubic EoS. Both EoS and activity coefficient (gE) models 
consist of two types of terms corresponding to two types of contribu
tions, one related to size/shape of molecules, sometimes called entropic 
or entropic-free-volume or combinatorial term and the second related to 
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energy, sometimes referred to as energetic or residual term. Over the 
years, the terminology “entropic” and “energetic” contributions has lead 
to various misconceptions [1–5], the reason being that, although the 
combinatorial-free volume term is referred to as an entropic term, it is 
not identical to sE, and neither is the residual term identical to uE or hE 

for EoS nor for gE models. For example, in the Wilson model, the 
combinatorial and excess entropy terms become equal only if all the 
energy differences in the residual term are equal to zero [6] and NRTL 
does not have a combinatorial term, but it does have a sE term and is thus 
not purely an excess enthalpy model (hE), as is sometimes stated in the 
literature [7]. On the other hand, in the well-known van der Waals 
(vdW) cubic equation the combinatorial-free-volume, excess volume 
and residual term are exactly equivalent to excess entropy, volume and 
internal energy only if the energy parameter is temperature independent 
(which is the case in the vdW EoS, but it is a highly unrealistic 
assumption that has not been used in any engineering cubic EoS) [1].

Despite these difficulties and complications in identifying the sepa
rate size/entropic and energetic/residual contributions, this analysis 
and discussion has led to understanding of the various contributions to 
EoS and the role of the underlying mixing and combining rules, either 
vdW one fluid (vdW1f) [5] or EoS/gE mixing rules [1–3,8,9]. More 
specifically, the use of EoS/gE methodology at infinite pressure (Hur
on-Vidal [10] and Wong-Sandler [11] approaches) at its initial stages 
utilized the complete gE model. However, after a careful analysis of the 
derivation and separation of the combinatorial and residual terms in 
EoS, it was found that the mixing rule at infinite pressure should only 
involve the residual excess Gibbs energy (and not the complete gE 

model), because, at infinite pressure, the combinatorial/free volume 
term of EoS disappears. Equally unclear was the fact that such mixing 
rules using the zero-reference pressure assumption suffer from the 
presence of the so-called “double combinatorial difference” [12], mak
ing these models unsuccessful for size-asymmetric systems. Such a 
problem has been identified by carefully analyzing the contributions of 
various terms into the activity coefficient models and EoS and have been 
resolved in mixing rules employed today in modern engineering models 
like the VTPR EoS [13].

Returning now to electrolytes, it is of equal interest to find ways to 
assess the relative importance of the terms in electrolyte models. Such 
models, include more terms than their non-electrolyte counterparts, as 
shown in Fig. 1, they are therefore more complex. Both e-EoS and e-gE 

models typically have both terms for non-electrolyte contributions (a 
cubic or Statistical Associating Fluid Theory (SAFT) [14] type EoS or a 
model like UNIQUAC in case of [15] or NRTL in case of [16]) and 
additional terms for the electrolyte contributions. The latter include, as 
minimum, a term for ion-ion interactions, e.g. as obtained from the 
Mean Spherical Approximation (MSA) [17] or Debye-Hückel (DH) [18] 
theories and often also an ion-charging or Born-type term [19], which 
accounts for solvation or hydration phenomena. However, more terms 

can be present, such as a Bjerrum term for ion-pairing [20].
The literature is rich in investigations of the balance between con

tributions of different terms of electrolyte models to MIAC, in order to 
identify which of these terms dominate. This work follows this path and 
has two objectives, a) to compare and analyse the balance of forces 
exhibited by different models found in the literature and b) to compare 
the balance of forces of three popular e-EoS against molecular simula
tion results, both of which we consider highly important and novel. 
Furthermore, we have evaluated the balance of forces also for IIAC, and 
not just for MIAC. Although IIAC measurements [21–23] are not 
accepted by everyone due to possible fundamental issues [24–26], we 
consider the fact that the trends shown from experimental measure
ments are confirmed by molecular simulations in ref [27] a positive step 
towards their wide acceptance, therefore we have included them in this 
study.

All the discussion of this manuscript is based on results for 25 ◦C and 
1 bar, as these are the only conditions with available contribution plots 
in the literature and molecular simulations. The literature review pre
sented in Section 2 is complemented with an analysis of the contribu
tions of various literature e-EoS and e-gE models along with some 
conclusions obtained from it. Section 2 serves as a way to prove that 
models with completely different approaches have similar accuracy, 
confirming the complexity of electrolyte modelling and re-enforcing the 
need for guidelines towards more physically sound model development 
and parameterization strategies. The second part of this work is a 
comparison between contributions of forces obtained via molecular 
simulation and three e-EoS. Section 3 reports an analysis of recent mo
lecular simulation data and how they can be decomposed in various 
contributions (Lennard-Jones and Coulombic), Section 4 presents the 
results for three e-EoS and Section 5 offers a unified discussion on the 
topic of balance of forces and our final conclusions are presented in 
Section 6.

2. Literature review and analysis of the contributions of forces 
in electrolyte models

An important question in multi-term (and multi-parameter) models 
for electrolytes, like e-EoS and e-gEmodels, is to determine the correct 
relative magnitude of the various terms for electrolyte systems and how 
this changes with concentration, temperature and pressure. Here 
“relative magnitude” refers to the qualitative behavior of the different 
terms, e.g. which terms should be larger or smaller and how this changes 
with the diverse conditions. We do not mean the exact values as these 
would depend on each model and its parameters. Such knowledge may 
help in model development and validation and, ultimately, in the se
lection of the most suitable approach for model development and 
parameterization. Much has been said and written on this topic, but 
there is no consensus, not even about the relative magnitude of the 
contributions in the electrolyte part of the models, as shown in the rest of 

Fig. 1. eSAFT-VR Mie schematic explanation showing the terms of this equation of state.
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Section 2. Two main types of models are discussed in this section, those 
that comprise only electrolyte terms (ion-ion + Born) and those that are 
“complete” models that also include physical interactions (physical term 
+ ion-ion + Born). The effect of the composition dependency of the 
Relative Static Permittivity (RSP) is crucial in these discussions, espe
cially with respect to the Born term.

2.1. Activity coefficient models of the type of ion-ion + Born interactions

Many studies showcasing the importance of the various terms have 
been carried out for “simpler” activity coefficient models for electro
lytes, which only contain ion-ion terms (e.g. from DH or MSA) and the 
Born term for solvation effects. Such models have been presented by 
Shilov-Lyaschenko (SL) [28,29], Validsko-Boda (VB) [30,31] and others 
e.g. Khomutov [32]. These models do not contain any terms for 
non-electrolyte interactions, and typically use default ion-size parame
ters from some literature experimental source (e.g. Pauling and Marcus 
values) and salt-composition-dependent RSP in both ion-ion and Born 
terms. A salt composition dependent RSP will affect both the ion-ion and 
Born contributions to the activity coefficient, and the magnitude of the 
two terms appears to be comparable (similar order of magnitude) and in 
opposite directions (positive for Born and negative for ion-ion). How
ever, if the RSP is constant, the Born term has no contribution to the 
activity coefficient. The actual results will depend a lot on the choice of 
the expressions for the RSP and especially the values and methods for 
estimating the ion-size parameters. The effect of the exact theory used 
for ion-ion effects (DH, MSA or something else) appears to be less crucial 
compared to all other factors mentioned, especially the RSP 
salt-concentration dependency.

Another model in the same category is the famous Hückel model 
from 1925 [33], Eq. (1), along with the Bromley model [34] which is 
based on Hückel’s equation, according to which: 

lnγel
i = − z2

i
A

̅̅
I

√

1 + B
̅̅
I

√ + CI (1) 

Hückel [33] commented extensively in his manuscript on the need to 
account for the concentration dependency of the RSP and on the 
importance of the solvation effects. He also mentioned that the extended 
Debye-Hückel form which included the finite size of ions, although an 
improvement over the limiting law, could not account for the increase of 
ion activity coefficient at high concentration due to the repulsive sol
vation forces, therefore the need for the Born term was apparent. Indeed, 
as Silva et al. showed in a recent publication [35], the Hückel model is a 
combined DH + Born equation using a linear 
salt-concentration-dependent RSP in both terms. The equation shown 
above is a simplified form of the actual Hückel equation and more 
detailed forms can be found in the 1925 publication [33] and in the 
recent analysis by Silva et al. [35]. Both in the work of Silva et al. [35] 
and others (e.g. Helgeson et al. [36]), it is clearly demonstrated that the 
Hückel equation corrects the DH equation, via the Born term and a 
concentration dependent RSP, for some important omissions, notably 
the ion solvation effects. As implied from these discussions, and verified 
from results in literature, a proper inclusion of all effects in the DH 
equation renders the model suitable even for highly concentrated 
solutions.

Sun et al. [37] and Liang and co-workers [38,39] have also evaluated 
such ion-ion + ion-water (DH or MSA + Born) models for their perfor
mance to predict individual ion activity coefficients (IIAC). The main 

conclusion from this analysis is that the correct balance between DH and 
Born is important for obtaining qualitatively correct results for IIAC and 
this highly depends on the ion diameter used in the DH and Born terms. 
It has been also concluded that, in order to get qualitatively correct 
results for IIAC (for almost all systems), we should employ an average 
ion size parameter in the ion-ion term (and not an individual ion size 
diameter), while it is entirely fine to use an ion-dependent Born radius in 
the Born term. Thus, although the original full DH theory is derived 
without considering the average ion size assumption, it seems that a 
mean ionic diameter value performs “better”, at least judging from the 
analysis of IIAC. The average ion size is "more accepted" (than the use of 
DH with individual ion size parameters) in literature; Guggenheim 
considered the use of average ion diameter value in the DH theory to be 
the correct approach [40].

Another interesting approach is that of Fawcett and Tikanen [41,42], 
who applied the MSA theory for ion-ion interactions together with a 
hard-sphere (HS) term. They did not use a Born term, but they employed 
a concentration dependent RSP. They noticed that a very significant 
improvement in MSA description of electrolyte solutions was obtained 
when the concentration dependency of the solvent RSP was included in 
the model. They commented that ”the success of the theory is remark
able considering the fact that the two contributions to the activity co
efficient, the electrostatic and hard-sphere increase in opposite 
directions with increase in electrolyte concentration” using RSP as 
function of composition. Thus, they observed the same “balancing 
terms” between MSA and HS as we previously discussed between DH 
and Born.

Silva et al. [43,44] have recently studied the DH + Born model using 
both a constant and a concentration dependent RSP, with the concen
tration dependency included either after the charging process (most of 
the literature approaches) or before the charging process (as SL did, but 
in a more general way). The results of the DH + Born when the RSP 
dependency is introduced before the charging process are overall better 
(regardless whether the Silva et al. [43,44] or SL [28,29] methods are 
used).

There is a very significant difference between the ion-ion + Born 
models mentioned above and the more complete e-gE and e-EoS we 
discuss in subsequent sections. In these simpler activity coefficient 
models, despite being entirely predictive with literature values for their 
ion-size parameters, all ion-ion interactions are obtained directly from 
the Debye-Hückel or some other ion-ion theory without the use of any 
energy interactions between ions. The energy parameter is a “must” 
parameter not only in all e-EoS, but also in “complete” e-gE models like 
extended UNIQUAC [15] or e-NRTL [16].

2.2. Activity coefficient models containing both physical and electrolyte 
terms

Two activity coefficient models with both physical and electrolyte 
terms will be discussed here. Fig. 2 shows a typical example of the 
magnitude of the contributions of short-range and long-range terms in 
extended UNIQUAC [15] for the mean ionic activity coefficients. 
Extended UNIQUAC has no Born term and no composition dependent 
RSP. It is well-established that the model represents the experimental 
data very well and that the DH (ion-ion) term is more significant at lower 
concentrations, while the “physical interactions” term (UNIQUAC part) 
becomes increasingly more important at higher concentrations. So, in 
this case the physical interactions “counterbalance” the ion-ion term.
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Another trend is shown for e-NRTL [16] in Fig. 3. This model has 
both Born term and composition dependent RSP. In this case, the Born 
term increases with concentration and is of the opposite sign compared 

to the combined “physical” (NRTL) and ion-ion (DH) terms. We can see 
that the “dominant” terms for the two models shown in Figs. 2 and 3 are 
different, although both of them are known to represent the 

Fig. 2. Contributions to the mean ionic activity coefficient of K2CO3 in water at 298.15 K with extended UNIQUAC comprising short-range (Combinatorial and 
Residual) and long-range (Debye-Hückel) terms. Red line: residual, green line: combinatorial, blue line: Debye-Hückel, black line: total value. The figure is courtesy 
of Professor Kaj Thomsen and has not been previously published.

Fig. 3. Contributions to the mean ionic activity coefficient of NaCl in water at 298.15 K with eNRTL comprising of three different terms, NRTL + Debye-Hückel +
Born and composition-dependent RSP. Reproduced from Cruz and Renon [16] with permission of John Wiley and Sons. Original caption: Contributions to the mean 
ionic activity coefficient in the H2O-NaCl mixture. In this plot, γ*

± is the asymmetric activity coefficient in the mole fraction scale, xNaCl is the mole fraction of salt in 
solution, γ*

±m is the asymmetric activity coefficient in the molality scale, X→M corresponds to the conversion from mole fraction to molality scale.

N. Novak et al.                                                                                                                                                                                                                                  Fluid Phase Equilibria 594 (2025) 114339 

4 



experimental activity coefficient data well.

2.3. The electrolyte equation of state of Simon et al. [45] and the e-CPA 
of the IFPEN group [46]

The Simon and Prausnitz EoS from 1991 [45] combines the SRK 
model for physical interactions with the Pitzer-Debye-Hückel (PDH) 
term for ion-ion, ion-dipole and dipole-dipole effects as well as a 
Born-type term for solvation. The RSP of solvent mixtures is calculated 
from the Buckingham model and then corrected for and extended to 
include ions. For NaCl-water an interesting term analysis is shown (see 
Fig. 4), with the Born and Debye-Hückel terms exhibiting large and 
opposite results (positive and negative, respectively) to the activity 

coefficients. This early discovery was later verified for many other 
models, as shown in literature (see later in this section) when the Born 
term is included with a composition-dependent RSP. The SRK contri
bution is rather small over the whole concentration range. We also 
observe that the behavior shown in Figs. 3 and 4 is quite similar. We can 
thus conclude that some e-EoS and e-gE models behave similarly under 
the “same conditions” (type of terms and RSP salt-concentration effect).

The e-CPA by IFPEN [46] combines an SRK-based CPA with the 
simplified implicit form of MSA (non-restrictive to same ion diameter), 
the Born term, and an additional term, the so-called SR2. The latter is 
identical to the term used by Fürst and Renon in their e-EoS [47] and is 
used to represent the short-range ionic interactions. Water is modelled 
as a 4-site molecule in the CPA part (4C-scheme), but there are no sites 
on ions and no water-ion association. Thus, the association term is only 
used for water.

The IFPEN e-CPA contains two ionic parameters (SRK’s energy 
parameter and the ionic diameter) as well as binary interaction pa
rameters (kij) between water-ions or the Wij interaction parameters of 
the SR2 term. The correlation results are satisfactory, and it is concluded 
in [46] that the preferred approach is to use the Born term with the 
Simonin RSP expression, which includes an additional adjustable 
parameter. Excellent results are obtained by using the same ionic 
diameter values in all expressions where the diameter enters (MSA, SR2, 
Born), although this is somewhat in contradiction with the physical 
meaning of the diameter in these expressions. Also, these authors carried 
out a relative analysis of the various electrolyte terms, which is shown in 
Fig. 5.

It can be seen that the Born contribution is positive and nearly 
counterbalances the (negative) MSA contribution, while there is hardly 
any contribution from the association term.

These conclusions are like those obtained by Simon et al. [45]. Ac
cording to Inchekel et al. [46], if the composition dependency of the RSP 
is ignored (and thus the Born term does not contribute to the activity 
coefficients), then the other terms of the EoS counterbalance the MSA 
effect in order to obtain the correct activity coefficient slope at high salt 
concentrations.

3. Conclusions so far

Both e-EoS and e-gE models have a similar behavior in terms of the 
various contributions. There is no debate that an ion-ion term is needed 
in electrolyte models, whether it is DH or MSA and both terms behave in 
a similar way, with negative contributions to the activity coefficients. 
The ion-ion term can be “counterbalanced” either by physical forces or a 
Born term, which dominate at higher salt concentrations. The 

Fig. 4. Contributions to the mean ionic activity coefficient of NaCl in water at 
298.15 K with using the Simon et al. [45] EoS (solid line) and Pitzer (short-dash 
line). Contribution to this model: SRK (long-dash line), Born (dash-dot line), DH 
+ residual (dotted line). Reproduced from Simon et al. [45] with permission of 
Elsevier. Original caption: Contributions to the activity coefficient for NaCl in 
H2O at 298.15 K and ambient pressure. In this plot, γ± is the asymmetric ac
tivity coefficient in the mole fraction, x± is the mean mole fraction of salt in 
solution, for definition refer to [45].

Fig. 5. Contributions to the mean ionic activity coefficient of NaCl in water at 298.15 K with the e-CPA from IFPEN group [46]. There is a contribution from the Born 
term because the RSP used depends on salt concentration. CUB stands for the contribution of the cubic without association and ASS stands for the contribution due to 
association, ln(Z) originates from change of variables from T,V,n to T,P,n. Reproduced from Inchekel et al. [46] with permission of Elsevier. Original caption: 
Decomposition of the different contributions to the NaCl activity coefficient.
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concentration dependency of the RSP has a significant effect on both 
electrolyte terms (ion-ion and Born), but especially for the Born 
contribution to the activity coefficient, which vanishes when the RSP is 
constant.

The first category of successful models has ion-ion and self-energy 
(Born-type) terms with a concentration dependent RSP. These models 
might have a physical term as well, but this is not necessary. Some 
research groups consider this to be the only correct approach and even in 
the context of e-EoS, it has been sometimes stated that failing to include 
the composition dependency of the RSP (in the Born term) may put “too 
much pressure” on the fitting parameters of e-EoS whose only electrolyte 
contribution is the DH or MSA term. The second category of successful 
models has an ion-ion + physical part, where the Born term and/or 
composition dependency of the RSP have been ignored and still suc
cessful results are obtained, as seen with extended UNIQUAC [15]. In 
this case, the physical terms of these e-EoS carry the effect otherwise 
assumed by the Born term (when the RSP depends on salt 
concentration).

As reported, the effect of the RSP is significant, but there are 
numerous discussions and speculations on this topic. For example, it has 
been stated that the salt concentration dependent RSP expressions used 
in e-EoS and activity coefficient models are rather empirical [48,49], 
raising potential issues in their compositional derivatives required by 
the models. Moreover, it is typically assumed that in thermodynamic 
models we can use the total reduction of the RSP with respect to salt 
concentration. This is convenient but not necessarily correct, as the 
measured values of the RSP consist of a static (thermodynamic) and a 
kinetic depolarization term [50] and it is unclear whether the latter 
should be included in thermodynamic models.

Based on this analysis, we conclude that there is no consensus either 
on the “correct” terms that should be used in e-EoS nor in e-gEmodels, 
nor on the use of composition-dependent RSP and of the Born term, 
while an ion-ion term (DH or MSA) is necessary. The next section will go 
deeper into the topics of RSP and its concentration dependency, as well 
as the balance of ion-ion and Born terms as compared to the other 

contributions of e-EoS. This will be done in the context of recent results 
with the electrolyte versions of the CPA and various SAFT EoS.

3.1. Further insights from modern e-EoS terms (e-CPA, ePPC-SAFT, and 
eSAFT-VR Mie)

Modern e-EoS usually comprise physical terms, an ion-ion term and a 
Born term, with different approaches for the RSP. We notice that, in this 
discussion, the RSP is of special importance, as some models use a 
constant value, equal to that of the solvent (usually water), and others 
use a functional form producing decreasing RSP values with increasing 
salt concentration. Without a salt-concentration-dependency of the RSP, 
the Born term does not contribute to the activity coefficient.

The first type of models comprise a physical term, an ion-ion term 
(DH or MSA) and a Born term with a salt concentration dependent RSP, 
e.g. the e-EoS from Simon et al. [45] and the e-CPA from IFPEN group 
[46]. Various versions of e-PC-SAFT exist such as the ePPC-SAFT from 
IFPEN [51,53–59] and the e-PC-SAFT advanced from Bülow et al. [52], 
both of which include a Born term but different RSP.

Furthermore, Sun et al. [37] have performed an analysis of the 
performance of e-CPA (using a weak RSP concentration dependency) to 
predict IIAC. While the e-CPA results are accurate for MIAC (the model 
parameters are fitted to such data), the results for IIAC are quantitatively 
not satisfactory and often also qualitatively wrong. It is unclear, in the 
case of e-CPA, whether the failure to obtain better IIAC is due to the 
overall parameter estimation and the physical terms or due to the use of 
ion-specific parameters in the DH term (which, as mentioned above, 
perform worse compared to average DH diameters).

In all these e-EoS, the ion-ion term and the Born term are dominant, 
while other terms e.g. physical and association contribute less. For the 
latter this is the case when ion-ion association is neglected. One could 
argue that, since this approach produced satisfactory results, it is also 
the correct one. However, the situation is more complex. As seen for e- 
CPA, Fig. 6, it is possible to obtain good MIAC for NaCl-water using 
either the Born term with concentration dependent RSP or a constant 

Fig. 6. The RSP and contributions of the different terms of e-CPA to the mean ionic activity coefficients for the water–NaCl system at 298.15 K for some of the 
parameterizations. eCPA results from Olsen et al. 2021 [69]. When a salt-concentration-dependent RSP is used (sets 1–3 have RSP that depends on salt molality, see 
first figure), the Born term contributes to the activity coefficient and counterbalances the DH term. When a salt-concentration-independent RSP is used (e.g. the water 
RSP, set 4 RSP of water, see first figure), the Born term does not contribute to the activity coefficient and the SRK term counterbalances the DH term.
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RSP equal to that of water (where the Born term has no contribution to 
MIAC). In the latter case, the SRK term is the one which “counterbal
ances” the large negative ion-ion (DH in this case) contribution.

The behavior is similar with ePPC-SAFT [51,53–59]. This model 
consists of hard chain, dispersion, association, polar, non-additive hard 
sphere, MSA, and Born terms. Roa Pinto et al. [59] investigated the 
short-range interactions and RSP models in ePPC-SAFT [60–62]. It was 
found that adding salt-composition dependence on top of the Schreck
enberg et al. [60] model, in which salt-composition dependency is 
accounted for only implicitly through the density of the solution, is not 
needed.

Yang et al. [54,55] carried out a systematic ion-specific parameter
ization for the ePPC-SAFT model based on critically evaluated experi
mental databases [63,64]. In order to describe ion-ion and ion-solvent 
interactions, they compared different approaches: using only dispersion, 
only association, or both dispersion and association in addition to the 
MSA and Born terms. The association approach was recommended for 

all ions except for Li+, while both dispersion and association terms were 
needed for accurately extending this ion-specific parameterization 
approach to Li+ salts. For aqueous solutions of NaCl and KCl, the asso
ciation approach correctly predicted the relative magnitudes of the 
cation and anion IIAC for aqueous NaCl and KCl solutions. Contributions 
of the ePPC-SAFT (the association approach) terms are shown in Fig. 7
for all alkali halide salts. Compared to e-CPA, the association is larger in 
magnitude, as ion-ion and ion-solvent association are included.

A similar plot is shown in Fig. 8 with the eSAFT-VR Mie model. This 
model (as published by Novak et al. [65] and Selam et al. [66]) have 
used water’s RSP and the Born term (which is included) does not 
contribute to MIAC. When all electrolyte terms are added (Born+DH), 
their sum is comparable in magnitude to the “physical” term (as the Born 
term is zero and the ion-ion term is negative for the ion activity 
coefficients).

A detailed parametric analysis of eSAFT-VR Mie has been carried out 
by Walker et al. [67] using the Born term (with constant RSP, and RSP 

Fig. 7. Contributions to lnγ± of the terms of the recommended parameter set for the aqueous alkali halide solutions at 298.15 K and 0.1 MPa with ePPC-SAFT. 
Reproduced from Yang et al. [55] with permission of Elsevier.
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from various theories) and both DH and MSA as ion-ion theories. They 
have found that the difference between the full DH and MSA is almost 
insignificant no matter the RSP value. However, the RSP has a huge 
effect overall in both theories. When the “real” 
salt-concentration-dependent RSP is used, the two theories predict 
larger absolute values of MIAC compared to using a constant RSP, equal 
to that of the solvent. When the “real” RSP is used, the “physical” 
SAFT-VR Mie contribution is much smaller compared to either the Born 
or any of the ion-ion terms (DH or MSA).

Moreover, Walker et al. [67] found that when all electrolyte terms 
are added (Born+ion-ion), their sum is comparable in magnitude to the 
“physical” term (as the Born term is positive and the ion-ion term is 
negative for the ion activity coefficients). Thus, it does look that all 
forces have a rather delicate balance. It seems that the sum of the 
ion-ion+Born contribution only with “real” RSP (maybe together with 
“physical” term also) has the trend of the experimental activity co
efficients (the expected curvature), although the values of the activity 
coefficients are overestimated. The ion-ion+Born contribution with 
“constant” RSP appears to be very flat and asymptotic even at high 
concentration and twice as large compared to the physical part even at 
high concentrations (surprising, as with increasing concentration elec
trostatic effects should somewhat diminish and physical effects should 
become more dominant). These results appear to confirm the need for 
“real” salt-concentration-dependent RSP in e-EoS models, at least from a 
qualitative point of view. Novak et al. [68] showed that with eSAFT-VR 
Mie, a mild salt-concentration dependency of the RSP is best for quan
titative results.

From this part of the work, in addition to the conclusions presented 
in the previous section, we can add the following observations. If the 
RSP does not depend on salt concentration and is that of pure solvent, 
then the Born term does not contribute to the activity coefficient and 
there is usually a balance of ion-ion and physical terms (Fig. 2, Fig. 6 and 
Fig. 8). In the opposite case, that of a salt-composition-dependent RSP in 
the Born and in the ion-ion (DH or MSA) terms, both terms are equally 
important (similar order of magnitude), the ion-ion interactions are 
negative and counterbalance the large positive solvation (Born) effects 
(Fig. 3, Fig. 7). Water association has no significant effect, but if ion- 

water and ion-ion association also exists, this term becomes important.
It is possible, as shown in recent studies [52,68,70] that a difference 

in these two approaches (ion-ion counterbalancing Born with small ef
fect of physical forces and ion-ion counterbalancing physical forces 
when Born term is zero) can be identified when the models are extended 
to non-aqueous or mixed solvents. Typically, e-models do not extrapo
late well in non-aqueous or mixed solvent solutions, therefore new 
adjustable parameters between the non-aqueous solvent and the ions are 
needed. For ePC-SAFT [52]and eSAFT-VR Mie [68], it was found that a 
predictive approach to extending to non-aqueous solvents without 
new-adjustable parameters required the use of a Born term with a 
salt-concentration-dependent RSP.

4. Activity coefficients from explicit molecular simulation 
studies

Saravi and Panagiotopoulos [27] calculated IIAC and MIAC for NaCl, 
KCl, NaF, and KF from molecular dynamics simulations that treat water 
as molecules, referred to as explicit molecular simulations (EMS). 
Furthermore, IIAC and MIAC are reported by the same authors [71] for 
NaCl and KCl from molecular dynamics simulations where water is a 
dielectric continuum (not a distinct molecule), referred to as implicit 
molecular simulations (IMS). In these studies, quoting the original 
article: “the activity coefficients of the individual ions can be calculated 
from the difference between the chemical potential at a finite concen
tration from that at the infinite dilution reference state”. These works 
also report Lennard-Jones (LJ) and Coulombic (Cb) contributions of the 
chemical potential. In this section, the LJ and Cb contributions to the 
chemical potential values are converted to activity coefficients, in order 
to compare them with their EoS counterparts. The procedure is 
described in this section and the comparison with EoS will be presented 
in the next sections. We will only present in this work conversions, 
comparisons and discussions against the explicit molecular simulation 
studies.

In the work of Saravi and Panagiotopoulos [27], the values of IIAC 
and MIAC for the four salts (NaCl, KCl, NaF, and KF), as well as ionic 
chemical potentials from EMS were reported. For details on these 
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simulations, the reader is referred to the original article [27]. The ac
tivity coefficient is directly linked to the values of the chemical potential 
of ion i, μi, at fixed temperature and pressure: 

μi = μ∞,m
i + RTlnmiγm

i (2) 

μi = μ∞,*
i + RTlnxiγ*

i (3) 

where mi is the molality, xi is the mole fraction of ion i, γm
i is the molal 

activity coefficient, γ*
i is the mole fraction activity coefficient. The 

reference chemical potentials in the two scales are μ∞,m
i and μ∞,*

i , 
respectively, which are connected via μ∞,m

i = μ∞,*
i + RTlnMw, where Mw 

is the molecular weight of water. The reference state used for the 
calculation of activity coefficient in this work are asymmetric and they 
become unity in the infinite dilution limit. Activity coefficients from two 
different scales are connected via Eq. (4). 

lnγ*
i = lnγm

i − lnxw (4) 

To arrive at activity coefficients, the value of the reference chemical 
potential (μ∞,m

i or μ∞,*
i ) must first be determined. The value of the total 

chemical potential, μi, is the sum of the ideal gas (IG) chemical potential, 
μIG

i , and the residual contribution, μr
i , (called excess in the original 

paper) at fixed temperature and pressure. The residual contribution, as 
shown in Eq. (5), is the sum of the LJ and Cb terms, values for which 
were reported in the supplementary material of [27]. 

μi = μr
i + μIG

i = μLJ
i + μCb

i + μIG
i (5) 

Since an ideal gas is also an ideal solution, its chemical potential at 
constant temperature and pressure can be calculated using Eq. (6): 

μIG
i = μIG,∞,*

i + RTlnxi (6) 

If we replace the mole fraction of the ions with molality xi = mixwMw 

Eq. (6) becomes Eq. (7)

μIG
i = μIG,∞,m

i + RTln(mixw) (7) 

with μIG,∞,m
i = μIG,∞,*

i + RTlnMw.
Now all that is required is to obtain the value of residual reference 

state chemical potential, μr,∞
i = μ∞

i − μIG,∞,*
i , which will be calculated 

using the double extrapolation method (DE), as described by Saravi and 
Panagiotopoulos [27]. Residual reference state chemical potential 
values were not provided in the original publication [27], apart from 
those of Na+ and Cl− , which will be used for validation of the calculation 
that we repeat here. The DE method enforces the DH limiting law at low 
salt molality for the three lowest concentrations from EMS. The DH 
limiting law at the infinite dilution limit, dictates that: 

lnγm
i = lnxw − A

̅̅̅̅̅
mi

√
(8) 

where A is the Debye-Hückel parameter.
The DH limiting law in Eq. (8) is introduced into Eq. (2), resulting in 

Eq. (9), valid at infinite dilution: 

μi = μ∞,m
i + RTlnmi + RTlnxw − ART

̅̅̅̅̅
mi

√
(9) 

If the Eq. (7) for the ideal gas chemical potential is introduced into 
Eq. (9), the following equation is obtained: 

μi − μIG
i = μ∞,m

i − ART
̅̅̅̅̅
mi

√
− μIG,∞,m

i 

which can be written as 

μr,∞
i = μr

i + ART
̅̅̅̅̅
mi

√
(10) 

with μ∞,m
i − μIG,∞,m

i = μ∞,*
i − μIG,∞,*

i = μr,∞
i and μr

i = μi − μIG
i . The resid

ual reference state chemical potential, μr,∞
i , is determined as the inter

cept of the linear fit of the three lowest concentrations, as shown in 
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Fig. 9. Determination of residual reference state chemical potential, μr,∞
i , with the double extrapolation method for NaCl, NaF, KCl, KF at 298.15 K. Red is cation, 

blue is anion.
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Fig. 9.
In the original publication [27], the residual chemical potentials 

were calculated at different system sizes, and then extrapolated to 
infinite system size for the residual and total chemical potentials but not 
for the LJ and Cb contributions separately. The procedure for obtaining 
the infinite system size values for the LJ and Cb contributions was not 
described by Saravi and Panagiotopoulos [27]. When the infinite system 
size residual chemical potential is used, R2 of the DE extrapolation is 
very small. This could possibly be because of the errors introduced when 
extrapolating the system size to infinity. Therefore, the procedure is 
applied on the maximum system size values with good R2. Then, the 
obtained reference state of the residual chemical potential is scaled 
using the sum of the infinite system size and maximum system size 
values.

EMS calculations in [27] were performed in a stepwise manner, 
enabling the determination of the different contributions to the chemical 
potential. To quote Saravi and Panagiotopoulos [27]: “The μi values are 
calculated from the Helmholtz free energy difference for insertion of a 
single ion into an aqueous salt solution. Such an insertion is carried out 
slowly by first placing a ghost particle into the solution followed by 
turning on its Lennard-Jones (LJ) and Coulombic interactions (Cb) in a 
stepwise manner.”

The different contributions to the activity coefficient are calculated 
using Eqs. (11) and (12): 

lnγLJ,*
i =

μLJ
i − μLJ,∞

i

RT
(11) 

lnγCb,*
i =

μCb
i − μCb,∞

i

RT
(12) 

The reference state chemical potentials of the two contributions 
(μLJ,∞

i and μCb,∞
i ) should be determined.

The LJ term is practically linear with molality, as shown in Fig. 10. 
This allows us to determine the μLJ,∞

i by linear extrapolation. The LJ 
chemical potentials are scaled using the infinite system size and 
maximum system size residual chemical potential values.

The Cb contribution is then calculated using Eq. (13): 

μCb,∞
i = μr,∞

i − μLJ,∞
i (13) 

In Table 1 the infinite dilution chemical potentials for the various 
terms as calculated in this work from EMS are shown. The values have 
been scaled using the infinite and maximum system size values of the 
residual chemical potential. It is assumed that the LJ and Cb contribu
tions are proportional to the total residual chemical potential when 
scaled to the infinite system size.
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Fig. 10. Determination of infinite dilution LJ chemical potential by linear extrapolation for NaCl, NaF, KCl, KF at 298.15 K. Red is cation, blue is anion.

Table 1 
Reference state chemical potential in kJ/mol for the various terms from EMS at 
298.15 K. μr,∞

i is calculated using the double extrapolation method (Eq. (10)), 
μLJ,∞

i using linear fitting, μCb,∞
i from Eq. (13). In the parenthesis the values 

provided by Saravi and Panagiotopoulos [27] are shown, when available, to 
validate our results.

NaCl Na+ Cl−

μr,∞
i − 369.90 (− 369.69) − 371.49 (− 371.66)

μLJ,∞
i

2.18 27.73

μCb,∞
i

− 372.08 − 399.22

KCl K+ Cl−

μr,∞
i − 294.65 − 371.53

μLJ,∞
i

3.12 27.70

μCb,∞
i

− 297.76 − 399.23

NaF Na+ F−

μr,∞
i − 369.93 − 497.60

μLJ,∞
i

2.15 19.46

μCb,∞
i

− 372.08 − 517.06

KF K+ F−

μr,∞
i − 294.67 − 497.63

μLJ,∞
i

3.03 19.46

μCb,∞
i

− 297.70 − 517.09
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5. Comparison between contributions from molecular 
simulation and electrolyte equations of state

5.1. Correspondence between molecular simulation and EoS contributions

The purpose of this work is to compare the Cb/LJ contributions from 
molecular simulations to the “corresponding” EoS terms, it is therefore 
crucial to identify the appropriate correspondence between the MS and 
EoS contributions.

The three models considered in this work are the ePPC-SAFT, eSAFT- 
VR Mie, and e-CPA EoS with parameters from the original publications 
(for more details see Yang et al. [54–57], Novak et al. [68,72] and Olsen 
et al. [69,73,74]). The models can be represented in their simplified 
forms as shown in Eqs. (14a), (14b) and (14c). 

Ares
ePPC− SAFT = Ahc + Adisp + Aassoc + Apolar + AMSA + ABorn (14a) 

Ares
eSAFT− VR Mie = Ahs + Adisp + Ach + Aassoc + ADebye− Hückel + ABorn (14b) 

Ares
e− CPA = ASRK + Aassoc + ADebye− Hückel + ABorn (14c) 

Thus, we can see that the two SAFT EoS contain the physical, SAFT 
terms (hard sphere, chain, dispersion, and association for SAFT-VR Mie 
and hard sphere, chain, dispersion, association, and polar in ePPC- 
SAFT), the electrostatic term (DH in eSAFT-VR Mie or MSA in ePPC- 
SAFT), and the Born term. The e-CPA model has the DH equation for 
ion-ion interactions, the Born term, as well as the SRK and association 
terms for the remaining contributions. Short-range ionic interactions are 
approached in different ways in the three EoS. In eSAFT-VR Mie, ions are 
assumed to interact with dispersion forces (both ion-ion and ion-water), 
while the association term accounts only for the water-water interac
tion. In ePPC-SAFT, the dispersion term accounts only for water-water 
interaction (as the special case of Li+ is not considered here), while 
the association term accounts for water-water, water-ion, and cation- 
anion interactions. For e-CPA, different parameterizations have been 
employed; in some cases association is considered only for water mol
ecules and in other cases for water-water, ion-water and cation-anion. 
The different parameterizations are presented later.

In explicit molecular simulations (EMS) [27], as already mentioned, 
only two contributions are identified, the LJ and Cb. The ideal gas (IG) 
part is very small both for EoS and MS and it will not be discussed here. 
In EMS, the RSP of the electrolyte solution is an output of the calcula
tions, making them directly comparable to a non-primitive model, while 
all the e-EoS in this work are based on the primitive approach (water as 
dielectric continuum).

Based on the way simulations have been carried out, LJ from MS is 
equivalent to the “physical forces” from e-EoS models and Cb is equiv
alent to the combined “ion-ion + Born” terms from e-EoS. This is the 
case because molecular simulations do include the "Born term" as part of 
the free energy. To determine the free energy of an ion, an LJ core of the 
ion is inserted gradually, from zero to full size, while no charges are 
present. This term is clearly the "LJ" part and is reported as such. The ion 
is then slowly charged from zero to full value. The free energy calculated 
from this second stage includes the energy required to charge the ion, 
which is the origin of Born term, the electrostatic interactions of this ion 
with other ions, which is the ion-ion term, and the energy due to the 
rearrangement of solvent molecules around the new charged entity, 
which does not have a direct equivalent to e-models. The latter is indi
rectly incorporated into the e-EoS by using a salt-concentration- 
dependent RSP.

Classification of the association contributions is not as straight- 
forward. As association resembles a chemical bond, which involves 
the exchange of charge, it can be included in the Cb part of the model. 
Although we consider this as the most likely scenario, we have also 
assumed that the association term can be, together with other non-ionic 
effects, combined with physical forces and compared to the LJ part from 
the EMS. The difference between these two approaches is small for 
eSAFT-VR Mie (ions are non-associating species) and for those param
eterizations of e-CPA for which no ion-ion association is considered. In 
these cases, these models only account for water-water association, 
which is a much smaller contribution compared to all others. The dif
ference is significant for ePPC-SAFT (and for some e-CPA parameteri
zations), in which the ion-ion and water-ion associations are also 
accounted for by the association term. Due to the expression of non- 

bonded fractions, XAi =
(

1 + ρNAv
∑

Bj
XBj ΔAiBj

)− 1
, the ion-ion and 

water-ion associations cannot be separated from the water-water inter
action (which more probably does not correspond to the Cb 
contribution).

5.2. Activity coefficient contributions from eSAFT-VR Mie

In this section, we compare the EMS with the eSAFT-VR Mie calcu
lations. In the EMS, the RSP of the electrolyte solution is an output of the 
calculations making them directly comparable to a non-primitive model. 
The eSAFT-VR Mie model, on the other hand, incorporates a primitive 
model for electrolytes. The model can have three different relations for 
the RSP, a mild salt concentration dependency, in the form of the mole 
fraction mixing rule (MFMR) [52], a correlation of RSP experimental 
data by Zuber et al. [75], and a constant RSP value, equal to that of the 
solvent (water for aqueous electrolyte solutions). All these approaches 
are described by Novak et al. [68,72]. All these models have been 
parameterized using both MIAC and IIAC, and the order of IIAC 
(whether cations or anions have larger values) agree with the EMS and 
experimental data by Wilczek-Vera et al. [21]. An interesting addition to 
previous work is the comparison with the individual contributions to the 
calculation of IIAC shown here.

Figs. 11 and 12 show the results for NaCl and KCl, while results for 
other salts (NaF and KF) are shown in the Supplementary Material. The 
agreement of the EoS and EMS contributions greatly depends on the 
value of the RSP. When eSAFT-VR Mie is used with the RSP of water 
(Fig. 11a, d), the agreement between EoS and EMS is quite satisfactory, 
both qualitatively and quantitatively. Typically, the EMS values are (in 
absolute values) higher than those from the model (when the RSP of 
solvent or the MFMR are used).

When the MFMR is used with eSAFT-VR Mie, then the contributions 
from EoS and EMS do not agree quantitatively, but the qualitative 
behavior is reproduced. On the other hand, when the experimental RSP 
is used through the correlation by Zuber et al., then the EoS predicts the 
exact opposite behavior: the Cb term is in excellent agreement with the 
SAFT without association, whereas the LJ term is essentially equal to the 
DH + Born + Association term. Furthermore, in this case, there is a 
minimum predicted in the DH + Born term that is not present in the 
EMS. In the case of eSAFT-VR Mie, we have association only between 
water molecules and the contribution of this term is quite small.

The study of IIAC reveals some interesting observations. The Cb term 
for IIAC has a minimum for the smaller ion within a salt, usually the 
cation (Fig. 12). Apart from the minimum, the agreement between EoS 
and EMS for IIAC, is similar to MIAC; the correct trend is captured in the 
case of the constant RSP, while the use of the experimental RSP leads to 
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the opposite trend between EoS and EMS. This is probably a side effect of 
“blindly” fitting parameters to experimental data and reinforces the 
need for understanding the relative trends between the different terms in 
e-EoS.

Finally, comparing the results for the four salts, we observe a better 
agreement between the EMS and the model (in the case of water RSP and 
MFMR) for the two Na+ salts (NaCl, NaF) compared to the two K+ salts 
(KCl, KF).

5.3. Activity coefficient contributions from ePPC-SAFT

Activity coefficients are calculated with the ePPC-SAFT model [54,
55] using the Schreckenberg RSP model [60]. The association, disper
sion, and full (association + dispersion) approaches were compared in 
previous works [54,55] for the short-range ion-ion and ion-solvent in
teractions. Among these approaches, only the association approach was 
able to predict the reversed relative magnitudes of the IIAC of cation and 
anion of the aqueous NaCl and KCl solutions, when the IIAC was not 
used in the parameterization. Thus, this is the methodology adopted 
here and association is considered for both ion-ion and ion-water 
interactions.

Fig. 13–16 show the results for NaCl and KCl, while results for the 
other salts are presented in the Supplementary Material. Figs. 13 and 14
show the contributions plotted when the (MSA + Born) terms combined 
correspond to the Cb contribution. Figs. 15 and 16 show the contribu
tions plotted when the (MSA + Born + association) terms combined 
correspond to the Cb contribution.

In the first combination (where MSA + Born are compared to Cb from 
the EMS), the LJ and Cb contributions are much larger in magnitude 
compared to the EoS contributions, although in the end they also cancel 
each other out. This indicates that the contributions are more non-ideal 
in the EMS. For IIAC, both the EMS and ePPC-SAFT predict the correct 
relative magnitudes of the cation and anion IIACs for NaCl and KCl. The 
EMS results deviate further from the experimental data. However, the 

Fig. 11. lnγ*
i and contribution of the various terms from explicit molecular simulation and eSAFT-VR Mie using (a, d) a constant RSP, (b, e) the MFMR and (c, f) the 

experimental RSP in the form of Zuber et al. [75] for NaCl (a-c) and KCl (d-f) at 298.15 K. Points are explicit molecular simulations, lines are eSAFT-VR Mie cal
culations. Green lines correspond to hard sphere + dispersion + chain contribution, blue lines correspond to the DH + Born + Association contribution and black is 
the total MIAC. Green points correspond to the LJ contribution in EMS, blue points to Cb contribution in EMS, black correspond to the total value of MIAC from EMS.

Fig. 12. lnγ*
i and contribution of the various terms from explicit molecular 

simulation and eSAFT-VR Mie for individual ions for NaCl at 298.15 K. Top 
plots correspond to eSAFT-VR Mie (constant) and bottom plots to eSAFT-VR 
Mie (Zuber et al. [75].). Points are explicit molecular simulations, lines are 
eSAFT-VR Mie calculations. Green lines correspond to hard sphere + dispersion 
+ chain contribution, blue lines correspond to the DH + Born + Association 
contribution and black is the total MIAC. Green points correspond to the LJ 
contribution in EMS, blue points to Cb contribution in EMS, black correspond to 
the total value of MIAC from EMS. Squares correspond to cation, triangles 
to anion.
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Fig. 13. lnγ*
i and contributions of the various terms from explicit molecular simulation and ePPC-SAFT for NaCl at 298.15 K. Points are explicit molecular simu

lations, lines are ePPC-SAFT calculations. Green points are LJ contributions. Blue points are Cb contributions. Squares correspond to cation, triangles to anion and 
diamonds to the salt. Blue lines are the MSA + Born contributions. Green lines are Hard Chain + Dispersion + Polar + Association. Black points and lines are the 
total lnγ*

i .

Fig. 14. lnγ*
i and contributions of the various terms from explicit molecular simulation and ePPC-SAFT for KCl at 298.15 K. Points are explicit molecular simulations. 

Lines are ePPC-SAFT calculations. Green points are LJ contributions. Blue points are Cb contributions. Squares correspond to cation, triangles to anion and diamonds 
to the salt. Blue points are Cb contributions. Blue lines are the MSA + Born contributions. Green lines are Hard Chain + Dispersion + Polar + Association. Black 
points and lines are the total lnγ*

i .

Fig. 15. lnγ*
i and contributions of the various terms from explicit molecular simulation and ePPC-SAFT for NaCl at 298.15 K. Points are explicit molecular simu

lations. Lines are ePPC-SAFT calculations. Green points are LJ contributions. Blue points are Cb contributions. Squares correspond to cation, triangles to anion and 
diamonds to the salt. Blue lines are the MSA + Born + Association contributions. Green lines are Hard Chain + Dispersion + Polar. Black points and lines are the 
total lnγ*

i .
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Cb contribution in the EMS and the MSA contribution in the ePPC-SAFT 
behave quite differently. In the EMS, the Cb contribution presents a 
minimum, and is positive at larger salt composition for Na+ in NaCl and 
Cl− in KCl, but is negative for Cl− in NaCl and K+ in KCl; while the MSA 
contribution presents curves of similar shapes for MIAC and all IIACs.

According to the results for the association and dispersion strategies 
of the ePPC-SAFT, the association term plays an important role in 
correctly predicting the relative magnitudes of the IIACs of the cation 
and anion for NaCl and KCl. Though only qualitative, the EMS Cb 
contribution behavior suggests that the rest of the terms in the EoS needs 
to account for the ion-ion interaction that is significantly different from 
how the MSA term typically behaves. In the ePPC-SAFT, the additional 
ion-ion interaction is accounted for by the Wertheim association.

We should mention that since the Schreckenberg RSP model is used 
and, thus, since the salt-composition dependency is quite small and 
implicit through the volume dependency, the effect of the Born term is 
also quite small. Similar results are shown (in supplementary material) 
for NaF and KF, where we observe that the model’s “physical” contri
bution (with the first combination) is very small, especially for NaF, and 
as for the other salts, much smaller than the EMS results.

In the second combination (where MSA + Born + association is 
compared to Cb from EMS), the (MSA + Born + association) IIAC curves 
of Na+ in NaCl and Cl− in KCl present trends alike to the Cb contribu
tions for the IIACs in the EMS. This is, however, not the case of the other 
ions and overall, the results for MIAC contributions are less in agreement 
with EMS compared to first combination (when association is included 
in the physical term). More specifically, for MIAC the second combina
tion results in smaller, compared to the first combination, absolute 
values for the negative electrolyte and positive physical terms. These are 
even smaller than the first contribution compared to the EMS.

In this second combination, and for both NaCl and KCl, the model’s 
physical contribution decreases with increasing salt concentration, 
which is not in agreement to the EMS results. This is because of the 
inclusion of the water-water association in the electrolyte contribution. 
Similar conclusions are seen for KF, while for NaF the agreement be
tween model and EMS is slightly better with the second combination.

Although the water-water association could not be separated from 
the association term, the contribution is expected to be much smaller 
than the ion-ion and ion-water association contributions. Therefore, 
although the water-water association likely caused the negative physical 
contributions that are very small in magnitude, it does not change that 
the magnitude of the contribution of the (MSA + Born + association) 

combination is smaller than the first combination (MSA + Born), and 
deviates further to the EMS data. To conclude, when the ion-ion and ion- 
water associations are included in the EoS, we note that the combined 
contributions of the association and MSA terms are closer to the Cb 
contribution in the EMS, compared to that of the MSA term on its own.

Fig. 16. lnγ*
i and contributions of the various terms from explicit molecular simulation and ePPC-SAFT for KCl at 298.15 K. Points are explicit molecular simulations. 

Lines are ePPC-SAFT calculations. Green points are LJ contributions. Blue points are Cb contributions. Squares correspond to cation, triangles to anion and diamonds 
to the salt. Blue lines are the MSA + Born + Association contributions. Green lines are Hard Chain + Dispersion + Polar. Black points and lines are the total lnγ*

i .

Table 2 
An overview of the e-CPA parameterizations.

Name Reference RSP- 
dependency1

IIAC 
trend4

Comments5

Set 4 Olsen et al., 
2021 [69]

Constant Wrong Density in objective 
function 
SRK vs. DH 
Born, Association, 
etc. very small

Case2/ 
Model 6

Olsen et al., 
2023 [73]

Experimental Correct Fitted to IIAC 
Ion association 
Born & SRK vs. DH 
& Association 
Born > SRK 
DH> Association

Scenario 1/ 
MMB2

Olsen et al., 
2023 [74]

Mild Wrong Dispersion 
parameters 
SRK vs. DH 
Born almost zero

Scenario 3/ 
Simonin

Olsen et al., 
2023 [74]

Experimental Correct Association 
parameters 
Ion association 
Born vs. DH 
SRK small, 
Association 
negative, important

Scenario 5/ 
MM3 

solvent

Olsen et al., 
2023 [74]

Mild Wrong Dispersion +
Association 
parameters 
SRK vs. DH 
Born of some 
importance 
Association small 
negative

1: The salt-concentration dependency of the RSP.
2: MMB=Mollerup-Michelsen-Breil expression for the RSP.
3: MM=Maribo-Mogensen expression for the RSP.
4: The IIAC trend is in comparison to the experimental data.
5: When we write e.g. “SRK vs. DH”, we mean that the largest positive and 
negative contributions, roughly balancing each other are the SRK and Debye- 
Hückel terms respectively (similarly in other cases).
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In addition, the behavior of the MIAC contributions is less chal
lenging to reproduce, at least qualitatively, as the Cb contribution pre
sents a curve that resembles the MSA. The drastic increase and decrease 
of the cation and anion activity coefficient in the EMS, respectively, 
which is not MSA behavior, cancel each other out. Therefore, when only 
mean properties are included in the parameterization of EoS, a param
eter set that fails in representing the trends of IIAC could have no 
problem in accurately representing MIAC. Once again, the Born term is 
quite small for the MIAC.

5.4. Activity coefficient contributions from e-CPA

In this section, we present comparisons of the e-CPA results with the 
EMS for the activity coefficients of NaCl in water. This is the only system 
parameterized with e-CPA in recent studies [69,73,74]. We have 
selected several characteristic sets from these works, as presented and 
discussed in Table 2. We have kept the original terminology of these sets. 
The results are shown in Figs. 17, 18 and 19. The parameterizations are 
chosen so that they cover a wide range of parameter estimation 
methods. The diversity of the parameter estimation methods and dif
ferences in the trends of the main terms can be seen under comments in 
Table 2.

For each of the parameterizations, the contributions to MIAC are 
shown. For all parameterizations, MIAC, osmotic coefficients, and den
sity of water-NaCl are satisfactorily represented.

We have chosen two options for the terms corresponding to the Cb 
forces from molecular simulation, either DH + Born or DH + Born +
Association. In both cases, the rest of the terms are compared to the LJ 
forces from the molecular simulations (EMS).

With respect to the contributions from the EMS, it can be seen from 

Figs. 17, 18 and 19 that there are large and opposite trends for LJ and Cb 
for NaCl. In [71], where IIAC results are shown, we see that for Cl− , 
there are large and opposite trends for LJ and Cb (like NaCl) whereas 
both LJ and Cb are positive contributions outside of the very low con
centration range for Na+. The Na+ IIAC trends are not predicted by any 
of the e-CPA versions. These results are not shown here.

Our observations can be summarized as follows: 

1. For the MIAC trends, all e-CPA results are in qualitative agreement 
with the EMS results; SRK is in agreement with LJ and DH + Born +
association with Cb. For the sets where ion-association has been 
included, by far the best agreement with Cb EMS results is obtained 
when association is included in DH + Born. This may be expected. 
For Scenario 3, Simonin, the trend is even wrong at higher salt 
content when association is considered as an LJ contribution.

2. None of the models presented here predict the large difference be
tween the LJ and Cb contributions as shown by the EMS. The EMS 
results show contributions which are (much) larger than the e-EoS 
results, especially for the LJ vs. SRK etc. terms. However, it should be 
noted that the EMS results are not accurate for either MIAC or IIAC of 
any of the ions, which means that the magnitudes of the LJ and Cb 
forces should be considered with care. However, it is still interesting 
that none of the parameterizations are close to match the magnitudes 
of the EMS, especially for the LJ contributions.

3. There are rather small differences between the various and quite 
different e-CPA parameterizations when the Cb forces are DH + Born 
+ Association, as can be seen from Fig. 19 where several sets are 
compared.

Based on this figure, set 4 is the closest to the EMS results and 

Fig. 17. Trends of the e-CPA contributions (terms) for various e-CPA parameterizations shown in Table 2 against the molecular simulation data from [27] at 298.15 
K. Green points are LJ contributions, blue points are Cb contributions, black points are MIAC. Green lines are SRK + Association, blue lines are DH + Born, black lines 
are total MIAC.
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Fig. 18. Trends of the e-CPA contributions (terms) for various e-CPA parameterizations shown in Table 2 against the molecular simulation data from [27] at 298.15 
K. Green points are LJ contributions, blue points are Cb contributions, black points are MIAC. Green lines are SRK, blue lines are DH + Born + Association, black lines 
are total MIAC.

Fig. 19. Comparative representation of the trends of the e-CPA contributions (terms) for various e-CPA parameterizations shown in Table 2 against the molecular 
simulation data from [27] at 298.15 K. Points are EMS, lines are e-CPA predictions. The Coulomb contributions for e-CPA are in all cases DH + Born + Association.
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Scenario 1/MMB is the one that is the furthest away. The second-best 
set, in terms of agreement between the e-CPA and EMS, is Scenario 5/ 
MMsolvent. For these two sets, the RSP is either that of water or a mild 
concentration dependency, i.e. the Born term is zero or almost zero. 
None of the two sets predict the correct IIAC trends. Interestingly 
enough, the e-CPA sets where ion-association is considered and an 
experimental RSP dependency is used perform worse with respect to 
EMS agreement.

However, it should be emphasized, as shown in Fig. 19, that all the 
parameterization scenarios yield very similar contributions. This simi
larity is quite interesting considering that in the different scenarios, 
different RSP models have been used, and completely different param
eterization strategies, which result in significantly different balance 
between the different forces if the terms are examined individually. Set 4 
and Scenario 5/MM are both basically just a balance between SRK and 
DH (fully or partially), while several of the other sets have significant 
individual contributions from all the terms and yet they are all so similar 
when the terms are combined as done here. This suggests that it is 
correct to consider association as a part of the Cb contribution. However, 
it is possible that it is specific to e-CPA (and ePPC-SAFT).

6. Discussion

We will now try to draw some conclusions from the results and 
comparisons shown in Section 5. It is not easy, and perhaps not even 
possible, to generalize our conclusions as we have only studied four 1:1 
strong aqueous electrolyte solutions at 25 ◦C at atmospheric pressure 
(though only NaCl-water for e-CPA). Our conclusions may differ at 
higher temperatures and for non-aqueous solvents and other electro
lytes. Nevertheless, we anticipate that the underlying physical basis and 
careful parameterization of these EoS will result in good extrapolations 
to a broader range of conditions. Additional molecular simulation re
sults at elevated temperature, pressure and alternative solvents would 
be valuable to confirm the robustness of the EoS beyond the thermo
dynamic conditions examined in the present study. These observations 
may differ at higher temperatures and for non-aqueous solvents and 
other electrolytes. Correspondence between e-EoS and EMS contribu
tions is not entirely clear either as, by ignoring one term in the molecular 
force field, the system changes and a particular property refers to this 
different system. Still, MS possibly is the only tool currently available to 
make some reasoning behind the trends of the various contributions 
from thermodynamic models for electrolytes. For e-EoS, in addition to 
the various types of possible interactions that have been incorporated in 
the models, the parameter estimation procedure can also have an in
fluence on the results. In the case of e-CPA, we have considered several 
estimation methods, as reported in the literature and reproduced in the 
previous section.

With the above reservations, we can conclude that the deviations 
between the three e-EoS and EMS are similar; there are some differences, 
but they do not appear to be very important. In all cases, the model 
contributions are much smaller than those of MS; the physical term is 
small in almost all cases; actually, it seems that the models sometimes 
have an “acceptable” agreement to EMS for the electrostatic terms, but 
not for the physical term (compared to the LJ term from the EMS).

The results for eSAFT-VR Mie indicate that good correspondence 
with the EMS is obtained only with zero Born term, i.e. no RSP con
centration dependency at all. Acceptable results are obtained when a 
weak salt-concentration-dependency of the RSP is used (with the 
MFMR). Using the Zuber model for RSP, i.e. an expression that repre
sents well the experimental RSP concentration dependency, yields poor 
results, with essentially “reverse trends” for all contributions. It is clear 
that having the correct concentration dependency of RSP does not 
perform well when compared to the EMS results (neither quantitatively 
nor qualitatively). It is interesting to recall that the Lewis-Randall/ 
McMillan-Mayer framework consistency “demands” that the RSP is 
salt-concentration independent, as recently shown in [76].

Recent studies with eSAFT-VR Mie [68,72] have shown that these 
approaches (water’s RSP, MFMR or Zuber et al. expression for the RSP) 
perform equally well for the MIAC of aqueous salt solutions after the 
ion-water energy and ion diameter parameters have been fitted to 
experimental data. On the other hand, for extension to non-aqueous and 
mixed solvent electrolyte solutions a weak 
salt-concentration-dependency of the RSP is needed (MFMR), while 
representing the RSP accurately (Zuber et al. expression) does not yield 
good MIAC results in non-aqueous solvents [68,72].

In the case of e-CPA, only NaCl-water have been considered but with 
five parameter estimation procedures (Table 2). As with eSAFT-VR Mie, 
the model shows lower values for the various contributions compared to 
the EMS results. There are some similarities and differences compared to 
eSAFT-VR Mie. For both models, the best agreement with the EMS is 
obtained using water’s RSP and acceptable one using mild salt- 
concentration dependency for the RSP. Unlike eSAFT-VR Mie, e-CPA 
results using experimental RSP dependencies are, while worse compared 
to using water’s RSP, not catastrophic (as with eSAFT-VR Mie using the 
Zuber et al. expression). Still, in the case of e-CPA and for the single 
system considered, the differences between the various parameteriza
tions are much smaller compared to eSAFT-VR Mie.

In the case of ePPC-SAFT, which combines the polar PC-SAFT with 
MSA, the parameter estimation includes ion-ion association and ion- 
water association as well. The Born term is small due to the choice of 
the RSP expression, so the major contributions are MSA, physical terms 
and the association term (between ions, water and ion-water). We have 
considered two combinations, first (association together with physical 
forces) and second (association together with MSA + Born). In both 
cases, the model activity coefficients are much smaller in magnitude 
than the EMS, but only in the first we have qualitatively good agreement 
with the EMS for MIAC contributions. In the second combination, 
including the ion-ion association in ePPC-SAFT correctly represents the 
IIAC minimum. However, it makes the MIAC results of the model to be 
further away from the EMS.

Results with all three models indicate, taking the EMS results at face 
value, that improvements are needed in all three e-EoS, possibly both in 
the physical and electrostatic terms. Considering the differences be
tween the models, both in terms of various terms but also on their 
parameterization strategies, and the results of this work, one might be 
tempted to state that some of these models are overfitted, as much 
simpler models result in similar MIAC predictions. However, we 
consider this view oversimplistic, as there is more to electrolyte ther
modynamics than MIAC predictions, studied in this work, and all three 
models were parameterized also based on various other properties. It is 
our view that our models capture the essential physics, rather than 
overfit the experimental data, especially considering that even after all 
the new developments in electrolyte thermodynamics, we still do not 
have a clear answer as to the terms/parameters that are actually 
required for a complete electrolyte model. For example, when solvation 
energies or extension to non-aqueous solutions are considered, a Born 
term is required for accurate predictions [59,68,77], while to capture 
electrical conductivity, an ion-pairing term is required [78]. But there 
are models that capture MIAC correctly even without a Born term. It all 
comes down to what terms are needed for specific properties. What we 
can without a doubt prove with this work is that we need at least two 
opposing terms (and their corresponding parameters) to describe con
tributions and MIAC accurately. Molecular simulation shows that these 
terms are a physical one and an electrolyte one and this approach is 
adopted by most electrolyte models, both EoS and activity coefficient 
models.

6.1. Reflections of the comparisons of the three e-EoS with literature 
models and trends

In this section, we compare the trends of the three e-EoS against MS 
with the literature models presented in Section 2. First, several activity 
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coefficient models like those from Validsko-Boda, Shilov-Lyashenko, 
Hückel and others contain only ion-ion (DH or other methods) and Born 
terms and several of these models provide good results for MIAC (some 
qualitatively correct also for IIAC).

It is absolutely essential for such models (with only ion-ion + Born 
contributions and no other additional terms) to use a salt-concentration- 
dependent RSP and a Born term to obtain realistic activity coefficients. 
This conclusion does not necessarily mean that a salt concentration 
dependent RSP is the correct choice for all models, but if only ion-ion +
Born terms constitute the model, such a dependency is absolutely 
necessary. It also does not confirm the necessity to use the Born term for 
aqueous electrolyte systems. Indeed, as seen with all three e-EoS (e-CPA, 
ePPC-SAFT and eSAFT-VR Mie) investigated here, it is entirely possible 
to obtain excellent results for MIAC of aqueous electrolyte systems (but 
not for other properties) when the effect of the Born term on MIAC 
disappears due to a salt-concentration-independent RSP or if its contri
bution is very small due to a very mild concentration dependency for 
RSP [39,50,51,53–55,59,60,68,69,72–74]. In this case, the “physical 
terms” of the models increase with concentration and to some extent 
counterbalances the ion-ion (DH or MSA) contributions at high con
centrations. The same behavior is observed for activity coefficient 
models that do not include the Born term like the extended UNIQUAC. 
We can conclude that this result agrees with MS studies which contain 
both electrostatic (ion-ion and Born) and physical (LJ) terms. Using the 
RSP of pure water or a mild salt concentration dependency of RSP is the 
best approach. In some sense, EMS studies confirm what we have 
observed with all three e-EoS, when their performance for MIAC and 
densities is considered. It is interesting to note that Walker et al. [67] 
found that in eSAFT-VR Mie the experimental salt concentration de
pendency of RSP may be the optimum approach, but their work is 
entirely predictive without fitting any parameters and properties like 
densities and MIAC are represented only qualitatively correct with the 
predictive version of the model. This “importance” of using the experi
mental RSP dependency seems to be lost when the model parameters are 
fitted to experimental data (densities and MIAC), possibly because the 
“physical term” of the model is increased in importance and magnitude.

Moreover, as shown in several studies by Liang, Silva and co-workers 
[43,44], the way the concentration dependency of RSP is considered in 
the various e-EoS may not be optimum from a physical point of view. 
The models have been derived under the assumption that RSP is con
stant, and then this assumption is relaxed, and a salt concentration de
pendency is included (in some cases). It would be more correct to 
include the concentration dependency before the charging process and 
the derivation of the electrostatic contribution to the Helmholtz energy, 
as shown by Shilov-Lyashenko and Silva et al. [28,29,43,44]. In the 
latter case, it appears that for ion-ion +Born models alone, the perfor
mance is better.

7. Conclusions

In this work, three equations of state (EoS) suitable for electrolytes 
(eSAFT-VR Mie, ePPC-SAFT and e-CPA) have been compared with 
explicit molecular simulations (EMS) for the contributions of the various 
terms to MIAC and IIAC of some aqueous electrolyte solutions. Four 1:1 
electrolytes are considered at 25 ◦C and 1 bar, for which MS data are 
available. We expect the conclusions of this study to be valid for similar 
systems and conditions, but may differ at higher temperatures and for 
non-aqueous solvents and other electrolytes. For this reason, additional 
molecular simulation results at elevated temperature, pressure and 
alternative solvents and salts would be a valuable addition to the 
literature.

First, we have shown how MS contributions (Cb and LJ) are gener
ated from MS data. We have investigated the correspondence of the EoS 
terms to the LJ and Cb contributions produced by EMS studies. 
Considering how the MS are performed, we suggest that the most 
probable analogy between the EoS and EMS terms is (i) DH/MSA + Born 

corresponding to the Coulombic term (Cb) from the EMS, and (ii) the 
rest of the EoS terms (SAFT/CPA) corresponding to the Lennard-Jones 
term (LJ). Some e-EoS parameterizations consider ion-ion association 
and this results in a significant association term. This can be considered 
either as “electrostatic” or “physical” and thus is compared accordingly 
with the corresponding MS-generated data.

The main conclusion is that, in qualitative terms and when consid
ering all results, the performance of all three e-EoS is overall similar 
when compared to the EMS. All models predict significantly lower 
values for MIAC/IIAC compared to simulations, but they are in quali
tative agreement with the simulation data. This agreement is more 
evident, in most cases, for the electrostatic term rather than the physical 
contributions. It is interesting to note the similarities in the performance 
of all three models considering they are based on different physical 
terms, different ion-ion theories, and different parameterizations.

Despite the small differences between the models, overall eSAFT-VR 
Mie is closer to the EMS compared to the other two e-EoS considered for 
MIAC. For IIAC, however, the DH and MSA contributions do not capture 
the minimum shown in explicit MS, and the EoS contributions continue 
to decrease with increasing molality. In ePPC-SAFT, assuming that the 
association (ion-ion, ion-water, and water-water), MSA and Born terms 
combined correspond to the Cb contribution, the minimum in the IIAC is 
reproduced qualitatively.

Different expressions for the RSP are considered and these affect the 
contribution of the Born term. When only the water’s RSP is used, the 
Born term does not contribute to the values of the activity coefficients. 
For eSAFT-VR Mie and ePPC-SAFT, using no or very mild concentration 
dependencies of RSP (thus no or very small Born contribution) results in 
the best performance against EMS – and the same was concluded in 
previous studies when the models were compared against experimental 
activity coefficient data. For e-CPA, water’s RSP performs also very well, 
but the effect of RSP is smaller compared to the other two e-EoS for the 
only system considered with this model (NaCl). In two of the models (e- 
CPA and ePPC-SAFT), ion-ion association is explicitly considered, 
although the improvement in terms of models’ agreement against the 
EMS is not significant for the MIAC, there is improvement for the IIAC 
for ePPC-SAFT.

All thermodynamic models considered here were parameterized 
against experimental MIAC data and the EMS were not used in param
eter estimation. Previous studies demonstrated with various models that 
composition dependent RSP and the Born term may be of significance 
for electrolyte EoS and for certain activity coefficient models for elec
trolytes, especially those containing mostly/only ion-ion and Born 
terms. This study, only focusing on aqueous solutions at room temper
ature, demonstrated - also when compared to simulations - that the 
Born/RSP effects may be small at least for e-EoS that contain a variety of 
terms (physical, association, ion-ion, Born). The parameter estimation 
procedures may somewhat account for Born/RSP effects, as other terms 
e.g. physical or association counterbalance the significant ion-ion con
tributions at higher concentrations. It remains to be seen whether such 
conclusions will change for other conditions (higher temperatures and 
non-aqueous solvents).
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